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Abstract

The skin is in daily contact with environmental pollutants, but the long-term effects of such 

exposure remain underinvestigated. Many of these toxins bind and activate the pregnane X 

receptor (PXR), a ligand-activated transcription factor that regulates genes central to xenobiotic 

metabolism. The objective of this work was to investigate the effect of constitutive activation of 

PXR in the basal layer of the skin to mimic repeated skin exposure to noxious molecules. We 

designed a transgenic mouse model that overexpresses the human PXR gene linked to the herpes 

simplex VP16 domain under the control of the keratin 14 promoter. We show that transgenic mice 

display increased transepidermal water loss and elevated skin pH, abnormal stratum corneum 

lipids, focal epidermal hyperplasia, activated keratinocytes expressing more thymic stromal 

lymphopoietin, a T helper type 2/T helper type 17 skin immune response, and increased serum 

IgE. Furthermore, the cutaneous barrier dysfunction precedes development of the T helper type 

2/T helper type 17 inflammation in transgenic mice, thereby mirroring the time course of atopic 
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dermatitis development in humans. Moreover, further experiments suggest increased PXR 

signaling in the skin of patients with atopic dermatitis when compared with healthy skin. Thus, 

PXR activation by environmental pollutants may compromise epidermal barrier function and favor 

an immune response resembling atopic dermatitis.

Introduction

During the last decade, much progress has been made in dissecting the mechanisms by 

which foreign compounds elicit alterations in xeno- and endobiotic metabolism. In the liver, 

many toxic compounds, including drugs, pesticides, and endocrine disruptors, bind to a 

transcription factor called pregnane X receptor (PXR or NR1I2). PXR regulates numerous 

genes encoding detoxification-related proteins such as phase I (e.g., cytochrome P450 

[CYP450]) and phase II (e.g., sulfotransferases, glucuronosyltransferases, and glutathione S-

transferases) enzymes, and transporters involved in xenobiotic elimination (e.g., multidrug 

resistance-associated proteins, organic anion-transporting polypeptides) (Kliewer et al., 

1998). PXR is primarily expressed in the gastrointestinal tract and liver, with some 

expression in the testis and embryonic tissues (Kliewer et al., 2002). Furthermore, low but 

consistent PXR expression is detectable in immune cells such as T and B lymphocytes and 

dendritic cells (DCs) (Dubrac et al., 2010; Elentner et al., 2015; Jeannesson et al., 2011; 

Schote et al., 2007; Siest et al., 2008) as well as in the skin (Elentner et al., 2015; Haslam et 

al., 2013) of both mice and humans.

The skin is in daily contact with various noxious chemicals able to trigger PXR activation 

(Bickers and Athar, 2006; Kleiner et al., 2004; Kliewer et al., 2002; Lille-Langøy et al., 

2015). Cutaneous barrier defects, such as those caused by loss-of-function mutations in the 

Filaggrin gene, could potentially facilitate penetration by xenobiotics into the skin, thereby 

predisposing to contact dermatitis (de Jongh et al., 2008; Novak et al., 2008; Thyssen et al., 

2012). In skin cells such as keratinocytes and Langerhans cells, chemicals undergo 

biological activation via CYP450 enzymes (Modi et al., 2012). The reactive products in turn 

can activate the skin immune system, potentially leading to the production of a major T 

helper type 2 (Th2) cytokine called thymic stromal lymphopoietin (TSLP) (Kim et al., 2013; 

Takai, 2012). We recently showed that, following topical application with the polycyclic 

aromatic hydrocarbon 7,12-dimethylbenz[a] anthracene, PXR becomes upregulated in the 

skin, especially in Langerhans cells (Elentner et al., 2015). Moreover, several studies have 

shown that PXR activation interferes with immune responses (Dubrac et al., 2010; Zhou et 

al., 2006), including those of the skin (Elentner et al., 2015).

Basal keratinocytes are a major target of topically applied chemicals (Simonsson et al., 

2011) and therefore are a consequential cell type for PXR activation. To investigate the 

effect of constitutive expression of PXR in the basal layer of the skin, we designed a 

transgenic mouse model that over-expresses the human PXR gene linked to the herpes 

simplex VP16 domain under the control of the keratin 14 (K14) promoter (Figure 1a). These 

mice named K14-VPPXR display congenital skin barrier defects associated with abnormal 

cutaneous homeostasis, evolving into a Th2/Th17 skin immune response and with elevated 

serum IgE. It is notable that the impaired epidermal barrier function precedes the 
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development of overt inflammation in K14-VPPXR newborn mice, as a similar temporal 

relationship for these pathologies was recently reported in babies and young children (Cole 

et al., 2014; Kelleher et al., 2015). Here, we demonstrate that sustained activation of human 

PXR in the epidermis, mimicking daily contact with environmental noxious agents, triggers 

pathophysiologic pathways leading to the development of atopic dermatitis (AD)-like 

symptoms in mice. Extrapolating these results to humans, we suggest that chronic skin 

exposure to pollutants might be a significant contributor to the increased incidence of AD 

observed worldwide over the past few decades (Ahn, 2014; Kim et al., 2016; Silverberg, 

2016). Additional experiments carried out with human skin show increased PXR signaling 

in AD skin when compared with healthy skin, corroborating this hypothesis.

Results

Constitutive activation of human PXR in the epidermis leads to an overall upregulation of 
xenobiotic metabolism in the skin

Both human and mouse skin express low but consistent levels of PXR mRNA (Figure 1b) 

(Elentner et al., 2015; Haslam et al., 2013). In contrast, the PXR protein is markedly 

expressed in the epidermis (Figure 1c), where it mainly localizes to basal keratinocytes in 

mouse skin and to basal and suprabasal keratinocytes in human skin (Figure 1c). PXR is also 

expressed in some dermal cells in both human and mouse skin (Figure 1c).

To study the role of PXR in the epidermis, we created mice overexpressing constitutively 

activated human PXR under the control of the K14 promoter (K14-VPPXR) (Figure 1a, 

Supplementary Materials and Methods online, and Supplementary Figure S1 online). We 

used quantitative PCR and western blot analyses to measure the expression of human PXR 

in the whole skin and in the epidermis of these K14-VPPXR mice (Figure 1d). We found 

that overexpression of human PXR is accompanied by increased expression of well-known 

mouse PXR-downstream genes such as Cyp3A11, Ahr, Mdr1/Abcb1, and Cyp1B1 (Maglich 

et al., 2002) (Figure 1e–f) demonstrating that human PXR is functional in mouse epidermis. 

Thus, constitutive activation of the human PXR in mouse epidermis causes an overall 

upregulation of xenobiotic metabolism-related genes in the skin.

Constitutive activation of human PXR in the epidermis leads to a skin barrier defect and 
alters local homeostasis

Although adult (10–16 weeks old) K14-VPPXR mice exhibit neither gross skin 

abnormalities nor scratching behavior, they do display increased transepidermal water loss 

(TEWL) associated with increased skin surface pH when compared with control mice 

(Figure 2a), traits consistent with impaired cutaneous barrier function. Histologically, the 

skin from K14-VPPXR mice exhibits mild-to-severe epidermal hyperplasia (Figure 2b, 

Supplementary Figure S2 online) in association with increased keratinocyte proliferation, as 

reflected by increased numbers of Ki67+ cells and mRNA levels of the proliferation marker 

Pcna in the whole skin and epidermis of K14-VPPXR mice when compared with controls 

(Figure 2c, 2d). Moreover, expression of keratin 16 (Krt16) is borderline increased in the 

skin of K14-VPPXR mice (Figure 2e). Expression of Egfr and IL22 is associated with 

keratinocyte proliferation (Cavani et al., 2012; Kolev et al., 2008; Sääf et al., 2012). We 
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found higher expression of Egfr in the epidermis of transgenic mice when compared with 

control mice (Figure 2f). IL22 mRNA was not detected in any skin samples (data not 

shown). Expression of the differentiation marker Filaggrin is enhanced in the skin of 

transgenic mice (Supplementary Figure S3 online), but not the expression of other 

differentiation markers such as keratin 1 (Krt1), keratin 10 (Krt10), and transglutaminase 1 

(Tgm1) (data not shown). We evaluated apoptosis by measuring the levels of Fas and Fas-lg 
mRNAs in the mouse skin, and found no significant change in the expression of these genes 

(Figure 2g).

Liquid chromatography-mass spectrometry analyses of epidermal lipids revealed increased 

proportions of short-chain fatty acid nonhydroxy ceramides (NS 16:0–20:0) and decreased 

proportions of nonhydroxy ceramides with longer-chain fatty acids (NS 24:0–26:0), which 

are the most abundant nonhydroxy ceramide species in mouse epidermis (Supplementary 

Table S1 online) (Grond et al., 2017). Moreover, the epidermis of K14-VPPXR mice 

exhibits an increased content of the lysophosphatidylcholine species 16:0 and 18:0 as well as 

the phosphatidylcholine species with C32 and C34 (Figure 2h), and long and very long chain 

sphingomyelin lipid species (Figure 2i) when compared with controls. All together, these 

results demonstrate abnormal homeostasis in the epidermis and the stratum corneum of K14-

VPPXR mice.

Constitutive activation of PXR in the epidermis triggers Th2/Th17-mediated skin 
inflammation

Abnormal metabolism and proinflammatory features of K14-VPPXR keratinocytes are 

demonstrated by their ectopic expression of major histocompatibility complex class II 

antigen (Figure 3a) (Auböck et al., 1986). Accordingly, we found that the proportions of 

CD45+ cells are increased in the skin of K14-VPPXR mice when compared with control 

mice (Figure 3b), and involve all leukocyte populations, that is, lymphocytes, DCs (Figure 

3c, 3d), and granulocytes such as eosinophils (Figure 3e and data not shown). Both CD4+ 

and CD8+ T-cell populations are enlarged in the skin of transgenic mice, with a specific 

increase in dermal T cells, regardless of TCR repertoire (Figure 3c). All populations of skin 

DCs are increased as well (Figure 3d). In contrast, mast cell numbers are similar in both 

mouse groups (data not shown). Expression of the inflammatory cytokine IL1B is elevated 

in the skin of K14-VPPXR mice when compared with controls, in contrast to TGFB1 and 

TNFA (Figure 3f). Expression of the Th2 cytokines IL13, TSLP, and CCL27 is enhanced in 

K14-VPPXR skin when compared with controls (Figure 3g), whereas expression of IL5, 
IL25, IL4, and IL31 is very low or absent (37<CT<40) in all skin samples (data not shown). 

In contrast, expression of IL33 is reduced in the skin of transgenic mice when compared 

with controls (Figure 3g). Moreover, expression of IL13 is increased in the epidermis of 

transgenic mice when compared with controls (Figure 3h). Expression of CCL17 is 

unchanged in the K14-VPPXR mouse skin, and IFNG and IL21 mRNAs (38<CT<40) were 

not detectable in the skin of either genotype (data not shown). Interestingly, IL17A 
expression is induced in the skin of transgenic mice, whereas it remains very low or absent 

in the skin of control mice (Figure 3i). This correlates with an upregulation of IL6 mRNA 

levels in the skin of K14-VPPXR mice when compared with control mice (Figure 3i). We 

next investigated if innate immunity is triggered in K14-VPPXR mice. We found that type 2 
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innate lymphoid cells (ILCs2) are consistently increased in the skin of K14-VPPXR mice 

when compared with controls (Figure 3j). Thus, constitutive activation of human PXR in 

mouse epidermis tunes the skin immune system toward a Th2/Th17 polarization involving 

both adaptive and innate immunity.

Keratinocytes and skin-derived T cells are a source of proinflammatory cytokines and 
growth factors in the skin of K14-VPPXR transgenic mice

In an effort to identify the immune cells responsible for the Th2/Th17 immune response in 

the skin of transgenic mice, we next analyzed cytokine production in the various subsets of 

skin T cells in K14-VPPXR and control mice. The percentages of IL-13-producing 

epidermal TCRγ/δ+ T cells are enhanced in the skin of K14-VPPXR mice when compared 

with control mice (Figure 4a), confirming results obtained at the mRNA level in the 

epidermis (Figure 3h). The percentages of IL-17A-producing α/β dermal T lymphocytes are 

increased but not those of IL-17A-producing γ/δ T lymphocytes (Figure 4b). Production of 

IFN-γ (Figure 4a), IL-2, and IL-10 remains very low and unchanged in K14-VPPXR mouse 

T lymphocytes when compared with controls (data not shown). We next assessed the 

production of IL-13 by ILCs2. We found that approximately one-third of ILCs2 produce 

IL-13 and that, on a single-cell basis, ILCs2 from transgenic mice produce similar amounts 

of IL-13 as those isolated from wild-type mice (data not shown). We next assessed the 

production of cytokines and growth factors by keratinocytes. The secretion of the growth 

factor GM-CSF is increased in K14-VPPXR keratinocytes when compared with control 

keratinocytes (Figure 4c). In contrast, secretion of IL-1β is abolished in K14-VPPXR 

keratinocytes when compared with control keratinocytes (Figure 4c). Moreover, we found 

that K14-VPPXR keratinocytes exhibit increased expression of TSLP and decreased 

expression of IL33 (Figure 4d), as found in vivo (Figure 3g). These results show that 

constitutive PXR activation intrinsically triggers TSLP and represses IL33 in keratinocytes. 

Thus, constitutive activation of human PXR in mouse epidermis is sufficient to modify the 

skin microenvironment and promote local inflammation.

Constitutive activation of PXR in the epidermis triggers atopy

To investigate if proatopic effects of constitutive activation of human PXR in the epidermis 

extend beyond the skin, we measured various parameters in the blood and in skin draining 

lymph nodes of mice. Basal levels of serum IgE are significantly higher in K14-VPPXR 

mice when compared with control mice (approximately +87%, P < 0.05) (Figure 5a), in 

contrast to basal levels of serum IgG (approximately +38%, P > 0.05) (Figure 5a). However, 

we found a 2.8-fold increase in the levels of serum IgG1 in K14-VPPXR mice when 

compared with controls, in contrast to the levels of serum IgG2a (Figure 5b). Furthermore, 

K14-VPPXR mice have slightly enlarged skin draining lymph nodes (data not shown) 

containing increased numbers of lymphocytes (Figure 5c) and activated CD4+ and CD8+ 

lymphocytes (Figure 5d). We additionally found increased numbers of effector memory T 

cells (in both the CD4+ and CD8+ subsets) in skin draining lymph nodes of K14-VPPXR 

mice when compared with controls (Figure 5e). The migration of skin-derived DCs is 

increased in K14-VPPXR mice, particularly migration of Langerhans cells and Langerin− 

dermal DCs (Figure 5f). These data confirm a key role of the Langerhans cell subset in the 

priming of Th2 cells (Elentner et al., 2009; Nakajima et al., 2012). In contrast, the numbers 
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of Langerin+ dermal DCs (Figure 5f) are not significantly changed, and the numbers of 

plasmacytoid DCs are borderline increased in skin draining lymph nodes of K14-VPPXR 

mice when compared with controls (Supplementary Figure S4 online). The numbers of 

regulatory T cells and expression of IL10 and Foxp3 are similar in skin draining lymph 

nodes of K14-VPPXR and control mice (data not shown). Moreover, the expression of IL13, 
IL4, IL6, and IL21 (Figure 5g) is increased in skin draining lymph nodes of K14-VPPXR 

mice when compared with control mice, in contrast to the expression of IL17A that is 

reduced by twofold (data not shown). In peripheral blood, K14-VPPXR mice exhibit 

increased percentages of leukocytes and TCRγ/δ+ T cells (Supplementary Figure S5 online). 

Moreover, the percentages of IL-13-producing TCRγ/δ+ T cells are enhanced in the blood of 

transgenic mice when compared with controls (Supplementary Figure S5). Therefore, 

constitutive activation of human PXR in the epidermis triggers a humoral Th2 immune 

response associated with increased serum IgE.

Constitutive activation of human PXR in the epidermis results in impaired epidermal 
barrier function that precedes skin inflammation

We next sought to decipher the sequence of events leading to impaired cutaneous barrier 

function and inflammation in K14-VPPXR mice. We observed that K14-VPPXR mice can 

exhibit transient dry and scaly skin in the first days after birth (Supplementary Figure S6 

online) associated with an increased TEWL (Figure 6a). Histological analysis of the skin of 

K14-VPPXR mice revealed a slight but significant epidermal thinning at birth (Figure 6b) 

that is accentuated 5 days after birth (Figure 6c). In K14-VPPXR newborns, the expression 

of Pcna and most differentiation markers is reduced, whereas the expression of Krt16 
remains unchanged when compared with controls (Figure 6d–f). In 5-day-old K14-VPPXR 

mice, the reduced expression of Pcna and differentiation markers is further evident and is 

associated with significantly increased expression of Krt 16 (Figure 6d–f). We next assessed 

the expression of key inflammatory mediators in the skin of 1- and 5-day-old mice. We 

found that the expression of both TSLP and IL13 remains unaltered in K14-VPPXR and 

control mice 1 and 5 days after birth, similar to IL1B (Figure 6g). Furthermore, IL-17A is 

not yet induced in the skin of K14-VPPXR pups (data not shown). Thus, when PXR is 

constitutively activated in the epidermis, a primary cutaneous barrier defect precedes the 

development of the Th2/Th17 skin immune response.

PXR signaling is increased in the skin of patients with AD

We finally studied PXR signaling in the skin of patients with AD and of healthy donors. We 

first assessed the relative expression and distribution of PXR and of its downstream target, 

CYP3A4 in skin biopsies. PXR localizes in both the nucleus and the cytoplasm of basal and 

suprabasal keratinocytes in healthy human skin (Figure 1b, Supplementary Figure S7 

online). In AD skin, PXR expression changes to a very dotty pattern suggesting an increased 

transcriptional activity (Supplementary Figure S7). In line with this, the expression of 

CYP3A4 is markedly increased in the suprabasal layers of epidermis from patients with AD 

when compared with healthy controls. Moreover, amounts of CYP3A4 and UGT1A1 

mRNAs are significantly higher in AD skin when compared with control skin, despite 

similar amounts of PXR mRNAs (Supplementary Figure S7). Thus, PXR signaling is 

triggered in AD skin.
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Discussion

Since the industrial revolution, the environment has been continuously fouled with various 

xenobiotics such as pesticides, herbicides, and endocrine disruptors that, in large part, are 

harmful to living organisms. Recent work has shown that they can have potent adverse 

effects by contributing to cancer, asthma, type 1 diabetes, and atopy, although the underlying 

mechanisms remain to be fully understood (Bodin et al., 2015; Miller and Peden, 2014). It is 

now clear that some of these molecules are capable of inducing a Th2/Th17 immune 

response, elevating serum IgE levels, increased numbers of activated DCs in epithelial 

tissues such as the lungs, and causing epigenetic modifications that promote a deregulated 

immune response (Acciani et al., 2013; Kim, 2015b; Miller and Peden, 2014). The skin is in 

daily contact with many such molecules not only because they are present in air and water, 

but also because they are constituents of cosmetics, shampoos, and skin care products; 

however, the pathological effects of long-term skin exposure to low doses of these molecules 

remain unclear.

AD is characterized by relapsing eczematous lesions, and skin dryness, and involves 

immune hyper-responsiveness of the skin, epidermal barrier abnormalities, genetic 

susceptibility, and environmental factors. Nonlesional AD skin, despite a normal 

appearance, shows epidermal hyperplasia and increased TEWL, and is associated with 

deregulated keratinocyte differentiation, higher skin surface pH, and subclinical signs of 

Th2/Th17 inflammation (Gruber et al., 2015; Suárez-Fariñas et al., 2011). In addition, acute 

lesions exhibit increased expression of TSLP by damaged epidermal cells, mostly 

keratinocytes (Hammad and Lambrecht, 2015) that drives type 2 inflammation (Clausen et 

al., 2013; Dhingra et al., 2013; Goo et al., 2010; Kim, 2015a). In our study, mice 

overexpressing constitutively activated human PXR in the epidermis exhibit a clear Th2 

(TSLP, IL-13, CCL27)/Th17 (IL-17A, IL-6) skin immune response associated with skin 

infiltration by lymphocytes, DCs, granulocytes such as eosinophils, and ILCs2. K14-VPPXR 

keratinocytes express more TSLP and secrete more GM-CSF, whereas the percentages of 

skin-derived T lymphocytes producing IL-13 and IL-17A are increased in mice when 

compared with controls, similar to what is observed in AD (Hamid et al., 1994; Kim, 2015a; 

Leung and Guttman-Yassky, 2014; Werfel, 2009). Excess IL-13 produced in transgenic 

mouse skin originates from epidermal TCRγ/δ+ T cells. Increased production of IL-13 by 

γ/δ+ T cells, including epidermal TCRγ/δ+ T cells, although uncommon, has already been 

reported in Th2 skewed immunity (Han et al., 2014; Korematsu et al., 2007; Naiki et al., 

2000). Interestingly, lysophosphatidylcholines are well-known chemoattractants for T 

lymphocytes (Han et al., 2004; Ryborg et al., 1994) and their amounts are significantly 

increased in the epidermis of K14-VPPXR mice in comparison to controls. In inflammatory 

skin diseases, keratinocytes upregulate the expression of major histocompatibility complex 

class II as a sign of activation (Auböck et al., 1986), as we observed in K14-VPPXR mice. 

In their activated state, K14-VPPXR keratinocytes produce increased amount of GM-CSF, 

which is involved in the maintenance of AD (Hamid et al., 1994). Thus, the skin 

microenvironment observed in K14-VPPXR mice displays several key hallmarks of the 

immunological features observed in nonlesional AD with additional increased TEWL, 

eosinophils, and epidermal TSLP (Kim, 2015a) (Supplementary Table S2).
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The identification of both loss-of-function mutations in the human Filaggrin gene and 

genetic abnormalities in the epidermal differentiation complex region of chromosome 1 of 

patients with AD strongly supports the hypothesis that skin barrier defects are a driving 

force in AD pathogenesis (Hoffjan and Stemmler, 2007; Leung and Guttman-Yassky, 2014). 

This hypothesis is further strengthened by recent work showing that increased TEWL in 

newborns precedes AD (Kelleher et al., 2015). We showed here that mice over-expressing 

constitutively activated human PXR in the epidermis exhibit abnormal epidermal barrier 

function. Indeed, at birth, K14-VPPXR mice feature dry and scaly skin associated with 

increased TEWL that persists into adulthood, and also higher surface pH, phenotypes 

consistent with a skin barrier defect (Kelleher et al., 2015). In young K14-VPPXR mice, the 

abnormal barrier function likely originates from abnormal epidermal homeostasis and 

altered expression of Krt 16, which can impair epidermal barrier function by disturbing 

keratin filaments, thereby altering the organization and adhesion of keratinocytes (Wawersik 

et al., 2001). Moreover, the epidermal barrier abnormality precedes the onset of 

inflammation in young K14-VPPXR mice, because expression of the inflammatory markers 

TSLP, IL13, and IL1B is not yet increased in the skin of those mice, whereas TEWL is 

already enhanced. Thus, our data demonstrate that impaired epidermal barrier function 

precedes inflammation in K14-VPPXR mice, which is temporarily similar to AD onset in 

very young children (Kelleher et al., 2015).

AD prevalence underwent a marked increase during the past 30 years, potentially resulting 

from a higher pollution burden (Ahn, 2014; Miller and Peden, 2014). Furthermore, the levels 

of endocrine disruptors, such as phthalates, are increased in the dust collected from the 

bedrooms of children with AD (Ahn, 2014). Many environmental toxicants target AHR that 

might be one of the mechanisms eliciting AD (Hidaka et al., 2017; Kabashima et al., 2016). 

However, a large number of environmental pollutants bind and activate PXR (Bickers and 

Athar, 2006; Julliard et al., 2014; Kleiner et al., 2004; Kliewer et al., 2002). Accordingly, 

PXR signaling is triggered in the skin of patients with AD as shown by the increased 

expression of two PXR target genes that possess PXR responsive element in the regulatory 

region of their gene (Hariparsad et al., 2009). In K14-VPPXR transgenic mice, which 

provide a model of chronic skin exposure to pollutants, we observed increased expression of 

Ahr, Cyp3a11, and Cyp1b1 in the skin, demonstrating upregulation of several genes 

involved in xenobiotic metabolism. The present work strengthens the findings of other 

studies focusing on AHR, which showed skin inflammation in mice overexpressing Ahr 
(Hidaka et al., 2017; Tauchi et al., 2005). If these findings can be extrapolated to humans, 

they might explain why the percentage of young patients with AD who experience full 

remission later in life has decreased in recent years (Harrop et al., 2007; Shaw et al., 2011) 

(http://isaac.auckland.ac.nz/). Collectively, all these observations emphasize the contribution 

of environmental pollutants to AD development and maintenance, and the potential 

contribution of PXR in the skin as target of pollutants. Compromised barrier function as 

observed in AD might lead to increased penetration by lipophilic pollutants, thereby 

triggering PXR in keratinocytes and sustaining a vicious circle of immune hyper-

responsiveness and impaired barrier function. Hence, triggering of AD features may arise as 

a side effect of the upregulation of pollutant metabolism owing to the role of xenobiotic 

receptors not only in toxin clearance, but also in inflammation and lipid metabolism. This 

Elentner et al. Page 8

J Invest Dermatol. Author manuscript; available in PMC 2019 January 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://isaac.auckland.ac.nz/


hypothesis is further supported by previous work showing the presence of phase II enzyme 

metabolites in the skin, including glucuronides of drugs and pollutants (Manevski et al., 

2015), and increased susceptibility of patients with AD to chemical irritation (Nutten, 2015).

Materials and Methods

All experimental protocols were approved by the Austrian Federal Ministry of Science and 

Research and performed according to institutional guidelines. Detailed information on 

techniques used in this study is provided in Supplementary Materials and Methods online.

TEWL and surface skin pH measurements

The back skin from adult mice was shaved 3 days before measurements. Measurements for 

TEWL and surface skin pH were carried out under light anesthesia with ketamine using a 

multiprobe 6 device from Courage + Khasaka (MP6, Cologne, Germany).

Quantification of gene expression

Total RNAwas extracted from mouse ears using TRIZOL (Gibco BRl, Life Technologies, 

Vienna, Austria). Random primed cDNA was prepared (Superscript II RNase H-reverse 

transcriptase; Life Technologies) from total RNA. Genomic DNA was removed from 

samples by DNase treatment (Ambion, Austin, TX). Quantitative PCR analysis was 

performed by real-time PCR (real-time PCR detection system CFX96; Bio-Rad, Vienna, 

Austria) using a Brilliant III Ultra-Fast Quantitative PCR Kit from Agilent Technologies 

(Vienna, Austria). Some sequences for probes and primers specific for mouse and human 

mRNA molecules were selected using the Primer Express software (Applied Biosystems, 

Foster City, CA) and synthesized by Microsynth (Balgach, Switzerland), whereas others 

were purchased from Applied Biosystems (Foster City, CA) (Supplementary Table S3 

online). The housekeeping gene used for relative gene expression was TATA binding protein, 

which shows minimal variations in all sample groups. Two other housekeeping genes were 

used to verify relative gene expression, that is, cyclophilin and beta-2 microglobulin.

Cell preparations

Mouse epidermal cells were isolated by trypsinization and further cultured in keratinocyte 

medium (CnT-07, CellnTec, Bern, Switzerland). Second-passage keratinocytes were used for 

the experiments.

Western blot analysis

The skin was lysed in modified radioimmunoprecipitation assay (RIPA) lysis buffer (10 mM 

Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% 

SDS, pH 7.4) in the presence of protease inhibitor (Pierce, Rockford, IL). Endogenous 

proteins (100 μg) were detected with primary and secondary antibodies as listed in the 

Supplementary Materials and Methods online. Blots were then scanned with a LI-COR 

Biosciences analyzer, and band intensity was analyzed with the Odyssey software (Lincoln, 

NE). Specificity of a PXR antibody was evaluated previously with human PXR recombinant 

protein (Elentner et al., 2015) (see Supplementary Figure S8 online).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PXR locates to basal keratinocytes in mouse skin, and constitutive activation of PXR in 
the epidermis leads to an overall upregulation of xenobiotic metabolism.
(a) The KVS transgene (drawn to scale) depicting the human SXR cDNA attached to the 

VP16 domain sequence as subcloned in the K14 cassette. The VP16 domain is from herpes 

simplex virus, and the K14 sequences are from the human K14 gene. The EcoRI-HindIII 

linear fragment was used to generate transgenic mice (see also Supplementary Materials and 

Methods and Supplementary Figure S1). (b) Quantitative PCR showing relative expression 

of PXR mRNA levels relative to housekeeping genes in mouse (n = 10) and human (n = 4) 

skin. (c) Immunohistochemistry showing PXR staining in mouse (upper panel) and human 

(lower panel) skin. Bar = 50 μm. Dotted lines separate the epidermis from the dermis. (d) 

Quantitative PCR showing relative expression of human PXR mRNA levels in the skin or 

the epidermis of control (n = 5) and K14-VPPXR (n = 12) mice. Western blot analysis 

shows mouse PXR in control mouse skin and mouse + transgenic PXR expression in the 

K14-VPPXR mouse skin (pools of three skins). Arrows indicate the PXR. Quantitative PCR 
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shows relative expression of (e) Cyp3A11 (n = 5) and (f) Ahr, Cyp1B1, and Mdr1/Abcb1 (n 

= 10–19) in the K14-VPPXR and control mouse skin. Data were analyzed with a Student’s 

t-test. *P <0.05, **P < 0.01. K14, keratin 14; n.d., not detectable; PXR, pregnane X receptor.
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Figure 2. Constitutive activation of PXR in the epidermis leads to skin barrier defects and alters 
local homeostasis.
(a) TEWL (n = 29) and skin surface pH (n = 9–13) in adult K14-VPPXR and control mice. 

(b) Epidermal thickness and representative pictures of hematoxylin and eosin staining from 

the K14-VPPXR and control mouse back skin. Bar = 100 μm. (c) Representative images of 

Ki67 staining from K14-VPPXR and control mouse skin. Nuclei are counterstained with 

DAPI. Bar = 50 μM. Quantitative PCR showing relative expression levels of (d) Pcna, (e) 

Krt16, (f) Egfr, and (g) Fas and Fas-L in K14-VPPXR and control mouse epidermis or 
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whole skin (n = 5–19). Fold increase and P values for epidermal (h) lysophosphatidylcholine 

and (i) sphingomyelin lipid species. Means of lipid amounts in K14-VPPXR mouse 

epidermis were divided by those in controls, n = 10–11. Data were analyzed with a Student's 

t-test: *P < 0.05, **P < 0.01, ***P < 0.001. K14, keratin 14; ns, nonsignificant; PXR, 

pregnane X receptor; TEWL, transepidermal water loss.
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Figure 3. Constitutive activation of PXR in the epidermis triggers Th2/Th17-mediated skin 
inflammation.
(a) Representative confocal microscopy images showing major histocompatibility complex 

class II staining in epidermal sheets from K14-VPPXR and control mouse skin (n = 5). Bar 

= 60 μm. Percentages of (b) leukocytes (CD45+ cells) (n = 10), (c) T lymphocytes (n = 5), 

(d) DCs (n = 10), and (e) eosinophils (CD45+CD11b+CD193+F4/80+ 

[CD4−CD8−B220−CD19−]) (n = 6–8) in the skin of K14-VPPXR and control mice. 

Quantitative PCR showing relative expression of (f) TNFA, IL1B, and TGFB; (g) IL13, 
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TSLP, CCL27, and IL33 (n = 7–19), (h) epidermal IL-13 (n = 10), and (i) IL17A and IL6 (n 

= 8–16) in the K14-VPPXR and control mouse skin. (j) Representative FACS and 

percentages of ILCs2 (CD45+Lin−CD90+CD103+GATA3+) in the K14-VPPXR and control 

mouse skin, n = 5. Data were analyzed with a Student’s t-test. *P < 0.05, **P < 0.01, ***P < 

0.001. DC, dendritic cells; ILC, innate lymphoid cell; K14, keratin 14; ns, nonsignificant; 

PXR, pregnane X receptor; Th2, T helper type 2; Th17, T helper type 17.
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Figure 4. Sources of cytokines and growth factors in the skin of K14-VPPXR transgenic mice.
Epidermal and dermal cell suspensions were prepared as described in the Materials and 

Methods section and stained for flow cytometric analyses. All analyses used a pregate on 

CD45+ viable cells. (a) Representative FACS and percentages of IL-13-producing DETCs 

(CD4+TCRγ/δ+) in K14-VPPXR and control mouse epidermis, n = 5. (b) Percentages of 

IL-17A-producing skin-derived T lymphocytes (CD4+TCRγ/δ+ or CD4+TCRα/β+) in K14-

VPPXR and control mouse skin, n = 5. (c) Production of cytokines by second-passage K14-

VPPXR and control mouse keratinocytes analyzed by multi-analytical ELISA (n = 3). (d) 
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Quantitative PCR showing relative expression of TSLP and IL33 in second-passage K14-

VPPXR and control mouse keratinocytes. Three independent experiments were performed. 

Data were analyzed with a Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.0001. DETC, 

dendritic epidermal TCRγ/δ+ T cells; K14, keratin 14; ns, nonsignificant; PXR, pregnane X 

receptor.
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Figure 5. Constitutive activation of PXR in the epidermis triggers atopy.
Levels of serum (a) IgE and IgG, and (b) IgG1 and IgG2a in K14-VPPXR and control mice 

(n = 13–15). Numbers of (c) lymphocytes, (d) activated T lymphocytes, (e) effector memory 

T lymphocytes (CD44hiCD62Llow), and (f) emigrated skin-derived DCs (Langerhans cells, 

Langerin+CCR7+CD11c+CD103−, Langerin+ dermal DCs, Langerin+CCR7+CD11c
+CD103+, Langerin− dermal DCs, Langerin+CCR7+CD11c+CD103+/−) in skin draining 

lymph nodes of K14-VPPXR and control mice (n = 10–18). Quantitative PCR showing 

relative expression of IL13, IL4, IL6, and IL21 in skin draining lymph nodes of K14-

VPPXR and control mice (n = 10). Data were analyzed with a Student's t-test: *P < 0.05, 

**P < 0.01, ***P < 0.001. DC, dendritic cells; K14, keratin 14; ns, nonsignificant; PXR, 

pregnane X receptor.
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Figure 6. Constitutive activation of PXR in the epidermis leads to impaired barrier function that 
precedes skin inflammation.
(a) TEWL in newborn K14-VPPXR and control mice (n = 5–6). Representative hematoxylin 

and eosin staining at two different magnifications and epidermal thickness of (b) day 1 and 

(c) day 5 K14-VPPXR and control mice (n = 5–6). Bar = 50 μm. Quantitative PCR showing 

relative expression of (d) Pcna; (e) Flg, Krt1, Krt10; (f) Krt16; (g) TSLP, IL13, and ILB in 

day 1 and day 5 K14-VPPXR and control mice (n = 5–6). Data were analyzed with a 
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Student's t-test: *P < 0.05, **P < 0.01, ***P < 0.001. PXR, pregnane X receptor; K14, 

keratin 14; ns, nonsignificant; TEWL, transepidermal water loss.
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