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Abstract: The objective of this narrative review was to check the influence of the human microbiota
in the pathogenesis of acne and how the treatment with probiotics as adjuvant or alternative therapy
affects the evolution of acne vulgaris. Acne is a chronic inflammatory skin disease involving the
pilosebaceous units. The pathogenesis of acne is complex and multifactorial involving genetic,
metabolic, and hormonal factors in which both skin and gut microbiota are implicated. Numerous
studies have shown the bidirectionality between the intestinal microbiota and skin homeostasis,
a communication mainly established by modifying the immune system. Increased data on the
mechanisms of action regarding the relevance of Cutibacterium acnes, as well as the importance
of the gut-skin axis, are becoming known. Diverse and varied in vitro studies have shown the
potential beneficial effects of probiotics in this context. Clinical trials with both topical and oral
probiotics are scarce, although they have shown positive results, especially with oral probiotics
through the modulation of the intestinal microbiota, generating an anti-inflammatory response and
restoring intestinal integrity, or through metabolic pathways involving insulin-like growth factor I
(IGF-1). Given the aggressiveness of some standard acne treatments, probiotics should continue to be
investigated as an alternative or adjuvant therapy.

Keywords: acne vulgaris; skin microbiota; gut microbiota; gut-skin axis; Cutibacterium acnes;
probiotics; topical probiotics; skin inflammatory diseases

1. Introduction

The epidermis, together with its adjoining structures such as the sweat and sebaceous
glands, has an approximate surface area of 25 m?, which makes the skin one of the largest
epithelial surfaces for interaction with microorganisms, along with the gastrointestinal
tract. The skin is a first-line barrier against the external environment, and continuously
interacts with it [1]. It is estimated that there are approximately 10'? bacteria on the skin,
compared with 10 of the intestinal microbiota [2,3].

During recent years, the immunomodulatory potential of the intestinal microbiota in
remote organs has been increasingly investigated. Specifically, different degrees of influence
of the gut microbiota on the gut-brain [4], gut-lung [5], gut-liver [6], and gut-skin axis [7,8]
have been observed. Regarding the gut-skin axis, the gut microbiota basically modulates
the functionality and composition of the innate and adaptive immune system, and vice
versa [9]. This fact explains why some skin diseases have intestinal comorbidities [10], and
suggests that there is a link between the presence of intestinal dysbiosis and the imbalance
of skin homeostasis, with a special role of the intestinal microbiota in the pathogenesis of
several inflammatory skin diseases [11]. Numerous studies have shown the bidirectionality
between the intestinal microbiota and skin homeostasis, a communication established by
modifying the immune system [12]. This modulation is mainly caused by the intestinal
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microbiota, but the cutaneous microbiota is also important in maintaining an adequate
immune homeostasis of the skin, since it is also rich in immune cells (but not as many as
the intestine, which houses 70% of the body’s immune cells) and is densely colonized by
bacteria (but not as heavily as the large intestine) [13]. Thus, many studies have shown that
the overgrowth of pathogens in the skin is a common finding in several skin diseases [7,8],
although it is unknown whether this factor is a cause or consequence of such diseases.

Acne is a chronic inflammatory skin disease involving the pilosebaceous units that is
characterized by the formation of comedones, papules, pustules, nodules, and scars that
appear mainly on the face, upper trunk, and sometimes extremities.

The estimated prevalence of acne is difficult to estimate due to several factors. Different
studies have not used the same definition of acne or the same scale of severity [14]. The
estimated prevalence in the different studies was also strongly influenced by the country
and sample size. For example, a study conducted in Turkey with 2300 individuals aged
13-18 years showed a prevalence of 60.7%. In this study, the diagnosis was established by
dermatologists, and the degree of severity was established using the Pillsbury diagnostic
criteria [15]. However, in another study conducted in Brazil with 2201 18-year-old males,
the prevalence was estimated at 89.1%. In this second study, the diagnosis was made by
dermatologists, but the degree of severity was established based on the number and type of
inflammatory and noninflammatory acne lesions [16]. The Global Burden of Disease Study
in 2010 estimated that acne, along with eczema, pruritus, and fungal skin disease, were
the four most common skin disorders, with a global estimated prevalence of 8.96% in men
and 9.81% in women (of any age) [17]. Onset of acne coincides with pubertal development
and increased sebum production. Therefore, the prevalence is highest in adolescents and
low in prepubertal children. After adolescence, the prevalence of acne decreases, although
there is a percentage of adults who still have this disorder (up to 43% of subjects who had
acne in adolescence still had acne at 3040 years) [18]. It is significant that as one of the
most prevalent skin disorders in developed countries, it hardly appears in hunter-gatherer
communities without contact with the Westernized lifestyle [19]. This fact indicates the
importance of lifestyle as a risk factor for the onset and development of acne. A strong
correlation has been shown between age, family history of acne, body mass index (BMI),
and skin type in the severity of acne presentation. Association with other factors such as
smoking or diet are less consistent [14].

The pathogenesis of acne vulgaris is complex and multifactorial, and involves in-
creased production of cutaneous sebum, hyperplasia of sebaceous glands under androgenic
influence, ductal obstruction due to increased desquamation of keratinocytes, prolifera-
tion or presence of certain strains of Cutibacterium acnes, and infiltration of inflammatory
cells [20]. It is difficult to establish the strength of each of these processes individually at
the beginning and during development of this skin disorder.

The objective of this narrative review was to check the pathogenic mechanisms of
acne, especially the influence of the human microbiota in the pathogenesis of acne, and
how the modulation of this human microbiota through the use of probiotics as adjuvant or
alternative therapy affects the evolution of acne vulgaris.

2. Pathogenesis of Acne Vulgaris

Acne is a follicular disease, and the initial comedone is caused by the impaction and
distention of the follicles with a keratinous plug. A keratinous plug is caused by hyperpro-
liferation and abnormal differentiation of keratinocytes. In addition, keratinocytes play a
significant role in cutaneous immune function. They express various pattern recognition re-
ceptors (PRRs), including Toll-like receptors (TLRs) that can recognize a variety of bacteria.
When keratinocytes are activated, they can produce antimicrobial peptides and cytokines,
causing a direct antimicrobial effect as well as the recruitment and modulation of immune
cells [21].

It is not fully established whether the hyperkeratinization of the follicle occurs before
or after an inflammatory response is triggered [22]. Th17 lymphocytes present in acne
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lesions seem to play a key role in establishing an inflammatory process, resulting in the
activation of derivate cytokines that cause neutrophilic infiltration and activation in the
pilosebaceous follicle. They can also stimulate keratinocytes, endothelial cells, monocytes,
and fibroblasts, producing proinflammatory mediators such as IL-6, TNFe, IL-13, PGE2,
nitric oxide, and matrix metalloproteinases [23]. Activation of the nuclear factor-kappa B
(NF-kB) pathway is observed in acne lesions, along with secretion of cytokines derived [24].
Although in the following paragraphs we will develop the importance of the relationship
between Cutibacterium acnes and the onset and development of acne, C. acnes can activate
and induce expression of TLR2 and TLR4 [25]. Likewise, saturated fatty acids act as
damage-associated molecular patterns (DAMPs), activating TLR2 and TLR4 and triggering
the inflammatory response [26]. Therefore, the levels of certain potentially inflammatory
lipids are abnormally increased in acne lesions. In fact, in sebocytes, the cyclooxygenase
2 (COX2) isoenzyme is selectively activated by inflammatory lipids in the sebaceous
glands of acne patients, and is involved in the synthesis of prostaglandins [27]. For
example, palmitic acid, a long-chain saturated fatty acid, can activate TLR2, producing
heterodimerization with TLR1 [28]. Dimerization of TLR1 is a key process in the activation
of the inflammasome in the pilosebaceous follicle in acne, which will cause the secretion of
IL-1p3. Along with this process, an increase in the expression of (3-defensin-2 in sebocytes
also is associated [29]. Likewise, palmitic acid is a powerful stimulator of the NLRP3
inflammasome of macrophages; therefore, the palmitic acid derived from sebum is a
lipotoxic molecule that causes inflammation of the follicle [30]. The NLRP3 inflammasome
is considered as a sensor that is activated by lysosomal rupture, as produced by palmitic
acid and also C. acnes [31]. IL-1{ is particularly important because it activates Th17 cells in
acne lesions, which are responsible for the aforementioned effects.

Excess sebum is an essential contributor to the onset and development of acne and
a risk factor for severe acne [14], although not all people with hyperseborrhea develop it.
Sebum secreted by the sebaceous glands is an oily mixture that contains free fatty acids
(FFAs) among other compounds such as squalene. Sebum can activate cell differentiation
and proliferation, lipogenesis, and secretion of cytokines [32], and its production depends
on several factors, including hormones [22]. Likewise, sebum of patients with acne presents
alterations in the composition of FFAs [33], with a decrease in essential FFAs such as linoleic
acid, as well as an association with proinflammatory lipids such as monounsaturated
fatty acids (MUFAs) and lipoperoxides derived from the peroxidation of squalene of
sebum. MUFAs and lipoperoxides contribute significantly to the hyperkeratinization of the
pilosebaceous follicle [34].

Classically acne begins in adolescence, when there a considerable hormonal change
occurs in both men and women. There is a systemic increase in androgen production of
adrenal and gonadal origin and a local increase in androgen production at the skin level.
Under normal conditions, the main circulating androgens are dehydroepiandrosterone
sulfate (DHEA-S), dehydroepiandrosterone (DHEA), androstenedione, testosterone (T), and
dihydrotestosterone (DHT). DHEA-S, DHEA, and androstenedione serve as prohormones
of the effective hormones T and DHT, which interact with the androgen receptor present
in many skin cells, such as sebocytes and follicular keratinocytes, generating an increase
in sebum production and a proliferation of the sebaceous gland [35]. In the areas of the
skin where acne lesions appear, there is a greater expression of the androgen receptor
and the enzyme 5 reductase, which converts T into DHT, which is the most potent
androgen [36,37]. Other signal molecules can activate other sebocyte receptors that lead to
increased sebum production [38].

Insulin-like growth factor 1 (IGF-1) is a potent inducer of gonadal T and adrenal DHEA
production, and promotes the intracutaneous conversion of T to DHT [20]. In addition,
IGF-1 potently stimulates sebaceous lipogenesis and nuclear androgenic receptor signaling
through the nuclear forkhead box-O1 (FoxO1) transcription factor [39]. A FoxO1 deficiency
is widely evidenced as a key factor in the pathogenesis of acne, and a decreased expression
of FoxOl1 in this regard promotes lipogenesis, secretion of proinflammatory cytokines,
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and proliferation of keratinocytes [40]. Basically, the androgenic receptor of the sebaceous
gland is activated in the presence of its ligands, being the one with the highest affinity
the DHT, and by eliminating the repression exerted by the FoxO1 nuclear factor [41]. In
addition, both insulin and IGF-1, through the activation of the phosphoinositol-3-kinase
(PIBK)—protein kinase B (AKT) pathway, interact with the repressive function of FoxO1,
allowing the activation of the androgenic receptors [23].

Figure 1 summarizes the mechanisms that involve the influence and relationship
between androgens and IGF-1 that are established in acne patients.

High-glycemic
DIET —> 97 9Y
load
Insulin
1 gonadal and adrenal androgens l’
1 5a reductase PI3K-AKT
\L pathway
o Androgenic ‘l/
1 skin viability of receptor X FoxO1
DHT —>  activation
» Sebaceous lypogenesis
» Keratinocytes proliferation

Figure 1. Influence of androgens and IGF-1 in acne. IGF-1: insulin-like growth factor 1; PI3K-AKT:
phosphoinositol-3-kinase—protein kinase B (AKT); FoxO1: nuclear forkhead box-O1 transcription
factor; DHT: dihydrotestosterone.

Adult acne after adolescence can be persistent, recurring, or late-onset. It occurs more
in women than in men [42]. In a study with more than 700 subjects over 25 years old, facial
acne was observed in 12% of women and 3% of men [43]. In these women, there was an
androgenic influence in which there may have been an increase in androgen production in
the ovary or adrenal glands, an increase in androgen production in the skin, or an increase
in the sensitivity of the androgen receptor [35]. It is probable that the formation of acne was
more dependent on the local concentration of androgens or a greater sensitivity of sebocytes
to them, and therefore the presence of acne in adult women would not correlate with serum
levels of androgens. Sardana et al. observed in 120 women over 25 years old with late-onset
(68 women) or persistent acne (52 women) that 72% had clinical hyperandrogenism, but
only 18% had biochemical hyperandrogenism [44]. Therefore, in many adult women with
symptoms of hyperandrogenism and acne, an increase in the concentrations of the main
serum androgens were not observed. In women with menopause, acne is quite infrequent;
however, when it occurs, it is usually in the form of comedones [45]. With the entry into
menopause, there is a drastic reduction in estrogens; however, androgens experience a
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gradual decrease. At this age, acne appears mainly in the context of postmenopausal
hyperandrogenic disorders [46].

Acne in adult men is much less common than in women, and the underlying mecha-
nisms have not been studied. Increased androgen-receptor sensitivity or excessive produc-
tion of DHT is likely to occur.

It is a fact that excessive androgens intervene in an important way in the development
of acne. Even so, acne does not develop when there is loss of functionality of the androgen
receptor [47], but IGF-1 is the main hormone that controls pubertal development, and
decreases after this phase [48]. These issues focus on IGF-1 as a key molecule in the onset
and development of acne. An enlightening fact is that patients with Laron syndrome who
have growth hormone receptor (GHR) mutations have an IGF-1 deficiency, and if they
are not treated with IGF-1 recombinant, they never develop acne. However, when they
are treated, they develop acne [49]. However, for the establishment of acne, androgen-
mediated sebum production is necessary but not sufficient. This was confirmed by studies
that evaluated the efficacy of 5x-reductase inhibitors that did not significantly improve
acne [50,51].

An association with genetics in the presentation of acne has been demonstrated, since
family history is a clear significant risk factor [14]. In extensive case-control studies con-
ducted in different regions and with ethnic differences, several associations of genetic
polymorphisms and presence of acne have been evidenced. The conclusions that can be
drawn from these studies include that there is a variability in genes associated with acne
between different regions and ethnicities. In 2014, He et al. observed 1056 cases with
severe acne and controls from a Chinese population, and found an association between
acne and DDB2 (DNA-binding protein 2) and SELL (L-selectin) genes [52]. These genes
participate in androgen metabolism and inflammation, respectively. Navarini et al. com-
pared 1893 severe cases of acne and 5132 controls from the United Kingdom in 2014, and
found that there was an association between acne and genes related to the transforming
growth factor receptor (TGF)-f3 signaling pathway, such as OVOLL1, FST, and TGF32 [53].
The TGFE-3 signaling pathway participates in tissue remodeling and appearance of scars.
However, in 2017, Mina-Vargas et al. observed 4491 twins and their siblings in Australia,
and did not find a statistical association between genes and acne severity, although three
genes were associated with the presence of acne [54]. These genes, PTPRU, PIK3R1, and
DCC, participate in cell growth, differentiation, and adhesion, respectively. In general,
genes associated with acne participate in the regulation of the immune response or andro-
gen metabolism [55]. In 2022, Mitchell et al. published a meta-analysis of a genome-wide
association study (GWAS) with 20,165 subjects with acne from nine historical European
cohorts, and identified 29 new related loci. Many of these acne-related loci influence hair
follicle structure and morphology, development and maintenance of the pilosebaceous unit,
and neutrophil infiltration of lesions [56]. Figure 2 summarizes the different pathogenic
mechanisms that are established in the onset and development of acne.
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Figure 2. Pathogenic mechanisms of acne. IGF-1: insulin-like growth factor 1, FFAs: free fatty acids,
ROS: reactive oxygen species, SFAs: saturated fatty acids, MUFAs: monounsaturated fatty acids,
COX2: cyclooxygenase 2, TLR2: Toll-like receptor 2, Th17: Th17 cells, NF-«B: nuclear factor-kappa B,
TGEF-f: transforming growth factor receptor (3, SCFAs: short-chain fatty acids.

3. Acne Vulgaris and Skin Microbiota: Cutibacterium acnes

Studies on the skin microbiota in acne pathogenesis have focused on the influence of
C. acnes on the onset and development of acne. The first study that reported the presence
of this bacteria in acne lesions was that of T.C. Gilchrist in 1900 [57]. However, the role
of C. acnes is unclear, as it is a ubiquitous bacteria in healthy human skin [2]. Therefore,
while C. acnes is a predominant bacteria in sebaceous regions of the skin, with a vital role
in cutaneous homeostasis, even acting in the prevention of pathogens [58], it can also act
as an opportunistic pathogen. In recent years, there have been many studies that have
contributed to gradually clarifying the pathogenic mechanisms of C. acnes in acne patients.

First, it is important to clarify the distinct categories of C. acnes phylotypes based
on different methodologies, because this point can be somewhat confusing. Initially, by
genomic comparison of the hemolysin gene (recA or tly), the phylotypes I1A1, IA2, IB, 1I,
and III were established [59]. Then, researchers used multilocus sequence typing (MLST)
to obtain the phylotypes IA1, 1A2, IB, IC, I, and III, and within these they located different
clonal complexes (CC) [60]. These classifications are important, since recent studies suggest
that C. acnes acts as a potential commensal or pathogen, depending on the type of strain
and the presence of some metagenomic elements [61]. It is remarkable to note that C. acnes
is the most abundant bacteria in the pilosebaceous follicle both in healthy patients and
in patients with acne, and that there are no differences in terms of bacterial load, so it
was proposed to investigate the functionality of C. acnes instead of just its presence in
acne lesions [62]. Several studies have focused on this approach that resulted in several
consistent findings. In 2010, Lomhol et al. conducted the first study to demonstrate that
distinct phylotypes of C. acnes, specifically subgroup IA, were significantly associated with
moderate to severe acne [63]. In 2013, Kwon et al. observed that although the distribution
of phylotypes was similar between healthy skin and comedones, there was an increase in
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phylotype IA in papules and pustules [64]. Using MLST, it was observed that there were
1 to 10 strains coinciding, and that in acne lesions, all strains came from phylotype IA1,
and almost exclusively from CC18 [65]. McDowell’s group in 2013 devised a more refined
version of their classification of C. acnes subgroups using MLST based on only four genomic
markers [66]. They demonstrated that CC1, CC2, and CC3 of phylotype IA1 dominated
acne lesions, while the rest of the subgroups were observed much less frequently or even
not observed. However, other studies did not identify a significant relationship between
different phylotypes and severity of acne [67]. Therefore, it is more likely that the severity
of acne is due to a greater inflammatory response, and this depends in part on C. acnes,
but also on other crucial factors [68] such as an excess of sebum with alteration in its lipid
composition, hormonal influence, immune response influenced by the intestinal microbiota,
and genetic predisposition, among others.

Another critical issue is the presence of C. acnes with virulence factors in acne le-
sions [61]. These virulence factors could explain the different frequency of appearance of
different phylotypes in acne lesions. In 2013, Tomida et al. sequenced the complete genome
of 82 strains of C. acnes and observed that it had a constant core region and a variable region.
This variability would explain its commensal or pathogenic phenotype and its influence on
the development of acne [69].

Let us review the important virulence factors of C. acnes.

There are five Christie-Atkins—Munch-Petersen (CAMP) factors identified in the
genome of all C. acnes. These are secreted toxins that cause the formation of pores in
the membranes and are potentially cytotoxic to keratinocytes and macrophages, causing
inflammation of the skin [70]. CAMP1 was associated with phylotypes IB and II, while
CAMP2 was associated with IA [71]; however, it was recently shown that CAMP1 was
also present in phylotype IA1 [72]. CAMP1 interacts with TLR2, but the potency of
inflammatory response depends on the phylotype. In this way, phylotype IA causes a low
inflammatory response, while it is more powerful when caused by the phylotypes IB and
II. This indicates that CAMP1 is not the only virulence factor that causes inflammation,
because the phylotype IA is more associated with acne. It is important to emphasize
that CAMP1 presents a high genetic variability, although it is unknown how this affects
virulence, and there could be a relationship [73].

In 2016, Johnson et al. showed that C. acnes phylotypes more related to acne produced
more porphyrins, which are metabolites that generate reactive oxygen species (ROS) and
can lead to inflammation in keratinocytes [74]. In this regard, phylotype IA1l strains
produced higher amounts of porphyrins than phylotype II strains. The fact that ROS was
generated would activate inflammatory processes such as lipid peroxidation of sebum
lipids such as squalene [34]. Vitamin B12 supplementation could be counterproductive in
acne patients, since virulent strains of C. acnes associated with acne produce porphyrins
from this vitamin [75].

Hyaluronate lyase is an enzyme capable of degrading hyaluronic acid and other
glycosaminoglycans from the extracellular matrix of skin cells, contributing to inflammation
in acne lesions. There are two variants of hyaluronate lyase found in C. acnes: HYL-IB/Il and
HYL-IA. HYL-IB/II causes a complete degradation of hyaluronic acid by being more active,
while HYL-IA performs an incomplete degradation. HYL-IB/II is present in phylotypes
IB and II, and HYL-IA in phylotype IA. Whereas type IA strains are primarily found on
the skin surface and are associated with acne vulgaris, type IB/II strains are more often
associated with soft and deep tissue infections, which would require elaborate tissue-
invasion strategies, possibly accomplished by a highly active HYL-IB/II [76].

Lipases are enzymes that metabolize lipids of the sebum, generating FFAs. It has been
shown that C. acnes encodes 12 lipases, including glycerol-ester hydrolase A (GehA) and B
(GehB), which are present in strains of C. acnes present in healthy skin and acne lesions [77].
C. acnes lipases are important in the context of acne because they are important to the
growth of this bacteria in lipophilic environments (pilosebaceous unit) [78], and because by
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producing FFAs, they promote inflammation [33]. However, the exact role of the different
C. acne lipases in the onset and development of acne is partly unknown.

Other potential virulence factors of C. acnes described and associated to a greater or
lesser extent with acne are the enzymes neuraminidase, PUFA isomerase, gliycosidase,
sortase F, and RoxP [70,79]. Likewise, heat-shock proteins [80] and dermatan-sulfate-
binding adhesins have also been studied [70].

An important fact regarding strains that belong to phylotype II of C. acnes, which is
most associated with healthy skin, is the presence of CRISPR/Cas sequences, which allows
these bacteria to eliminate several genetic materials acquired horizontally. Nevertheless,
phylotype I strains most associated with acne lesions usually present deletions in regions
of CRISPR/Cas sequences, which implies a greater capacity to acquire virulence factors
through horizontal transmission [81].

A particularly important virulence factor of C. acnes related to therapeutic failure of
antibiotics in patients with acne is the ability to form biofilms. A bacterial biofilm is a
structured colony of bacterial cells embedded in a polymer matrix that is manufactured by
the bacteria and adhered to a surface. These biofilms can be located in the pilosebaceous
follicle and favor the development of comedones, increase adhesion of C. acnes to the
walls of the follicle, and increase the compacting of keratinocytes [82]. Formation of
biofilms by C. acnes is due to the presence of genes involved in such formation, such as
glycosyltransferases and uridine diphosphate N-acetylglucosamine 2-epimerase [83]. The
relative frequency of appearance of biofilms formed by C. acnes is significantly higher
in acne lesions than in the skin of healthy controls [84]. It is important to note that the
biofilm of C. acnes presents factors that cause or aggravate inflammation such as CAMP,
as has been shown in in vitro models [85]. The presence of biofilms is associated with a
greater resistance to antibiotics because this exopolysaccharide matrix prevents or hinders
the interaction of antibiotic to its molecular target. Acne treatment is partly based on
antibiotic therapy, and many therapeutic failures can be attributed to the presence of C. acnes
biofilms in acne lesions. In vitro studies have shown that markedly high concentrations of
antibiotics are needed to inhibit growth or eradicate C. acnes in its biofilm [86]. However,
some antibiotics, such as penicillin, penetrate the C. acnes biofilm better than others, such
as ciprofloxacin or clindamycin [87].

In general, strains of C. acnes more associated with acne induce a more potent in-
flammatory response than less-associated strains [88]. However, any cell that is part of
pilosebaceous follicle, such as keratinocytes, sebocytes, or macrophages, interacts with
C. acnes, and this interaction is mainly through TLRs [89]. The TLRs contain an intracellular
domain that allows production of cytokines and other proinflammatory molecules, as well
as an extracellular domain involved in the recognition of pathogen-associated molecular
patterns (PAMPs) and DAMPs. C. acnes activates the innate immune system by interacting
with TLR2 and TLR4, so that NF-«B and MAPK pathways and NLRP3 inflammasome are
activated. Consequently, C. acnes induces production of proinflammatory cytokines such as
IL-1«, IL-1$3, IL-6, IL-8, IL-12, and TNF«, as well as other proinflammatory molecules such
as matrix metalloproteases, as evidenced by in vitro studies [90]. Matrix metalloproteases
contribute to tissue-remodeling processes after inflammation, resulting in the appearance
of scars typical of moderate and severe acne. In addition, as we showed in the previous
section on acne pathogenesis, C. acnes also acts at the level of adaptive immunity. An
infiltration of CD4 cells has been evidenced in the pilosebaceous follicle in the initial stages
of acne; CD3, CD4, and macrophage cells were found from the beginning of formation of
the microcomedone [91]. These data would indicate that the inflammatory process could
appear before hyperkeratinization. In addition, as we mentioned previously, activation of
Th17 cells by different mechanisms is a key process, because these T cells present in acne
lesions play a key role in establishing an inflammatory process, resulting in the activation
of derivate cytokines that cause neutrophilic infiltration and activation in the pilosebaceous
follicle [23].
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4. Acne Vulgaris and Gut Microbiota

The exact mechanisms and their contribution to the influence of the gut microbiota on
the onset and development of acne are not established. By analogy with immune-based
inflammatory diseases such as atopic dermatitis or psoriasis [7,8] and with evidence of
the existence of the gut—skin axis, it is likely that the main mechanism participates in the
inflammatory immune response [13].

A possible influence of the gut microbiota in acne may be an interaction with the mTOR
(mammalian target of rapamycin) pathway. Recent studies have shown an impaired mTOR
pathway in various skin diseases [92]. In general, mTOR is a nutrient-sensitive regulator
that participates in processes of cell growth and differentiation in the skin, being key in
homeostasis and in forming an appropriate epidermal barrier [93]. Mistakes in the mTOR
pathway negatively affect these processes in different skin diseases. In 2016, Monfrecola
et al. evidenced for the first time the role of the mTOR pathway in the pathogenesis of acne,
as they observed an increase in the expression of mTOR in patients with this skin disease,
both in affected skin and in unaffected skin, compared to healthy controls [94]. In 2016,
Agamia et al. found increased serum IGF-1 concentrations, higher cytoplasmic expression
of FoxO1, and more intense cytoplasmic and nuclear expression of mTOR in acne patients
than in healthy controls, and an excessive consumption of a high-glycemic-load diet was
associated with higher serum levels of IGF-1 and cytoplasmic expression of FoxO1 and
mTOR [95]. Likewise, studies in mice have shown that by causing glucose intolerance
and obesity through a diet with a high glycemic load that modified mTOR activity, it was
related to specific changes in composition of gut microbiota that were evidenced inversely
by administering resveratrol (specific inhibitor of mTOR complex 1) to these mice [96].
These studies linked to the effects of diet, intestinal microbiota, and pathogenesis of acne
related to the mTOR pathway. In addition, bacterial metabolites can interact with the mTOR
pathway, and the mTOR pathway can also affect the gut microbiota by controlling the
intestinal barrier [97]. Therefore, if an altered intestinal barrier is established in the context
of intestinal dysbiosis, a positive feedback loop can form, which can amplify inflammation
and aggravate acne.

Studies from many years ago already showed that endotoxemia and increased intesti-
nal permeability can be increased in acne. In 1916, Strickler et al. suggested that intestinal
permeability may be increased in patients with acne because a complement fixation test
demonstrated increased serum reactivity to fecal coliforms in 66% of patients versus 0% of
controls [98]. In 1930, Stokes et al. identified an association between the gut microbiota and
skin inflammation. In their study, up to 40% of acne patients had hypochlorhydria, and
they hypothesized that a lack of gastric HCI could lead to migration of bacteria from the
colon to the small intestine [99]. Today we know that small intestinal bacterial overgrowth
(SIBO) can cause an increase in intestinal permeability (leaky gut), leading to systemic
inflammation [100]. Likewise, in 1983 Juhlin et al. observed patients with acne of dif-
ferent degrees of severity and detected lipopolysaccharide (LPS) from Escherichia coli in
serum in 5 of 10 subjects with severe acne, but not in subjects with moderate acne or in
controls [101]. When the intestinal barrier is altered, gut microbiota and its metabolites
reach the circulation, accumulate in the skin, and can alter skin homeostasis [13].

There have only been a few studies that investigated the gut microbiota in acne
patients. The first attempt to assess the gut microbiota in acne patients was a study by
Loveman et al. in 1955 [102]. Stool cultures were grown from 10 patients with severe
pustular acne vulgaris, and no significant differences were found in a small classic group of
intestinal pathogenic bacteria compared to a group of 10 healthy controls.

The first larger study that found differences in the intestinal microbiota of acne patients
using microbiological culture techniques was that of Volkova et al. in 2001 [103]. In
114 patients with acne (94 with papulopustular acne and 20 with nodulocystic acne), 54%
presented gut dysbiosis.

The following studies in this regard are recent and were already based on the next-
generation sequencing (NGS) of the bacterial 165 rRNA gene. In 2018, Deng et al. studied
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the intestinal microbiota of 43 treatment-naive patients with different degrees of acne
versus those of 43 age- and sex-matched healthy controls. A decreased alpha diversity was
observed in acne patients compared to healthy controls, with no differences in severity. A
principal coordinate analysis (PCoA) showed two different clusters for cases and controls,
which was confirmed by an analysis of similarities (ANOSIM) test of the UniFrac distances
between both groups. A linear discriminant analysis effect size (LefSe) analysis found
38 differences between the groups of acne patients and healthy controls. At the phylum
level, there was a decrease in Firmicutes and an increase in Bacteroidetes in patients with
acne. There was a remarkable decrease in Clostridial families such as Lachnospiraceae and
Ruminococcaceae, which are potentially beneficial groups and producers of short-chain
fatty acids (SCFAs), in the acne patients. In addition, a PICRUSt analysis was performed
that showed an increase in LPS synthesis pathways and a decrease in the metabolism of
glycerolipids and glycerophospholipids in patients with acne [104].

More recently, Deng’s researcher group conducted a study in which they analyzed
possible discrepancies in the intestinal microbiota and fecal metabolites between men
and women with acne, since it is unknown whether gut dysbiosis and its associated
metabolism are sex-dependent in subjects with acne [105]. Alpha diversity was lower
in men with acne compared to control men, but no significant differences were found
between women with acne and control women. An ANOSIM test showed four statis-
tically significant clusters among the four study groups: men with acne, control men,
women with acne, and control women. At the phylum level, Firmicutes and Bacteroidetes
were significantly increased and decreased, respectively, in men with acne versus healthy
control men. These differences were not found in women with acne versus healthy con-
trol women. At the genus level, decreases were observed in men with acne compared
to healthy control men, including 18 genera such as Lysinibacillus, Paenibacillus, Aerococ-
cus, Alkaliphilus, Carnobacterium, Lactococcus, Oceanobacillus, Bacillus, Blautia, Butyricicoccus,
Gemmiger, Lachnospiracea_incertae_sedis, Exiguobacterium, Pseudomonas, Enterococcus, Faecal-
ibacterium, Bilophila, and Ruminococcus. In women with acne compared to healthy control
women, an increase in Clostridium sensu stricto and a decrease in Oscillibacter and Odoribacter
were observed. Likewise, men and women had different changes in fecal metabolites with
respect to controls. Men with acne tended to have an impaired fatty acid metabolism, while
women with acne tended to have an impaired amino acid metabolism. Specifically, an
increase in long-chain fatty acids such as alpha-linolenic acid (omega-6) was observed.
Omega-6 are long-chain fatty acids with proinflammatory activity, and aggravate the sever-
ity of acne [106]. This study showed for the first time that men and women with acne had
different types of gut dysbiosis and different associated metabolites. In this way, men who
presented more severe cases of acne presented an intestinal microbiota with less alpha
diversity and richness, with losses of beneficial anti-inflammatory SCFA-producer bacteria
such as Faecalibacterim, and others such as Clostridiales [107].

In 2018, Yan et al., in a case-control study like the one conducted by Deng [104], showed
fewer differences in the gut microbiota of acne patients compared to healthy controls [108].
No differences were observed regarding alpha diversity between cases with acne and
healthy controls, and a principal component analysis (PCA) did not show different clusters.
Therefore, the intestinal microbiota between cases and controls was quite similar, although
a loss in Bifidobacterium and a slight gain in Proteobacteria were observed in patients with
acne (statistically significant differences). Bifidobacterium can balance gut microbiota by
fermenting indigestible oligosaccharides and inhibiting the growth of pathogenic bacteria,
which improves the intestinal barrier, decreases the intestinal permeability, and induces
Treg (CD4+Foxp3+) cell generation [109]. Changes in Bifidobacterium and Proteobacteria
(increased LPS, increased intestinal permeability) may aggravate or cause the development
of acne in these patients.

In 2020, Thompson et al. conducted a small case-control study with eight patients with
acne receiving minocycline as treatment and eight healthy age- and sex-marched controls
without treatment [110]. No significant differences in alpha diversity were found between
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acne patients before and after antibiotic therapy. The intestinal microbiota of patients with
acne before taking antibiotics compared to those of healthy controls showed a decrease
in the species Lactobacillus iners, Lactobacillus zeae, and Bifidobacterium animalis. After an-
tibiotic treatment, the gut microbiota of acne patients showed decreases in Lactobacillus
salivarius, Bifidobacterium adolescentis, Bifidobacterium pseudolongum, Bifidobacterium breve,
and Akkermansia mucinophila compared to healthy controls. An increase in Bacteroidetes
(even before treatment, Bacteroidetes was already higher than in healthy controls) was ob-
served in acne patients after treatment (causing a decrease in the Firmicutes/Bacteroidetes
ratio). Therefore, minocycline caused changes in the intestinal microbiota (at the level
of potential probiotic species from Lactobacillus and Bifidobacteirum genera). This small
study highlighted the potential relevance of adjuvant probiotic therapies. In line with
these results, in another small study with eight subjects with acne after 4 weeks treat-
ment with minocycline and eight age-, race-, and sex-matched healthy controls, it was
observed that the Firmicutes/Bacteroidetes ratio was higher in controls and lower in pa-
tients with acne after treatment. In patients with less-severe acne, a slightly higher baseline
Firmicutes/Bacteroidetes ratio was observed compared to those with greater severity [111].

The studies that have evaluated or provided information on the relationship between
acne and the intestinal microbiota are summarized in Table 1.

Table 1. Main studies including gut microbiota data in patients with and acne vulgaris.

Reference

Loveman 1955 [102].

Methodology and Study Population Key Results
A total of 10 patients with severe pustular acne ~ No significant differences were found in a small classic
and 10 healthy controls. group of intestinal pathogenic bacteria compared to a
Stool microbiological culture. group of 10 healthy controls

Volkova 2001 [103].

A total of 114 patients with acne.

Stool microbiological culture. 54% of acne patients presented gut dysbiosis.

Deng 2018 [104].

Decreased alpha diversity in acne patients compared to
healthy controls. No differences in severity.
PCoA and ANOSIM analyses showed two different
clusters for cases and controls.

LefSe analysis found 38 differences between the groups
of acne patients and healthy controls.
Decrease in Firmicutes and increase in Bacteroidetes in
the group of patients with acne.

Decrease in Clostridial families such as Lachnospiraceae
and Ruminococcaceae, producers of SCFA in patients
with acne.

PICRUSt analysis showed an increase in LPS synthesis
pathways in acne patients.

A total of 43 treatment-naive patients with
different degrees of acne versus 43 age- and
sex-matched healthy controls.

NGS 16S rRNA.

Yan 2018 [108].

No differences were observed regarding alpha diversity
between cases with acne and controls.
A total of 31 mild-moderate acne patients and PCA did not show different clusters.
31 age- and sex-matched healthy controls. Gut microbiota between cases and controls was
NGS 16S rRNA. quite similar.
Loss in Bifidobacterium and a slight gain in Proteobacteria
in patients with acne.

Thompson 2020 [110].

Not significant differences in alpha diversity were
between acne patients before and after antibiotic therapy.
Gut microbiota of patients with acne before taking
antibiotics compared to healthy controls showed a
decrease in Lactobacillus iners, Lactobacillus zeae, and
Bifidobacterium animalis.

After antibiotic treatment, gut microbiota of acne patients
showed decreases in Lactobacillus salivarius,
Bifidobacterium adolescentis, Bifidobacterium pseudolongum,
Bifidobacterium breve, and Akkermansia mucinophila
compared to healthy controls.
Bacteroidetes increase in acne patients after treatment.
Decrease in Firmicutes/Bacteroidetes ratio.

Eight patients with acne before and after
receiving minocycline as treatment and eight
healthy age- and sex-matched controls.
NGS 165 rRNA.
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Table 1. Cont.

Reference

Methodology and Study Population Key Results

Rainer 2021 [111].

Firmicutes/Bacteroidetes ratio was higher in controls
and lower in patients with acne after treatment
Slightly higher baseline Firmicutes/Bacteroidetes ratio
was observed in patients with less-severe acne compared
to those with greater severity.

Eight subjects with acne after 4 weeks
treatment with minocycline and eight age-,
race-, and sex-matched healthy controls.
NGS 16S rRNA.

Huang 2021 [105].

Alpha diversity was lower in men with acne compared to
control men.
No significant differences were found between women
with acne and control women.

ANOSIM test showed four statistically significant
clusters among the four study groups:
Firmicutes and Bacteroidetes were significantly increased
and decreased, respectively, in men with acne versus
control men. These differences were not found in women
with acne versus control women.

At the genus level, decreases were observed in men with
acne compared to control men from 18 genera. Many
genera were SCFA producers.

In women with acne compared to control women, an
increase in Clostridium sensu stricto and a decrease in
Oscillibacter and Odoribacter were observed.

Men with acne tended to have impaired fatty acid
metabolism while women with acne tended to have
impaired amino acid metabolism.

A total of 86 study subjects: 26 men with acne
+ 26 healthy control men and 17 women with
acne + 17 healthy control women.

NGS 165 rRNA and fecal metabolomic study.

PCoA: principal coordinates analysis, ANOSIM: analysis of similarities, LefSe: linear discriminant analysis effect
size, SCFA: short-chain fatty acid, LPS: lipopolysaccharide, PCA: principal component analysis.

5. Acne Vulgaris and Probiotics

Human clinical trials that used probiotics for the treatment of acne have been scarce.
However, in vitro studies have shown several interesting properties of some probiotic
strains regarding the pathogenesis of acne. Most in vitro studies have focused on evaluating
the ability of probiotic strains to produce antimicrobial substances that inhibit the growth
of C. acnes through various mechanisms.

Streptococcus salivarius [112], Lactococcus sp. HY 449 [113], and Lactobacillus salivarius
LS03 [114] produce bacteriocins that inhibit the growth of C. acnes. Bifidobacterium adoles-
centis SPM0308 was effective in controlling growth of both C. acnes and S. aureus due to its
antimicrobial activity [109].

Wang et al. showed the effects of Staphylococcus epidermidis in inhibiting the growth of
C. acnes due to its effects on glycerol fermentation. It was shown that a product of glycerol
fermentation, succinic acid, was responsible for the inhibitory effects on C. acnes, which
was also verified in a murine model [115].

Cosseau et al. showed that Streptoccocus salivarius K12 stimulated an anti-inflammatory
response and modulated genes associated with epithelial adhesion, which could help it to
remain on the epithelial surface while protecting it from pathogen-induced inflammation
and apoptosis [116].

Likewise, Gueniche et al. showed that Lactobacillus paracasei CNCM 1-2116 had benefi-
cial effects on key mechanisms associated with the skin barrier function, such as the release
of TNF-« induced by substance P [117].

Another mechanism that in vitro studies have shown to be relevant in terms of the
inhibition of the growth of C. acnes is that of the formation of ceramides. Ceramides can
retain water in the skin, and some of them, such as phytosphingosine, have even shown
antimicrobial properties against C. acnes [118]. Some probiotics, such as Streptococcus
thermophilus, increase the production of ceramides [119].

In addition, the growth-inhibitory capacity of C. acnes of probiotic strains Lactobacillus
casei NCFB 161, Lactobacillus acidophilus NCFB 1748, Lactobacillus plantarum DSM 12028,
Lactobacillus gasseri NCFB 2233, and Lactococcus lactis NCIMB 66 together with glucomannan
hydrolysates of Amorphophallus konjac has been shown [120].
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Interestingly, in 2017, Lopes et al. observed that many strains of Lactobacillus and
Bifidobacterium had a good ability to adhere to keratin and to inhibit biofilm formation of
pathogenic bacteria, but a limited ability to adhere to C. acnes [121], and this fact could be
relevant to their potential use as topical probiotics.

Recently, in 2021, two in vitro studies showed the possible benefits of strains of Lac-
tiplantibacillus plantarum and Weisella viridescens in the pathogenesis of acne. Chae et al.
evidenced antimicrobial effects produced by Lactiplantibacillus plantarum APsulloc 331261
and APsulloc 331266 at the skin-pathogen level [122]. Espinoza-Monje et al. conducted
in vitro studies in which they observed that Weissella viridescens UCO-SMC3 inhibited
the growth of clinical isolates of C. acnes and reduced the adhesion of this pathogen to
keratinocytes. Furthermore, in a murine model, Weissella viridescens UCO-SMC3, both ad-
ministered orally and topically, was shown to beneficially modulate the immune response
against C. acnes and reduce C. acnes replication in lesions. Even orally, Weissella viridescens
UCO-SMC3 produced a more potent anti-inflammatory response than topically [123].

The first clinical trial with probiotics in acne patients was conducted by R. Siver in
1961 [124]. A mixture of Lactobacillus acidophilus and Lactobacillus bulgaricus was admin-
istered orally to 300 acne patients for 8 days, followed by 2 weeks of washout and then
2 more weeks of treatment. Different degrees of clinical improvement were observed in 80%
of acne patients, and this intervention was more effective in cases of inflammatory acne.

In 2010, Kim et al. evaluated the effects of a lactoferrin-enriched fermented milk
compared to fermented milk only in 36 acne patients over 12 weeks [125]. A clinical im-
provement was observed in patients with acne who were administered lactoferrin-enriched
fermented milk. The number of inflammatory lesions, number of total lesions, degree of
acne severity, sebum content, and amount on skin surface of triacylglycerols and free fatty
acids decreased significantly after treatment. The authors highlighted supplementation
with lactoferrin, a protein that has been shown to have anti-inflammatory and bactericidal
properties in vitro [126].

In 2013, Jung et al. conducted a clinical trial on 45 acne patients who were divided into
three groups [127]. One group was treated orally with a probiotic mixture, another with the
antibiotic minocycline orally, and the third one with the probiotic mixture plus minocycline
orally. The duration of treatment in all cases was 12 weeks. The probiotic mixture contained
different strains of Lactobacillus acidophilus, Lactobacillus bulgaricus, and Bifidobacterium
bifidum. All three groups of patients showed improvement in the number of total lesions at
4 weeks, and continued to show improvement until the end of the study. Starting at week
8, patients taking a probiotic mixture plus minocycline had significantly better efficacy in
terms of total number of lesions than the other two groups. The authors concluded that
adjuvant treatment with a probiotic mixture elicited synergistic anti-inflammatory effects
and reduced potential adverse effects of prolonged antibiotic therapy.

A double-blind, placebo-controlled, randomized clinical trial in 20 adult subjects
to assess the efficacy of the oral probiotic Lactobacillus rhamnosus SP1 was conducted by
Fabbrocini et al. in 2016 [128]. After 12 weeks of treatment, changes in expression of IGF-1
and FoxO1 genes were compared in skin areas with acne lesions. In the probiotic group,
there was a statistically significant reduction in the expression of the IGF-1 gene of 32%, as
well as a statistically significant increase in the FoxO1 gene of 65%. No significant changes
were seen in the placebo group. In addition, there was a considerable clinical improvement
in the patients who were treated with the probiotic. The authors speculated that exact
mechanisms by which the probiotic produced beneficial effects by normalizing cutaneous
expression of IGF-1 and FoxO1 genes were unknown, although it is possible that this
probiotic strain improved insulin resistance through a metabolic effect directly and/or by
restoring an established intestinal dysbiosis in patients with acne.

Recently, Rahmayani et al. investigated the effects of a probiotic mixture administered
orally on IL-10 levels in 33 acne patients after 30 days of treatment [129]. The probiotic
mixture contained the strains Bifidobacterium lactis W51, Bifidobacterium lactis W52, Lacto-
bacillus acidophilus W55, Lactobacillus casei W56, Lactobacillus salivarius W57, and Lactococcus
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lactis W58. An increase in levels of the anti-inflammatory IL-10 [130] was observed after
treatment with the probiotic mixture.

Another double-blind clinical trial was conducted in men with mild to moderate acne
who were treated with an oral supplement containing probiotics, biotin, vitamin E, zinc,
nicotinamide, -sitosterol, and Boswellia serrata extract [131]. After 12 weeks of treatment,
these patients presented clinical improvement based on the reduction of the Global Acne
Grading System (GAGS) score. The Escherichia coli Nissle 1917 strain has also been used in
clinical trials in acne patients.

In 2016, Manzhalii et al. administered this strain in 82 patients with intestinal-borne
dermatoses (some of them were diagnosed with acne, and the rest with papular-pustular
rosacea and seborrheic dermatitis) [132]. One group of patients was treated with a con-
ventional topical therapy, and other with the probiotic strain administered orally for one
month. A total of 89% of the patients treated with E. coli Nissle 1917 improved significantly,
while 56% improved in the group treated with the conventional therapy. By studying the
composition of gut microbiota and other parameters, the authors concluded that the E. coli
Nissle 1917 strain, by protecting intestinal permeability and restoring intestinal microbiota,
produced these beneficial effects.

Finally, in 2002, Rinaldi et al. evaluated the efficacy of a mixture of the probiotic
strains Bifidobacterium breve BRO3 DSM 16604, Lacticaseibacillus casei LCO3 DSM 27537, and
Ligilactobacillus salivarius LS03 DSM 22776 plus a botanical extract of Solanum melongena
and Echinacea administered orally in 114 patients with mild to moderate acne for 8 weeks
through a randomized, placebo-controlled clinical trial [133]. A decrease in the number of
acne lesions, rate of desquamation, rate of sebum secretion, and presence of C. acnes was
observed in patients who were treated with the probiotic mixture and the botanical extract,
as well as the mixture of both, with respect to placebo treatment. The stronger effects were
seen with the probiotic mix plus the botanical extract.

Not only orally administered probiotics, but also topical probiotics for skin diseases,
and especially for acne, have been considered. Topical probiotic treatment is considered
to be safe and without adverse effects, especially when compared to standard therapy,
which can sometimes be more aggressive [134]. Despite the increase in the commercial
supply of products with supposed beneficial effects for acne based on probiotics in a
topical pharmaceutical formula, the truth is that there have not been many clinical trials in
this regard, and the current evidence on its effectiveness is scarce. Mechanisms of action
of topically administered probiotics are partly unknown, but are intuited mainly due to
preclinical in vitro studies [109,112-116,125]. The main mechanisms of action of topical
probiotics described by the authors of these studies were improving the barrier function of
the skin and secreting antimicrobial substances that inhibited the growth of C. acnes.

In 1912, J. Peyri conducted an experiment regarding the application of topical formulas
based on probiotics such as Lactobacillus bulgaricus in different skin diseases, including acne,
and highlighted their potential therapeutic effect in the inhibition of skin pathogens [135].

In 2009, Kang et al. conducted a double-blind, randomized, placebo-controlled clinical
trial with an 8-week duration in 70 patients with acne using a concentrated powder lotion
obtained from the supernatant of a culture of Enterococcus faecalis SL-5, a bacteria that
produces the bacteriocin ESL5 [136]. Patients who were treated with this lotion significantly
decreased inflammatory lesions compared to a placebo lotion.

In another clinical trial from 2017, the ammonia-oxidizing bacteria Nitrosomonas eu-
tropha, was used in 358 adult patients with mild or moderate acne, and a significant
reduction in overall severity was observed after 12 weeks of treatment, as well as a trend in
the reduction in the number of inflammatory lesions compared to the control group [137].
Ammonia-oxidizing bacteria convert ammonia to nitrite, which has antibacterial properties
on the skin, and to nitric oxide, which regulates inflammatory and vasodilation processes.

In 2022, Sathikulpakdee et al. conducted a randomized clinical trial to evaluate the
efficacy of a probiotic-derived lotion versus a 2.5% benzoyl peroxide lotion in 104 patients
with mild to moderate acne after 4 weeks of treatment [138]. The probiotic-derived lotion



Microorganisms 2022, 10, 1303 15 of 23

was obtained from supernatant of a culture of Lactobacillus paracasei MSMC 39-1, a bacteria
that has been shown to inhibit the growth of C. acnes. In both groups, acne lesions and
erythema index decreased; therefore, the lotion derived from L. paracasei MSMC 39-1 would
be a safe alternative comparable to the 2.5% benzoyl peroxide lotion.

Currently, there are two clinical trials of acne patients receiving oral probiotics in
the recruitment process registered at https://clinicaltrials.gov (accessed on 3 May 2022):
two randomized, double-blind, placebo-controlled clinical trials in 80 and 70 patients,
respectively, with codes NCT04570319 and NCT04596748.

In vitro studies, animal models, and clinical trials with oral and topical probiotics are

summarized in Table 2.

Table 2. Acne vulgaris and probiotics.

Reference Study Probiotic Key Results
Bowe [112]. In vitro Streptococcus salivarius Bacteriocin inhibited C. acnes growth.
Oh [113]. In vitro Lactococcus sp. HY 449 Bacteriocin inhibited C. acnes growth.
Deidda [114]. In vitro Lactobacillus salivarius 1.503 Bacteriocin inhibited C. acnes growth.
Lee [109]. In vitro Bifidobacterium adolescentis Antimicrobial activity against C. acres and
Staphylococcus aureus.
Wang [115]. In vitro Staphylococcus epidermidis Production of succte acid through
glycerol fermentation.
. o Anti-inflammatory response; modulation of
Cosseau [116]. In vitro Streptococcus salivarius K12 cenes associated with epithelial adhesion.
Gueniche [117]. In vitro Lactobacillus paracasei CNCM 1-2126 Improvement of skin barrier function.
L. casei NCFB 161, L. acidophilus NCFB
1748, L. plantarum DSM 12028, L. gasseri
Al-Ghazzewi [120]. In vitro NCFB 2233, and Lactococcus lactis NCIMB  Inhibition of C. acnes growth.
66 plus glucomannan hydrolysates of
Amorphophallus konjac
. Several Bifidobacterium and Lactobacillus Adhere.nce to keratin; 1.nh1b1t101.1 Of.blf)ﬁlm
Lopes [121]. In vitro . formation of pathogenic bacteria; limited
strains 1
ability to adhere to C. acnes.
Chae [122]. In vitro L. plantarum APsulloc 331261 and Inhibition of skin pathogen growth.

APsulloc 331266

Espinoza-Monje [123].

In vitro and
murine model

Weissella viridescens UCO_SMC3

Inhibition of C. acnes growth;
anti-inflammatory effects.

Siver [124].

Clinical trial

L. acidophilus and L. bulgaricus (oral)

A total of 300 acne patients; 2 weeks of
treatment. Clinical improvement in 80% of
acne patients.

Jung [127].

RCT, open-label

L. acidophilus (5 x 10° CFU/capsule),
L. bulgaricus (5 x 10° CFU/capsule) and
B. bifidum (20 x 10° CFU/ capsule) (oral);

two capsules/day

A total of 45 acne patients; three study groups
(probiotic, minocycline, probiotic plus
minocycline); 12 weeks of treatment. Patients
treated with probiotic mixture plus
minocycline had significantly better efficacy in
terms of total number of lesions.

Fabbrocini [128].

RCT, double-blinded,
placebo-controlled

Liquid supplement containing
Lactobacillus rhamnosus SP1 at a dose of
3 x 10° CFU/day (oral)

A total of 20 acne patients; 12 weeks of
treatment. IGF-1 and FoxO1 gene expression
in skin acne areas. Statistically significant
reduction in the expression of the IGF-1 gene
of 32% and a statistically significant increase in
the FoxO1 gene of 65% in probiotic group.
Clinical improvement in patients treated

with probiotic.
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Table 2. Cont.

Reference Study Probiotic Key Results
B. lactis W51, B. lactis W52, L. acidophilus
Pre-experimental W55, L. casei W56, L. salivarius W57, and A total of 30 acne patients; 30 days of
Rahmayani [129] clinical study witha  Lactococcus lactis W58, with total bacterial ~ treatment. An increase in IL-10 was seen after
pretest/posttest cells > 10® CFU per sachet (oral); probiotic mixture treatment.
two sachets/day
A total of 82 patients with intestinal-borne
dermatoses (some of them were diagnosed
with acne); 1 month of treatment. Two study
groups (patients treated with a conventional
RCT, controlled Escherichia coli Nissle 1917 (oral); one z(())}riltfﬁll'\itﬂerfe%?;Eo?l?ﬁ;ﬂ?t;el?(f)i(élsm:rfin:estinoids'
Manzhalii [132]. ! ! capsule contained 2.5-25 x 10° CFU; & Y 4 ’ ’

nonblinded

two capsules/day

and patients treated with conventional topical
therapy plus probiotic). A total of 89% of
patients treated with E. coli Nissle 1917
improved significantly, while 56% improved in
the group treated with only the conventional
topical therapy.

Rinaldi [133].

RCT, double-blinded,
placebo-controlled

B. breve BRO3 (0.5 x 10° CFU), L. casei
LCO3 (>0.5 x 10° CFU), and L. salivarius
LS03 (>1.0 x 10° CFU) plus a botanical

extract of Solanum melongena and Echinacea
(oral); one sachet/day

A total of 114 acne patients. Four study groups
(placebo, probiotics, botanical extracts, and
probiotics plus botanical extracts); 8 weeks of
treatment. A decreased number of acne
lesions, rate of desquamation, rate of sebum
secretion, and presence of C. acnes was found
in patients treated with the probiotic mixture
and botanical extract, and a mixture of both.
Stronger effects were seen with the probiotic
mix plus the botanical extract.

Kang [136].

RCT, double-blinded,
placebo-controlled

Concentrated powder lotion obtained
from supernatant culture of Enterococcus
faecalis SL-5 (topical)

A total of 70 acne patients; 8 weeks of
treatment. A decrease in inflammatory lesions
was seen.

AOBiome [137].

RCT, double-blinded,
placebo-controlled

Nitrosomonas eutropha (topical)

A total of 358 acne subjects; 12 weeks of
treatment. A reduction in severity and a trend
toward a reduction in inflammatory lesions
was seen.

Sathikulpakdee [138].

RCT

Lactobacillus paraceasei MSMC
39-1 (topical)

A total of 104 acne patients; 4 weeks treatment.
Topical probiotics vs. 2.5% benzoyl peroxide
lotion were compared. Acne lesions and the
erythema index were decreased.

CFU: colony-forming units; RCT: randomized clinical trial.

6. Acne Vulgaris and Diet

Intimately related to the composition and diversity of intestinal microbiota, diet is
a decisive factor in the development of acne. A Western diet characterized by a high
consumption of ultraprocessed foods, saturated fats, and refined sugars is a risk factor for
acne aggravation. A recent systematic review has shown that foods with a high glycemic
index/load, dairy products, fatty foods, and chocolate promote the formation of acne
lesions, while the intake of fruits and vegetables was protective [139].

A high-fat diet (HFD) implies a loss of diversity of gut microbiota and an increase in
endotoxemia, which contributes to the development of a deterioration in the integrity of
the intestinal epithelium and its barrier function, a decrease in the thickness of the intestinal
mucosa layer, and an increased secretion of proinflammatory cytokines. Inflammation and
the innate immune system are key factors in the pathogenesis of acne [79].

Observational studies have positively correlated a high glycemic index with acne [140].
Many foods in the Western diet with a high glycemic load increase IGF-1 and insulin
levels, which affects the expression of FoxO1, along with the consequences that this entails,
as we reviewed in previous sections. Basically, a FoxO1 deficiency is a key factor in the
pathogenesis of acne and promotes lipogenesis, secretion of proinflammatory cytokines,
and proliferation of keratinocytes [23]. Thus, it is important to highlight the importance
of the sterol regulatory element-binding protein (SREBP)-1, which is critically regulated
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by FoxO1 [141]. SREBP-1 regulates the expression of stearoyl-CoA desaturase and A6-
desaturase. Stearoyl-CoA desaturase catalyzes the conversion of stearic acid to oleic acid,
the main fatty acid of sebum triglycerides, and A6-desaturase is key to the synthesis of
unsaturated fatty acids, precursors of proinflammatory eicosanoids [23].

A Western diet is also extraordinarily rich in red meat, meanwhile vegetarian and
vegan diets include reduced or no intake of meat and dairy. Meat/dairy-protein-based
diets provide more leucine than vegetarian or vegan diets. Leucine stimulates the mTOR
pathway, which supposes an increase in lipogenesis of the sebaceous gland [142]. Because
leucine activates mTORC1, those who consume meat/dairy-protein-based diets increase
that activation, possibly aggravating the inflammation implicated in acne [143]. Likewise,
diets rich in animal protein decrease the diversity of the intestinal microbiota, while plant-
based diets increase it [144]. This could also influence the onset and development of acne
because the gut microbiota influences the shaping of the inflammatory response [145].

7. Conclusions

Acne vulgaris is a mechanistically complex multifactorial disease involving genetic,
metabolic, and hormonal factors in which both the skin and gut microbiota are implicated.
Increased data on the mechanisms of action regarding the relevance of C. acnes in the onset
and development of acne, as well as the importance of the gut—skin axis, are becoming
known. Classically, acne has been associated with an increase in androgens at the systemic
and local levels, but the influence of IGF-1 and insulin, which in turn are dependent on
diet, is transcendental. There is increasing evidence that the virulence and biofilm-forming
characteristics of C. acnes strains present in acne lesions are more important than the mere
presence of this bacteria. Likewise, the ability of C. acnes to generate proinflammatory
lipids that aggravate the development of acne is also important. In addition, certain genetic
polymorphisms have been found that are associated with the presence of acne, which could
be related to greater severity or its development in adults.

Although the exact mechanisms by which the intestinal microbiota can influence the
development and evolution of acne is unknown, studies in this regard have shown intestinal
dysbiosis in these patients. The loss in SCCA-producing bacteria is remarkable, since these
molecules have anti-inflammatory effects, and in acne, the inflammatory reaction that is
established in the pilosebaceous unit is essential. A diet high in fat or rich in foods with a
high glycemic index, which also affects the intestinal microbiota by increasing intestinal
permeability, is also a factor that aggravates the development of acne. These data would
indicate that a modulation of the intestinal microbiota could potentially influence the
appearance and evolution of acne.

Diverse and varied in vitro studies have shown the potential beneficial effects of pro-
biotics in this context; however, clinical trials with both topical and oral probiotics are
scarce, although they have shown positive results. However, the evidence for potentially
beneficial effects of oral probiotics is greater. Orally administered probiotics would exert
their beneficial functions through the modulation of the intestinal microbiota, generating an
anti-inflammatory response, restoring intestinal integrity, or through metabolic pathways
involving IGF-1. Topical probiotics seem to produce their effects through the inhibition
of growth of C. acnes in the pilosebaceous unit. Given the aggressiveness of some stan-
dard acne treatment, probiotics should continue to be investigated as an alternative or
adjuvant therapy.

Author Contributions: V.N.-L. and P.S.-P. conceived the idea for this review article. Writing—original
draft: P.S.-P; Writing—review and editing: V.N.-L.; ENN.-D. designed all Figures. L.N.-M., B.R.-C,,
EN.-D,, J.LA.-S., PS.-P. and V.N.-L. reviewed all manuscript versions. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Microorganisms 2022, 10, 1303 18 of 23

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Swaney, M.H.; Kalan, L.R. Living in Your Skin: Microbes, Molecules, and Mechanisms. Infect. Immun. 2021, 89, e00695-20.
[CrossRef] [PubMed]

2. Byrd, A.L,; Belkaid, Y.; Segre, ].A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143-155. [CrossRef] [PubMed]

3. Oh,],;Byrd, A.L; Deming, C.; Conlan, S.; Kong, H.H.; Segre, ].A. Biogeography and individuality shape function in the human
skin metagenome. Nature 2014, 514, 59-64. [CrossRef] [PubMed]

4. Mayer, E.A.; Nance, K.; Chen, S. The Gut-Brain Axis. Annu. Rev. Med. 2022, 73, 439-453. [CrossRef] [PubMed]

5. Budden, K.E; Gellatly, S.L.; Wood, D.L.; Cooper, M.A.; Morrison, M.; Hugenholtz, P.; Hansbro, PM. Emerging pathogenic links
between microbiota and the gut-lung axis. Nat. Rev. Microbiol. 2017, 15, 55-63. [CrossRef] [PubMed]

6.  Albillos, A.; de Gottardi, A.; Rescigno, M. The gut-liver axis in liver disease: Pathophysiological basis for therapy. J. Hepatol. 2020,
72,558-577. [CrossRef]

7.  De Pessemier, B.; Grine, L.; Debaere, M.; Maes, A.; Paetzold, B.; Callewaert, C. Gut-Skin Axis: Current Knowledge of the
Interrelationship between Microbial Dysbiosis and Skin Conditions. Microorganisms 2021, 9, 353. [CrossRef]

8. Navarro-Lépez, V.; Nunez-Delegido, E.; Ruzafa-Costas, B.; Sanchez-Pellicer, P.; Agtiera-Santos, J.; Navarro-Moratalla, L. Probiotics
in the Therapeutic Arsenal of Dermatologists. Microorganisms 2021, 9, 1513. [CrossRef]

9. Sinha, S,; Lin, G.; Ferenczi, K. The skin microbiome and the gut-skin axis. Clin. Dermatol. 2021, 39, 829-839. [CrossRef]

10. Fu, Y.; Lee, C.H.; Chi, C.C. Association of Psoriasis with Inflammatory Bowel Disease: A Systematic Review and Meta-analysis.
JAMA Dermatol. 2018, 154, 1417-1423. [CrossRef]

11. Ramirez-Boscd, A.; Navarro-Lépez, V.; Martinez-Andrés, A.; Such, J.; Francés, R.; Horga de la Parte, J.; Asin-Llorca, M.
Identification of Bacterial DNA in the Peripheral Blood of Patients with Active Psoriasis. JAMA Dermatol. 2015, 151, 670—
671. [CrossRef]

12. O'Neill, C.A.; Monteleone, G.; McLaughlin, J.T.; Paus, R. The gut-skin axis in health and disease: A paradigm with therapeutic
implications. Bioessays 2016, 38, 1167-1176. [CrossRef] [PubMed]

13. Salem, I; Ramser, A.; Isham, N.; Ghannoum, M.A. The Gut Microbiome as a Major Regulator of the Gut-Skin Axis. Front.
Microbiol. 2018, 9, 1459. [CrossRef] [PubMed]

14. Heng, A.H.S,; Chew, F.T. Systematic review of the epidemiology of acne vulgaris. Sci. Rep. 2020, 10, 5754. [CrossRef] [PubMed]

15. Aksu, A.E; Metintas, S.; Saracoglu, Z.N.; Gurel, G.; Sabuncu, I.; Arikan, I.; Kalyoncu, C. Acne: Prevalence and relationship with
dietary habits in Eskisehir, Turkey. |. Eur. Acad. Dermatol. Venereol. 2012, 26, 1503-1509. [CrossRef] [PubMed]

16. Pereira Duquia, R.; da Silva Dos Santos, I.; de Almeida, H., Jr.; Martins Souza, P.R.; de Avelar Breunig, J.; Zouboulis, C.C.
Epidemiology of Acne Vulgaris in 18-Year-Old Male Army Conscripts in a South Brazilian City. Dermatology 2017, 233, 145-154.
[CrossRef]

17.  Vos, T.; Flaxman, A.D.; Naghavi, M.; Lozano, R.; Michaud, C.; Ezzati, M.; Shibuya, K.; Salomon, J.A.; Abdalla, S.; Aboyans,
V.; et al. Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990-2010: A systematic analysis for the
Global Burden of Disease Study 2010. Lancet 2012, 380, 2163-2196. [CrossRef]

18. Bhate, K.; Williams, H.C. Epidemiology of acne vulgaris. Br. |. Dermatol. 2013, 168, 474—485. [CrossRef]

19. Cordain, L.; Lindeberg, S.; Hurtado, M.; Hill, K.; Eaton, S.B.; Brand-Miller, J. Acne vulgaris: A disease of Western civilization.
Arch. Dermatol. 2002, 138, 1584-1590. [CrossRef]

20. Suh, D.H.; Kwon, H.H. What’s new in the physiopathology of acne? Br. ]. Dermatol. 2015, 172, 13-19. [CrossRef]

21. Afshar, M.; Gallo, R.L. Innate immune defense system of the skin. Vet. Dermatol. 2013, 24, e8—€9. [CrossRef] [PubMed]

22. Moradi Tuchayi, S.; Makrantonaki, E.; Ganceviciene, R.; Dessinioti, C.; Feldman, S.R.; Zouboulis, C.C. Acne vulgaris. Nat. Rev.
Dis. Primers 2015, 1, 15029. [CrossRef] [PubMed]

23.  Melnik, B.C. Linking diet to acne metabolomics, inflammation, and comedogenesis: An update. Clin. Cosmet. Investig. Dermatol.
2015, 8, 371-388. [CrossRef] [PubMed]

24. Kang, B.S; Seo, ].G.; Lee, G.S.; Kim, ].H.; Kim, S.Y.; Han, YW.; Kang, H.; Kim, H.O.; Rhee, ].H.; Chung, M.]; et al. Antimicrobial
activity of enterocins from Enterococcus faecalis SL-5 against Propionibacterium acnes, the causative agent in acne vulgaris, and
its therapeutic effect. J. Microbiol. 2009, 47, 101-109. [CrossRef]

25. Jugeau, S.; Tenaud, I.; Knol, A.C.; Jarrousse, V.; Quereux, G.; Khammari, A.; Dreno, B. Induction of toll-like receptors by
Propionibacterium acnes. Br. J. Dermatol. 2005, 153, 1105-1113. [CrossRef]

26. Lwin, SM.; Kimber, I.; McFadden, J.P. Acne, quorum sensing and danger. Clin. Exp. Dermatol. 2014, 39, 162-167. [CrossRef]

27. Alestas, T.; Ganceviciene, R.; Fimmel, S.; Miiller-Decker, K.; Zouboulis, C.C. Enzymes involved in the biosynthesis of leukotriene
B4 and prostaglandin E2 are active in sebaceous glands. J. Mol. Med. 2006, 84, 75-87. [CrossRef]

28. Snodgrass, R.G.; Huang, S.; Choi, LW,; Rutledge, J.C.; Hwang, D.H. Inflammasome-mediated secretion of IL-1f in human

monocytes through TLR2 activation; modulation by dietary fatty acids. J. Immunol. 2013, 191, 4337—4347. [CrossRef]


http://doi.org/10.1128/IAI.00695-20
http://www.ncbi.nlm.nih.gov/pubmed/33468585
http://doi.org/10.1038/nrmicro.2017.157
http://www.ncbi.nlm.nih.gov/pubmed/29332945
http://doi.org/10.1038/nature13786
http://www.ncbi.nlm.nih.gov/pubmed/25279917
http://doi.org/10.1146/annurev-med-042320-014032
http://www.ncbi.nlm.nih.gov/pubmed/34669431
http://doi.org/10.1038/nrmicro.2016.142
http://www.ncbi.nlm.nih.gov/pubmed/27694885
http://doi.org/10.1016/j.jhep.2019.10.003
http://doi.org/10.3390/microorganisms9020353
http://doi.org/10.3390/microorganisms9071513
http://doi.org/10.1016/j.clindermatol.2021.08.021
http://doi.org/10.1001/jamadermatol.2018.3631
http://doi.org/10.1001/jamadermatol.2014.5585
http://doi.org/10.1002/bies.201600008
http://www.ncbi.nlm.nih.gov/pubmed/27554239
http://doi.org/10.3389/fmicb.2018.01459
http://www.ncbi.nlm.nih.gov/pubmed/30042740
http://doi.org/10.1038/s41598-020-62715-3
http://www.ncbi.nlm.nih.gov/pubmed/32238884
http://doi.org/10.1111/j.1468-3083.2011.04329.x
http://www.ncbi.nlm.nih.gov/pubmed/22070422
http://doi.org/10.1159/000475775
http://doi.org/10.1016/S0140-6736(12)61729-2
http://doi.org/10.1111/bjd.12149
http://doi.org/10.1001/archderm.138.12.1584
http://doi.org/10.1111/bjd.13634
http://doi.org/10.1111/j.1365-3164.2012.01082.x
http://www.ncbi.nlm.nih.gov/pubmed/23331677
http://doi.org/10.1038/nrdp.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/27189872
http://doi.org/10.2147/CCID.S69135
http://www.ncbi.nlm.nih.gov/pubmed/26203267
http://doi.org/10.1007/s12275-008-0179-y
http://doi.org/10.1111/j.1365-2133.2005.06933.x
http://doi.org/10.1111/ced.12252
http://doi.org/10.1007/s00109-005-0715-8
http://doi.org/10.4049/jimmunol.1300298

Microorganisms 2022, 10, 1303 19 of 23

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Nakatsuji, T.; Kao, M.C.; Zhang, L.; Zouboulis, C.C.; Gallo, R.L.; Huang, C.M. Sebum free fatty acids enhance the innate immune
defense of human sebocytes by upregulating beta-defensin-2 expression. J. Investig. Dermatol. 2010, 130, 985-994. [CrossRef]
Legrand-Poels, S.; Esser, N.; homme, L.; Scheen, A.; Paquot, N.; Piette, J. Free fatty acids as modulators of the NLRP3
inflammasome in obesity /type 2 diabetes. Biochem. Pharmacol. 2014, 92, 131-141. [CrossRef]

Kistowska, M.; Gehrke, S.; Jankovic, D.; Kerl, K.; Fettelschoss, A.; Feldmeyer, L.; Fenini, G.; Kolios, A.; Navarini, A.; Ganceviciene,
R.; etal. IL-1p drives inflammatory responses to propionibacterium acnes in vitro and in vivo. J. Investig. Dermatol. 2014, 134,
677-685. [CrossRef] [PubMed]

Zouboulis, C.C.; Schagen, S.; Alestas, T. The sebocyte culture: A model to study the pathophysiology of the sebaceous gland in
sebostasis, seborrhoea and acne. Arch. Dermatol. Res. 2008, 300, 397—413. [CrossRef] [PubMed]

Shamloul, G.; Khachemoune, A. An updated review of the sebaceous gland and its role in health and diseases Part 1: Embryology,
evolution, structure, and function of sebaceous glands. Dermatol. Ther. 2021, 34, e14695. [CrossRef] [PubMed]

Ottaviani, M.; Camera, E.; Picardo, M. Lipid mediators in acne. Mediat. Inflamm. 2010, 2010, 858176. [CrossRef]

Bienenfeld, A.; Azarchi, S.; Lo Sicco, K.; Marchbein, S.; Shapiro, J.; Nagler, A.R. Androgens in women: Androgen-mediated skin
disease and patient evaluation. J. Am. Acad. Dermatol. 2019, 80, 1497-1506. [CrossRef]

Hu, T,; Wei, Z.; Ju, Q.; Chen, W. Sex hormones and acne: State of the art. J. Dtsch. Dermatol. Ges. 2021, 19, 509-515. [CrossRef]
Slominski, A.; Zbytek, B.; Nikolakis, G.; Manna, P.R.; Skobowiat, C.; Zmijewski, M.; Li, W.; Janjetovic, Z.; Postlethwaite, A.;
Zouboulis, C.C.; et al. Steroidogenesis in the skin: Implications for local immune functions. J. Steroid Biochem. Mol. Biol. 2013, 137,
107-123. [CrossRef]

Dréno, B. What is new in the pathophysiology of acne, an overview. J. Eur. Acad. Dermatol. Venereol. 2017, 31, 8-12. [CrossRef]
Mirdamadi, Y.; Bommhardt, U.; Goihl, A.; Guttek, K.; Zouboulis, C.C.; Quist, S.; Gollnick, H. Insulin and Insulin-like growth
factor-1 can activate the phosphoinositide-3-kinase /Akt/FoxO1 pathway in T cells in vitro. Dermatoendocrinology 2017, 9,
e1356518. [CrossRef]

Melnik, B.C. The role of transcription factor FoxO1 in the pathogenesis of acne vulgaris and the mode of isotretinoin action. G.
Ital. Dermatol. Venereol. 2010, 145, 559-571.

Li, J.; Al-Azzawi, F. Mechanism of androgen receptor action. Maturitas 2009, 63, 142-148. [CrossRef] [PubMed]

Rocha, M.A; Bagatin, E. Adult-onset acne: Prevalence, impact, and management challenges. Clin. Cosmet. Investig. Dermatol.
2018, 11, 59-69. [CrossRef] [PubMed]

Goulden, V.; Clark, S.M.; Cunliffe, W.]. Post-adolescent acne: A review of clinical features. Br. J. Dermatol. 1997, 136, 66-70.
[CrossRef] [PubMed]

Sardana, K.; Bansal, P; Sharma, L.K.; Garga, U.C.; Vats, G. A study comparing the clinical and hormonal profile of late onset and
persistent acne in adult females. Int. ]. Dermatol. 2020, 59, 428-433. [CrossRef]

Vexiau, P.; Chivot, M. Feminine acne: Dermatologic disease or endocrine disease? Gymnecol. Obstet. Fertil. 2002, 30, 11-21.
[CrossRef]

Yoldemir, T. Postmenopausal hyperandrogenism. Climacteric 2022, 25, 109-117. [CrossRef]

Imperato-McGinley, J.; Gautier, T.; Cai, L.Q.; Yee, B.; Epstein, J.; Pochi, P. The androgen control of sebum production. Studies of
subjects with dihydrotestosterone deficiency and complete androgen insensitivity. J. Clin. Endocrinol. Metab. 1993, 76, 524-528.
[CrossRef]

Juul, A.; Holm, K.; Kastrup, K.W.; Pedersen, S.A.; Michaelsen, K.F.; Scheike, T.; Rasmussen, S.; Miiller, ].; Skakkebaek, N.E. Free
insulin-like growth factor I serum levels in 1430 healthy children and adults, and its diagnostic value in patients suspected of
growth hormone deficiency. J. Clin. Endocrinol. Metab. 1997, 82, 2497-2502. [CrossRef]

Ben-Amitai, D.; Laron, Z. Effect of insulin-like growth factor-1 deficiency or administration on the occurrence of acne. J. Eur. Acad.
Dermatol. Venereol. 2011, 25, 950-954. [CrossRef]

Leyden, ].; Bergfeld, W.; Drake, L.; Dunlap, F.; Goldman, M.P;; Gottlieb, A.B.; Heffernan, M.P.,; Hickman, J.G.; Hordinsky, M.;
Jarrett, M.; et al. A systemic type I5 alpha-reductase inhibitor is ineffective in the treatment of acne vulgaris. J. Am. Acad. Dermatol.
2004, 50, 443-447. [CrossRef]

Seiffert, K.; Seltmann, H.; Fritsch, M.; Zouboulis, C.C. Inhibition of 5alpha-reductase activity in SZ95 sebocytes and Ha-CaT
keratinocytes in vitro. Horm. Metab. Res. 2008, 39, 141-148. [CrossRef] [PubMed]

He, L.; Wu, WJ,; Yang, ].K,; Cheng, H.; Zuo, X.B.; Lai, W.; Gao, TW.; Ma, C.L.; Luo, N.; Huang, ].Q.; et al. Two new susceptibility
loci 1q24.2 and 11p11.2 confer risk to severe acne. Nat. Commun. 2014, 5, 2870. [CrossRef] [PubMed]

Navarini, A.A.; Simpson, M.A.; Weale, M.; Knight, J.; Carlavan, I.; Reiniche, P.; Burden, D.A.; Layton, A.; Bataille, V.; Allen,
M.; et al. Genome-wide association study identifies three novel susceptibility loci for severe Acne vulgaris. Nat. Commun. 2014, 5,
4020. [CrossRef] [PubMed]

Mina-Vargas, A.; Colodro-Conde, L.; Grasby, K.; Zhu, G.; Gordon, S.; Medland, S.E.; Martin, N.G. Heritability and GWAS
Analyses of Acne in Australian Adolescent Twins. Twin. Res. Hum. Genet. 2017, 20, 541-549. [CrossRef] [PubMed]

Elsaie, M.L.; Aly, D.G. The Immunogenetics of Acne. Adv. Exp. Med. Biol. 2022, 1367, 137-154. [CrossRef] [PubMed]

Mitchell, B.L.; Saklatvala, J.R.; Dand, N.; Hagenbeek, F.A.; Li, X.;; Min, J.L.; Thomas, L.; Bartels, M.; Jan Hottenga, J.; Lupton,
M.K,; et al. Genome-wide association meta-analysis identifies 29 new acne susceptibility loci. Nat. Commun. 2022, 13, 702.
[CrossRef] [PubMed]


http://doi.org/10.1038/jid.2009.384
http://doi.org/10.1016/j.bcp.2014.08.013
http://doi.org/10.1038/jid.2013.438
http://www.ncbi.nlm.nih.gov/pubmed/24157462
http://doi.org/10.1007/s00403-008-0879-5
http://www.ncbi.nlm.nih.gov/pubmed/18690467
http://doi.org/10.1111/dth.14695
http://www.ncbi.nlm.nih.gov/pubmed/33354858
http://doi.org/10.1155/2010/858176
http://doi.org/10.1016/j.jaad.2018.08.062
http://doi.org/10.1111/ddg.14426
http://doi.org/10.1016/j.jsbmb.2013.02.006
http://doi.org/10.1111/jdv.14374
http://doi.org/10.1080/19381980.2017.1356518
http://doi.org/10.1016/j.maturitas.2009.03.008
http://www.ncbi.nlm.nih.gov/pubmed/19372015
http://doi.org/10.2147/CCID.S137794
http://www.ncbi.nlm.nih.gov/pubmed/29440921
http://doi.org/10.1111/j.1365-2133.1997.tb08748.x
http://www.ncbi.nlm.nih.gov/pubmed/9039297
http://doi.org/10.1111/ijd.14748
http://doi.org/10.1016/S1297-9589(01)00255-7
http://doi.org/10.1080/13697137.2021.1915273
http://doi.org/10.1210/jcem.76.2.8381804
http://doi.org/10.1210/jcem.82.8.4137
http://doi.org/10.1111/j.1468-3083.2010.03896.x
http://doi.org/10.1016/j.jaad.2003.07.021
http://doi.org/10.1055/s-2007-961814
http://www.ncbi.nlm.nih.gov/pubmed/17326010
http://doi.org/10.1038/ncomms3870
http://www.ncbi.nlm.nih.gov/pubmed/24399259
http://doi.org/10.1038/ncomms5020
http://www.ncbi.nlm.nih.gov/pubmed/24927181
http://doi.org/10.1017/thg.2017.58
http://www.ncbi.nlm.nih.gov/pubmed/29110752
http://doi.org/10.1007/978-3-030-92616-8_6
http://www.ncbi.nlm.nih.gov/pubmed/35286695
http://doi.org/10.1038/s41467-022-28252-5
http://www.ncbi.nlm.nih.gov/pubmed/35132056

Microorganisms 2022, 10, 1303 20 of 23

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Gilchrist, T.C. A bacteriological and microscopical study of over three hundred vesicular and pustular lesions of the skin, with a
research upon the etiology of Acne vulgaris. Johns Hopkins Hosp. Rep. 1900, 9, 409-430.

Christensen, G.J.; Briiggemann, H. Bacterial skin commensals and their role as host guardians. Benef. Microbes 2014, 5, 201-215.
[CrossRef]

McDowell, A.; Perry, A.L.; Lambert, P.A.; Patrick, S. A new phylogenetic group of Propionibacterium acnes. J. Med. Microbiol.
2008, 57,218-224. [CrossRef]

McDowell, A.; Barnard, E.; Nagy, I; Gao, A.; Tomida, S.; Li, H.; Eady, A.; Cove, J.; Nord, C.E.; Patrick, S. An expanded multilocus
sequence typing scheme for propionibacterium acnes: Investigation of ‘pathogenic’, ‘commensal’ and antibiotic resistant strains.
PLoS ONE 2012, 7, €41480. [CrossRef]

Barnard, E.; Shi, B.; Kang, D.; Craft, N.; Li, H. The balance of metagenomic elements shapes the skin microbiome in acne and
health. Sci. Rep. 2016, 6, 39491. [CrossRef] [PubMed]

Fitz-Gibbon, S.; Tomida, S.; Chiu, B.H.; Nguyen, L.; Du, C; Liu, M.; Elashoff, D.; Erfe, M.C.; Loncaric, A.; Kim, J.; et al.
Propionibacterium acnes strain populations in the human skin microbiome associated with acne. J. Investig. Dermatol. 2013, 133,
2152-2160. [CrossRef] [PubMed]

Lombholt, H.B.; Kilian, M. Population genetic analysis of Propionibacterium acnes identifies a subpopulation and epidemic clones
associated with acne. PLoS ONE 2010, 5, €12277. [CrossRef] [PubMed]

Kwon, H.H.; Yoon, J.Y.; Park, S.Y,; Suh, D.H. Analysis of distribution patterns of Propionibacterium acnes phylotypes and
Peptostreptococcus species from acne lesions. Br. J. Dermatol. 2013, 169, 1152-1155. [CrossRef]

Lombholt, H.B.; Scholz, C.EP; Briiggemann, H.; Tettelin, H.; Kilian, M. A comparative study of Cutibacterium (Propionibacterium)
acnes clones from acne patients and healthy controls. Anaerobe 2017, 47, 57-63. [CrossRef]

McDowell, A.; Nagy, I.; Magyari, M.; Barnard, E.; Patrick, S. The opportunistic pathogen Propionibacterium acnes: Insights into
typing, human disease, clonal diversification and CAMP factor evolution. PLoS ONE 2013, 8, €70897. [CrossRef]

Dréno, B.; Pécastaings, S.; Corvec, S.; Veraldi, S.; Khammari, A.; Roques, C. Cutibacterium acnes (Propionibacterium acnes) and
acne vulgaris: A brief look at the latest updates. J. Eur. Acad. Dermatol. Venereol. 2018, 32, 5-14. [CrossRef]

Paugam, C.; Corvec, S.; Saint-Jean, M.; Le Moigne, M.; Khammari, A.; Boisrobert, A.; Nguyen, ].M.; Gaultier, A.; Dréno, B.
Propionibacterium acnes phylotypes and acne severity: An observational prospective study. J. Eur. Acad. Dermatol. Venereol. 2017,
31, €398—e399. [CrossRef]

Tomida, S.; Nguyen, L.; Chiu, B.H.; Liu, J.; Sodergren, E.; Weinstock, G.M.; Li, H. Pan-genome and comparative genome analyses
of propionibacterium acnes reveal its genomic diversity in the healthy and diseased human skin microbiome. mBio 2013, 4,
e00003-13. [CrossRef]

Mayslich, C.; Grange, P.A.; Dupin, N. Cutibacterium acnes as an Opportunistic Pathogen: An Update of Its Virulence-Associated
Factors. Microorganisms 2021, 9, 303. [CrossRef]

Valanne, S.; McDowell, A.; Ramage, G.; Tunney, M.M.; Einarsson, G.G.; O'Hagan, S.; Wisdom, G.B.; Fairley, D.; Bhatia, A;
Maisonneuve, J.F; et al. CAMP factor homologues in Propionibacterium acnes: A new protein family differentially expressed by
types I and II. Microbiology 2005, 151, 1369-1379. [CrossRef] [PubMed]

Mayslich, C.; Grange, P.A.; Castela, M.; Marcelin, A.G.; Calvez, V.; Dupin, N. Characterization of a Cutibacterium acnes Camp
Factor 1-Related Peptide as a New TLR-2 Modulator in In Vitro and Ex Vivo Models of Inflammation. Int. ]. Mol. Sci. 2022, 23,
5065. [CrossRef]

Lheure, C.; Grange, P.A.; Ollagnier, G.; Morand, P; Désiré, N.; Sayon, S.; Corvec, S.; Raingeaud, J.; Marcelin, A.G.; Calvez, V.; et al.
TLR-2 Recognizes Propionibacterium acnes CAMP Factor 1 from Highly Inflammatory Strains. PLoS ONE 2016, 11, e0167237.
[CrossRef] [PubMed]

Johnson, T.; Kang, D.; Barnard, E.; Li, H. Strain-Level Differences in Porphyrin Production and Regulation in Propionibacterium
acnes Elucidate Disease Associations. mSphere 2016, 1, e00023-15. [CrossRef] [PubMed]

Barnard, E.; Johnson, T.; Ngo, T.; Arora, U.; Leuterio, G.; McDowell, A.; Li, H. Porphyrin Production and Regulation in Cutaneous
Propionibacteria. mSphere 2020, 5, e00793-19. [CrossRef] [PubMed]

Nazipi, S.; Stedkilde-Jorgensen, K.; Scavenius, C.; Briiggemann, H. The Skin Bacterium Propionibacterium acnes Employs Two
Variants of Hyaluronate Lyase with Distinct Properties. Microorganisms 2017, 5, 57. [CrossRef] [PubMed]

Bek-Thomsen, M.; Lomholt, H.B.; Scavenius, C.; Enghild, ].J.; Briiggemann, H. Proteome analysis of human sebaceous follicle
infundibula extracted from healthy and acne-affected skin. PLoS ONE 2014, 9, €107908. [CrossRef]

Borrel, V.; Gannesen, A.V.; Barreau, M.; Gaviard, C.; Duclairoir-Poc, C.; Hardouin, J.; Konto-Ghiorghi, Y.; Lefeuvre, L.; Feuilloley,
M.G.J. Adaptation of acneic and non acneic strains of Cutibacterium acnes to sebum-like environment. Microbiologyopen 2019, 8,
e00841. [CrossRef]

Dréno, B.; Gollnick, H.P; Kang, S.; Thiboutot, D.; Bettoli, V.; Torres, V.; Leyden, J. Understanding innate immunity and
inflammation in acne: Implications for management. J. Eur. Acad. Dermatol. Venereol. 2015, 29, 3-11. [CrossRef]

Farrar, M.D.; Ingham, E.; Holland, K.T. Heat shock proteins and inflammatory acne vulgaris: Molecular cloning, overexpression
and purification of a propionibacterium acnes GroEL and DnaK homologue. FEMS Microbiol. Lett. 2000, 191, 183-186. [CrossRef]
Cobian, N.; Garlet, A.; Hidalgo-Cantabrana, C.; Barrangou, R. Comparative Genomic Analyses and CRISPR-Cas Characterization
of Cutibacterium acnes Provide Insights Into Genetic Diversity and Typing Applications. Front. Microbiol. 2021, 12, 758749.
[CrossRef] [PubMed]


http://doi.org/10.3920/BM2012.0062
http://doi.org/10.1099/jmm.0.47489-0
http://doi.org/10.1371/journal.pone.0041480
http://doi.org/10.1038/srep39491
http://www.ncbi.nlm.nih.gov/pubmed/28000755
http://doi.org/10.1038/jid.2013.21
http://www.ncbi.nlm.nih.gov/pubmed/23337890
http://doi.org/10.1371/journal.pone.0012277
http://www.ncbi.nlm.nih.gov/pubmed/20808860
http://doi.org/10.1111/bjd.12486
http://doi.org/10.1016/j.anaerobe.2017.04.006
http://doi.org/10.1371/journal.pone.0070897
http://doi.org/10.1111/jdv.15043
http://doi.org/10.1111/jdv.14206
http://doi.org/10.1128/mBio.00003-13
http://doi.org/10.3390/microorganisms9020303
http://doi.org/10.1099/mic.0.27788-0
http://www.ncbi.nlm.nih.gov/pubmed/15870447
http://doi.org/10.3390/ijms23095065
http://doi.org/10.1371/journal.pone.0167237
http://www.ncbi.nlm.nih.gov/pubmed/27902761
http://doi.org/10.1128/mSphere.00023-15
http://www.ncbi.nlm.nih.gov/pubmed/27303708
http://doi.org/10.1128/mSphere.00793-19
http://www.ncbi.nlm.nih.gov/pubmed/31941813
http://doi.org/10.3390/microorganisms5030057
http://www.ncbi.nlm.nih.gov/pubmed/28895889
http://doi.org/10.1371/journal.pone.0107908
http://doi.org/10.1002/mbo3.841
http://doi.org/10.1111/jdv.13190
http://doi.org/10.1111/j.1574-6968.2000.tb09337.x
http://doi.org/10.3389/fmicb.2021.758749
http://www.ncbi.nlm.nih.gov/pubmed/34803983

Microorganisms 2022, 10, 1303 21 of 23

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Holmberg, A.; Lood, R.; Morgelin, M.; Soderquist, B.; Holst, E.; Collin, M.; Christensson, B.; Rasmussen, M. Biofilm formation by
Propionibacterium acnes is a characteristic of invasive isolates. Clin. Microbiol. Infect. 2009, 15, 787-795. [CrossRef] [PubMed]
Coenye, T.; Spittaels, K.J.; Achermann, Y. The role of biofilm formation in the pathogenesis and antimicrobial susceptibility of
Cutibacterium acnes. Biofilm 2021, 4, 100063. [CrossRef]

Jahns, A.C.; Lundskog, B.; Ganceviciene, R.; Palmer, R.H.; Golovleva, I.; Zouboulis, C.C.; McDowell, A.; Patrick, S.; Alexeyev, O.A.
An increased incidence of Propionibacterium acnes biofilms in acne vulgaris: A case-control study. Br. J. Dermatol. 2012, 167,
50-58. [CrossRef] [PubMed]

Spittaels, K.J.; Coenye, T. Developing an in vitro artificial sebum model to study Propionibacterium acnes biofilms. Anaerobe 2018,
49, 21-29. [CrossRef]

Ramage, G.; Tunney, M.M.; Patrick, S.; Gorman, S.P.; Nixon, J.R. Formation of Propionibacterium acnes biofilms on orthopaedic
biomaterials and their susceptibility to antimicrobials. Biomaterials 2003, 24, 3221-3227. [CrossRef]

Jahns, A.C.; Eilers, H.; Alexeyev, O.A. Transcriptomic analysis of Propionibacterium acnes biofilms in vitro. Anaerobe 2016, 42,
111-118. [CrossRef]

Yu, Y.; Champer, J.; Agak, G.W.; Kao, S.; Modlin, R.L.; Kim, J. Different Propionibacterium acnes Phylotypes Induce Distinct
Immune Responses and Express Unique Surface and Secreted Proteomes. J. Investig. Dermatol. 2016, 136, 2221-2228. [CrossRef]
Ermertcan, A.T; Oztiirk, E; Giindiiz, K. Toll-like receptors and skin. J. Eur. Acad. Dermatol. Venereol. 2011, 25, 997-1006. [CrossRef]
Graham, G.M.; Farrar, M.D.; Cruse-Sawyer, J.E.; Holland, K.T.; Ingham, E. Proinflammatory cytokine production by human
keratinocytes stimulated with Propionibacterium acnes and P. acnes GroEL. Br. ]. Dermatol. 2004, 150, 421-428. [CrossRef]

Jeremy, A.H.; Holland, D.B.; Roberts, S.G.; Thomson, K.F.,; Cunliffe, W.]J. Inflammatory events are involved in acne lesion initiation.
J. Investig. Dermatol. 2003, 121, 20-27. [CrossRef] [PubMed]

Karagianni, F; Pavlidis, A.; Malakou, L.S.; Piperi, C.; Papadavid, E. Predominant Role of mTOR Signaling in Skin Diseases with
Therapeutic Potential. Int. J. Mol. Sci. 2022, 23, 1693. [CrossRef] [PubMed]

Ding, X.; Bloch, W.; Iden, S.; Riiegg, M.A.; Hall, M.N.; Leptin, M.; Partridge, L.; Eming, S.A. mMTORC1 and mTORC2 regulate skin
morphogenesis and epidermal barrier formation. Nat. Commun. 2016, 7, 13226. [CrossRef] [PubMed]

Monfrecola, G.; Lembo, S.; Caiazzo, G.; De Vita, V.; Di Caprio, R.; Balato, A.; Fabbrocini, G. Mechanistic target of rapamycin
(mTOR) expression is increased in acne patients’ skin. Exp. Dermatol. 2016, 25, 153-155. [CrossRef]

Agamia, N.F.; Abdallah, D.M.; Sorour, O.; Mourad, B.; Younan, D.N. Skin expression of mammalian target of rapamycin and
forkhead box transcription factor O1, and serum insulin-like growth factor-1 in patients with acne vulgaris and their relationship
with diet. Br. ]. Dermatol. 2016, 174, 1299-1307. [CrossRef]

Jung, M.].; Lee, ].; Shin, N.R.; Kim, M.S.; Hyun, D.W.; Yun, J.H.; Kim, P.S.; Whon, T.W.; Bae, ].W. Chronic Repression of mTOR
Complex 2 Induces Changes in the Gut Microbiota of Diet-induced Obese Mice. Sci. Rep. 2016, 6, 30887. [CrossRef]
Noureldein, M.H.; Eid, A.A. Gut microbiota and mTOR signaling: Insight on a new pathophysiological interaction. Microb.
Pathog. 2018, 118, 98-104. [CrossRef]

Strickle, A.; Kolmer, J.A.; Schamberg, ].F. Complement fixation in acne vulgaris. J. Cutan. Dis. 1916, 34, 166-178.

Stokes, J.H.; Pillsbury, D.M. The effect on the skin of emotional and nervous states: III. Theoretical and practical consideration of
a gastrointestinal mechanism. Arch. Derm. Syphilol. 1930, 22, 962-993. [CrossRef]

Fukui, H.; Wiest, R. Changes of Intestinal Functions in Liver Cirrhosis. Inflamm. Intest. Dis. 2016, 1, 24-40. [CrossRef]

Juhlin, L.; Michaélsson, G. Fibrin microclot formation in patients with acne. Acta Derm. Venereol. 1983, 63, 538-540. [PubMed]
Loveman, D.E.; Noojin, R.O.; Winkler, C.H., Jr. Comparative studies of enteric bacterial flora in acne vulgaris. J. Investig. Dermatol.
1955, 25, 135-137. [CrossRef] [PubMed]

Volkova, L.A.; Khalif, I.L.; Kabanova, LN. Impact of the impaired intestinal microflora on the course of acne vulgaris. Klin. Med.
(Mosk.) 2001, 79, 39—41. [PubMed]

Deng, Y.; Wang, H.; Zhou, J.; Mou, Y.; Wang, G.; Xiong, X. Patients with Acne Vulgaris Have a Distinct Gut Microbiota in
Comparison with Healthy Controls. Acta Derm. Venereol. 2018, 98, 783-790. [CrossRef]

Huang, Y.; Liu, L.; Chen, L.; Zhou, L.; Xiong, X.; Deng, Y. Gender-Specific Differences in Gut Microbiota Composition Associated
with Microbial Metabolites for Patients with Acne Vulgaris. Ann. Dermatol. 2021, 33, 531-540. [CrossRef]

Bali¢, A.; Vlasi¢, D.; Zuzul, K.; Marinovié, B.; Bukvi¢ Mokos, Z. Omega-3 Versus Omega-6 Polyunsaturated Fatty Acids in the
Prevention and Treatment of Inflammatory Skin Diseases. Int. J. Mol. Sci. 2020, 21, 741. [CrossRef]

Schwarz, A.; Bruhs, A.; Schwarz, T. The short-chain fatty acid sodium butyrate functions as a regulator of the skin immune
system. J. Investig. Dermatol. 2017, 137, 855-864. [CrossRef]

Yan, H.M.; Zhao, H.].; Guo, D.Y.; Zhu, P.Q.; Zhang, C.L.; Jiang, W. Gut microbiota alterations in moderate to severe acne vulgaris
patients. J. Dermatol. 2018, 45, 1166-1171. [CrossRef]

Lee, D.K,; Kim, M.].; Ham, J.W.; An, HM.; Cha, M.K,; Lee, S.W.; Park, C.I.; Shin, S.H.; Lee, K.O.; Kim, K.J.; et al. In vitro evaluation
of antibacterial activities and anti-inflammatory effects of Bifidobacterium spp. addressing acne vulgaris. Arch. Pharm. Res. 2012,
35, 1065-1071. [CrossRef]

Thompson, K.G.; Rainer, B.M.; Antonescu, C.; Florea, L.; Mongodin, E.F,; Kang, S.; Chien, A.L. Minocycline and Its Impact on
Microbial Dysbiosis in the Skin and Gastrointestinal Tract of Acne Patients. Ann. Dermatol. 2020, 32, 21-30. [CrossRef]


http://doi.org/10.1111/j.1469-0691.2009.02747.x
http://www.ncbi.nlm.nih.gov/pubmed/19392888
http://doi.org/10.1016/j.bioflm.2021.100063
http://doi.org/10.1111/j.1365-2133.2012.10897.x
http://www.ncbi.nlm.nih.gov/pubmed/22356121
http://doi.org/10.1016/j.anaerobe.2017.11.002
http://doi.org/10.1016/S0142-9612(03)00173-X
http://doi.org/10.1016/j.anaerobe.2016.10.001
http://doi.org/10.1016/j.jid.2016.06.615
http://doi.org/10.1111/j.1468-3083.2011.04049.x
http://doi.org/10.1046/j.1365-2133.2004.05762.x
http://doi.org/10.1046/j.1523-1747.2003.12321.x
http://www.ncbi.nlm.nih.gov/pubmed/12839559
http://doi.org/10.3390/ijms23031693
http://www.ncbi.nlm.nih.gov/pubmed/35163615
http://doi.org/10.1038/ncomms13226
http://www.ncbi.nlm.nih.gov/pubmed/27807348
http://doi.org/10.1111/exd.12885
http://doi.org/10.1111/bjd.14409
http://doi.org/10.1038/srep30887
http://doi.org/10.1016/j.micpath.2018.03.021
http://doi.org/10.1001/archderm.1930.01440180008002
http://doi.org/10.1159/000444436
http://www.ncbi.nlm.nih.gov/pubmed/6198846
http://doi.org/10.1038/jid.1955.110
http://www.ncbi.nlm.nih.gov/pubmed/13263687
http://www.ncbi.nlm.nih.gov/pubmed/11525176
http://doi.org/10.2340/00015555-2968
http://doi.org/10.5021/ad.2021.33.6.531
http://doi.org/10.3390/ijms21030741
http://doi.org/10.1016/j.jid.2016.11.014
http://doi.org/10.1111/1346-8138.14586
http://doi.org/10.1007/s12272-012-0614-9
http://doi.org/10.5021/ad.2020.32.1.21

Microorganisms 2022, 10, 1303 22 of 23

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.
126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Rainer, B.M.; Thompson, K.G.; Antonescu, C.; Florea, L.; Mongodin, E.F; Kang, S.; Chien, A.L. Impact of lifestyle and demo-
graphics on the gut microbiota of acne patients and the response to minocycline. J. Dermatol. Treat. 2021, 32, 934-935. [CrossRef]
[PubMed]

Bowe, W.P; Filip, ].C.; DiRienzo, J.M.; Volgina, A.; Margolis, D.J. Inhibition of propionibacterium acnes by bacteriocin-like
inhibitory substances (BLIS) produced by Streptococcus salivarius. J. Drugs Dermatol. 2006, 5, 868-870. [PubMed]

Oh, S.; Kim, S.H.; Ko, Y,; Sim, ].H.; Kim, K.S.; Lee, S.H.; Park, S.; Kim, Y.J. Effect of bacteriocin produced by Lactococcus sp. HY
449 on skin-inflammatory bacteria. Food Chem. Toxicol. 2006, 44, 1184-1190. [CrossRef] [PubMed]

Deidda, F.; Amoruso, A.; Nicola, S.; Graziano, T.; Pane, M.; Mogna, L. New Approach in Acne Therapy: A Specific Bacteriocin
Activity and a Targeted Anti IL-8 Property in Just 1 Probiotic Strain, the L. salivarius LS03. ]. Clin. Gastroenterol. 2018, 52, S78-S81.
[CrossRef] [PubMed]

Wang, Y.; Kuo, S.; Shu, M.; Yu, J.; Huang, S.; Dai, A.; Two, A.; Gallo, R.L.; Huang, C.M. Staphylococcus epidermidis in the human
skin microbiome mediates fermentation to inhibit the growth of Propionibacterium acnes: Implications of probiotics in acne
vulgaris. Appl. Microbiol. Biotechnol. 2014, 98, 411-424. [CrossRef] [PubMed]

Cosseau, C.; Devine, D.A.; Dullaghan, E.; Gardy, ].L.; Chikatamarla, A.; Gellatly, S.; Yu, L.L.; Pistolic, J.; Falsafi, R.; Tagg, J.; et al.
The commensal Streptococcus salivarius K12 downregulates the innate immune responses of human epithelial cells and promotes
host-microbe homeostasis. Infect. Immun. 2008, 76, 4163—4175. [CrossRef]

Gueniche, A.; Benyacoub, J.; Philippe, D.; Bastien, P.; Kusy, N.; Breton, L.; Blum, S.; Castiel-Higounenc, I. Lactobacillus paracasei
CNCM 1-2116 (ST11) inhibits substance P-induced skin inflammation and accelerates skin barrier function recovery in vitro. Eur.
J. Dermatol. 2010, 20, 731-737. [CrossRef]

Pavicic, T.; Wollenweber, U.; Farwick, M.; Korting, H.C. Anti-microbial and -inflammatory activity and efficacy of phytosphingo-
sine: An in vitro and in vivo study addressing acne vulgaris. Int. |. Cosmet. Sci. 2007, 29, 181-191. [CrossRef]

Di Marzio, L.; Cinque, B.; De Simone, C.; Cifone, M.G. Effect of the lactic acid bacterium Streptococcus thermophilus on ceramide
levels in human keratinocytes in vitro and stratum corneum in vivo. J. Investig. Dermatol. 1999, 113, 98-106. [CrossRef]
Al-Ghazzewi, EH.; Tester, R.E. Effect of konjac glucomannan hydrolysates and probiotics on the growth of the skin bacterium
Propionibacterium acnes in vitro. Int. J. Cosmet. Sci. 2010, 32, 139-142. [CrossRef]

Lopes, E.G.; Moreira, D.A.; Gullén, P.; Gullén, B.; Cardelle-Cobas, A.; Tavaria, FK. Topical application of probiotics in skin:
Adhesion, antimicrobial and antibiofilm in vitro assays. J. Appl. Microbiol. 2017, 122, 450-461. [CrossRef] [PubMed]

Chae, M,; Kim, B.J.; Na, J.; Kim, S.Y;; Lee, ].O.; Kim, Y.J.; Lee, E.; Cho, D.; Roh, J.; Kim, W. Antimicrobial activity of Lactiplan-
tibacillus plantarum APsulloc 331261 and APsulloc 331266 against pathogenic skin microbiota. Front. Biosci. (Elite Ed.) 2021, 13,
237-248. [CrossRef] [PubMed]

Espinoza-Monje, M.; Campos, ].; Alvarez Villamil, E.; Jerez, A.; Dentice Maidana, S.; Elean, M.; Salva, S.; Kitazawa, H.; Villena, J.;
Garcia-Cancino, A. Characterization of Weissella viridescens UCO-SMC3 as a Potential Probiotic for the Skin: Its Beneficial Role
in the Pathogenesis of Acne Vulgaris. Microorganisms 2021, 9, 1486. [CrossRef]

Siver, R. Lactobacillus for the control of acne. J. Med. Soc. N. J. 1961, 59, 52-53.

Kim, J.; Ko, Y.; Park, YK.; Kim, N.I; Ha, WK,; Cho, Y. Dietary effect of lactoferrin-enriched fermented milk on skin surface lipid
and clinical improvement of acne vulgaris. Nutrition 2010, 26, 902-909. [CrossRef] [PubMed]

Su, Y.; Cui, W.; Wei, H. Influence of lactoferrin on Propionibacterium acnes-induced inflammation in vitro and in vivo. Dermatol.
Ther. 2020, 33, e14483. [CrossRef]

Jung, G.W.,; Tse, J.E.; Guiha, I; Rao, J. Prospective, randomized, open-label trial comparing the safety, efficacy, and tolerability of
an acne treatment regimen with and without a probiotic supplement and minocycline in subjects with mild to moderate acne. J.
Cutan. Med. Surg. 2013, 17, 114-122. [CrossRef]

Fabbrocini, G.; Bertona, M.; Picazo, O.; Pareja-Galeano, H.; Monfrecola, G.; Emanuele, E. Supplementation with Lactobacillus
rhamnosus SP1 normalises skin expression of genes implicated in insulin signalling and improves adult acne. Benef. Microbes
2016, 7, 625-630. [CrossRef]

Rahmayani, T.; Putra, I.B.; Jusuf, N.K. The Effect of Oral Probiotic on the Interleukin-10 Serum Levels of Acne Vulgaris. Open
Access Maced. ]. Med. Sci. 2019, 7, 3249-3252. [CrossRef]

Saraiva, M.; O’Garra, A. The regulation of IL-10 production by immune cells. Nat. Rev. Immunol. 2010, 10, 170-181. [CrossRef]
Tolino, E.; Skroza, N.; Mambrin, A.; Bernardini, N.; Zuber, S.; Balduzzi, V.; Marchesiello, A.; Proietti, I.; Potenza, C. Novel
combination for the treatment of acne differentiated based on gender: A new step towards personalized treatment. G. Ital.
Dermatol. Venereol. 2018, 153, 866—871. [CrossRef] [PubMed]

Manzhalii, E.; Hornuss, D.; Stremmel, W. Intestinal-borne dermatoses significantly improved by oral application of Escherichia
coli Nissle 1917. World ]. Gastroenterol. 2016, 22, 5415-5421. [CrossRef] [PubMed]

Rinaldi, F,; Marotta, L.; Mascolo, A.; Amoruso, A.; Pane, M.; Giuliani, G.; Pinto, D. Facial Acne: A Randomized, Double-Blind,
Placebo-Controlled Study on the Clinical Efficacy of a Symbiotic Dietary Supplement. Dermatol. Ther. 2022, 12, 577-589. [CrossRef]
[PubMed]

Habeebuddin, M.; Karnati, R K.; Shiroorkar, PN.; Nagaraja, S.; Asdaq, S.M.B.; Khalid Anwer, M.; Fattepur, S. Topical Probiotics:
More Than a Skin Deep. Pharmaceutics 2022, 14, 557. [CrossRef]

Peyri, J. Topical bacteriotherapy of the skin. J. Cutan. Dis. 1912, 30, 688—689.


http://doi.org/10.1080/09546634.2020.1720583
http://www.ncbi.nlm.nih.gov/pubmed/32020823
http://www.ncbi.nlm.nih.gov/pubmed/17039652
http://doi.org/10.1016/j.fct.2005.08.008
http://www.ncbi.nlm.nih.gov/pubmed/16793484
http://doi.org/10.1097/MCG.0000000000001053
http://www.ncbi.nlm.nih.gov/pubmed/29782471
http://doi.org/10.1007/s00253-013-5394-8
http://www.ncbi.nlm.nih.gov/pubmed/24265031
http://doi.org/10.1128/IAI.00188-08
http://doi.org/10.1684/ejd.2010.1108
http://doi.org/10.1111/j.1467-2494.2007.00378.x
http://doi.org/10.1046/j.1523-1747.1999.00633.x
http://doi.org/10.1111/j.1468-2494.2009.00555.x
http://doi.org/10.1111/jam.13349
http://www.ncbi.nlm.nih.gov/pubmed/27862685
http://doi.org/10.52586/E881
http://www.ncbi.nlm.nih.gov/pubmed/34937311
http://doi.org/10.3390/microorganisms9071486
http://doi.org/10.1016/j.nut.2010.05.011
http://www.ncbi.nlm.nih.gov/pubmed/20692602
http://doi.org/10.1111/dth.14483
http://doi.org/10.2310/7750.2012.12026
http://doi.org/10.3920/BM2016.0089
http://doi.org/10.3889/oamjms.2019.718
http://doi.org/10.1038/nri2711
http://doi.org/10.23736/S0392-0488.18.05710-3
http://www.ncbi.nlm.nih.gov/pubmed/29417793
http://doi.org/10.3748/wjg.v22.i23.5415
http://www.ncbi.nlm.nih.gov/pubmed/27340358
http://doi.org/10.1007/s13555-021-00664-z
http://www.ncbi.nlm.nih.gov/pubmed/35061237
http://doi.org/10.3390/pharmaceutics14030557

Microorganisms 2022, 10, 1303 23 of 23

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Kang, S.; Cho, S.; Chung, ].H.; Hammerberg, C.; Fisher, G.J.; Voorhees, ].]. Inflammation and extracellular matrix degradation
mediated by activated transcription factors nuclear factor-kappaB and activator protein-1 in inflammatory acne lesions in vivo.
Am. ]. Pathol. 2005, 166, 1691-1699. [CrossRef]

AOBiome Therapeutics. Available online: https://www.aobiome.com/pressreleases/aobiome-therapeutics-reports-positive-
efficacy-results-from-phase-2b-clinical-trial-of-ammonia-oxidizing-bacteria-aob-for-the-treatment-of-acne-vulgaris (accessed on
3 May 2022).

Sathikulpakdee, S.; Kanokrungsee, S.; Vitheejongjaroen, P.; Kamanamool, N.; Udompataikul, M.; Taweechotipatr, M. Efficacy of
probiotic-derived lotion from Lactobacillus paracasei MSMC 39-1 in mild to moderate acne vulgaris, randomized controlled trial.
J. Cosmet. Dermatol. 2022; in press. [CrossRef]

Dall’Oglio, F.; Nasca, M.R.; Fiorentini, F.; Micali, G. Diet and acne: Review of the evidence from 2009 to 2020. Int. ]. Dermatol.
2021, 60, 672-685. [CrossRef]

Cerman, A.A.; Aktas, E.; Altunay, 1K, Ancy, J.E; Tulunay, A.; Ozturk, FY. Dietary glycemic factors, insulin resistance, and
adiponectin levels in acne vulgaris. J. Am. Acad. Dermatol. 2016, 75, 155-162. [CrossRef]

Smith, T.M,; Gilliland, K.; Clawson, G.A.; Thiboutot, D. IGF-1 induces SREBP-1 expression and lipogenesis in SEB-1 sebocytes via
activation of the phosphoinositide 3-kinase/ Akt pathway. J. Investig. Dermatol. 2008, 128, 1286-1293. [CrossRef]

Jewell, J.L.; Russell, R.C.; Guan, K.L. Amino acid signalling upstream of mTOR. Nat. Rev. Mol. Cell. Biol. 2013, 14, 133-139.
[CrossRef]

Melnik, B. Dietary intervention in acne: Attenuation of increased mTORC1 signaling promoted by Western diet. Dermatoen-
docrinology 2012, 4, 20-32. [CrossRef] [PubMed]

Zmora, N.; Suez, J.; Elinav, E. You are what you eat: Diet, health and the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 2019, 16,
35-56. [CrossRef] [PubMed]

Ansaldo, E.; Farley, TK.; Belkaid, Y. Control of Inmunity by the Microbiota. Annu. Rev. Immunol. 2021, 39, 449-479. [CrossRef]
[PubMed]


http://doi.org/10.1016/S0002-9440(10)62479-0
https://www.aobiome.com/pressreleases/aobiome-therapeutics-reports-positive-efficacy-results-from-phase-2b-clinical-trial-of-ammonia-oxidizing-bacteria-aob-for-the-treatment-of-acne-vulgaris
https://www.aobiome.com/pressreleases/aobiome-therapeutics-reports-positive-efficacy-results-from-phase-2b-clinical-trial-of-ammonia-oxidizing-bacteria-aob-for-the-treatment-of-acne-vulgaris
http://doi.org/10.1111/jocd.14971
http://doi.org/10.1111/ijd.15390
http://doi.org/10.1016/j.jaad.2016.02.1220
http://doi.org/10.1038/sj.jid.5701155
http://doi.org/10.1038/nrm3522
http://doi.org/10.4161/derm.19828
http://www.ncbi.nlm.nih.gov/pubmed/22870349
http://doi.org/10.1038/s41575-018-0061-2
http://www.ncbi.nlm.nih.gov/pubmed/30262901
http://doi.org/10.1146/annurev-immunol-093019-112348
http://www.ncbi.nlm.nih.gov/pubmed/33902310

	Introduction 
	Pathogenesis of Acne Vulgaris 
	Acne Vulgaris and Skin Microbiota: Cutibacterium acnes 
	Acne Vulgaris and Gut Microbiota 
	Acne Vulgaris and Probiotics 
	Acne Vulgaris and Diet 
	Conclusions 
	References

