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Summary

Background The epidermal barrier is important for water conservation, failure of
which is evident in dry-skin conditions. Barrier function is fulfilled by the stra-
tum corneum, tight junctions (TJs, which control extracellular water) and ker-
atinocyte mechanisms, such as organic osmolyte transport, which regulate
intracellular water homeostasis. Organic osmolyte transport by keratinocytes is
largely unexplored and nothing is known regarding how cellular and extracellular
mechanisms of water conservation may interact.
Objectives We aimed to characterize osmolyte transporters in skin and ker-
atinocytes, and, using transporter inhibitors, to investigate whether osmolytes
can modify TJs. Such modification would suggest a possible link between intra-
cellular and extracellular mechanisms of water regulation in skin.
Methods Immunostaining and quantitative polymerase chain reaction of organic osmo-
lyte-treated organ-cultured skin were used to identify changes to organic osmolyte
transporters, and TJ protein and gene expression. TJ functional assays were performed
on organic osmolyte-treated primary human keratinocytes in culture.
Results Immunostaining demonstrated the expression of transporters for betaine,
taurine and myo-inositol in transporter-specific patterns. Treatment of human skin
with either betaine or taurine increased the expression of claudin-1, claudin-4
and occludin. Osmolyte transporter inhibition abolished this response. Betaine
and taurine increased TJ function in primary human keratinocytes in vitro.
Conclusions Treatment of skin with organic osmolytes modulates TJ structure and
function, which could contribute to the epidermal barrier. This emphasizes a role
for organic osmolytes beyond the maintenance of intracellular osmolarity. This
could be harnessed to enhance topical therapies for diseases characterized by skin
barrier dysfunction.
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What is already known about this topic?

• Limited studies have shown that organic osmolytes protect keratinocytes from stres-

sors such as ultraviolet, but their transporters have never been shown in human skin.

What does this study add?

• Human skin expresses the transporters for betaine, taurine and myo-inositol and

their expression is increased by the respective osmolytes.

• We show that osmolytes increase tight junction protein expression in skin and

tight junction function in keratinocytes by a variety of mechanisms.

What is the translational message?

• Osmolytes can act as signalling molecules, which change essential components of

the barrier.

• This suggests that their inclusion in topical therapies might help improve the epider-

mal barrier in healthy skin and also in diseases where the barrier is dysfunctional.

At the interface between the body and the outside world, skin

faces major challenges in terms of water conservation, as there

is a constant driving force for water to leave the skin.1 The

epidermis contains two barriers to water loss: the hydrophobic

stratum corneum2 and tight junction (TJ) complexes in the

granular layer.3 Although considered unimportant for some

years, TJs have been shown to play a direct role in the barrier

to water loss from the epidermis.4–9

Both the stratum corneum and TJ barrier function can be

compromised in response to stressors such as ultraviolet (UV)

radiation and wounding, and their functions also decline with

age.10–13 Skin barrier function is also disrupted in inflamma-

tory skin diseases like rosacea, psoriasis and atopic dermatitis

(AD).14–16 AD is the most common chronic skin disease

worldwide and affects about 20% of children and 5% of adults.

In AD, defects in skin barrier functioning are considered the

initial step in development of the disease.17 Transepidermal

water loss (TEWL) is a noninvasive measurement used to eval-

uate skin barrier function, and patients with AD have increased

TEWL, reflecting skin barrier dysfunction in the disease.18

In situations where barrier function is compromised, the

driving force for water to leave the skin increases, which

increases the risk of skin dehydration. To counteract this many

skincare and emollient products contain humectants. These are

compounds with hygroscopic properties, which attract water

and trap it in the stratum corneum.19,20 Moisturizers perform

critical roles in the management of dry-skin conditions such as

AD by improving skin barrier function.17 Furthermore, recent

studies have demonstrated that increased TEWL in infancy pre-

dicts the development of AD at 1 year and that early use of

moisturizers may reduce rates of development of AD.17,21

One such humectant commonly used in prescribed and

over-the-counter emollient preparations is betaine.22,23 Betaine

belongs to a class of naturally occurring molecules known as

the organic osmolytes, which also include taurine, myo-inositol,

sorbitol, sarcosine and others.24–27 Studies in osmotically chal-

lenged tissues such as the kidney have demonstrated that

organic osmolytes are transported into cells via specific trans-

porters when cells are in danger of shrinkage.24–30 Limited

studies have demonstrated that keratinocytes also use organic

osmolytes to prevent potential changes to cell volume when

they are at risk of osmotic stress.31–34 However, the mecha-

nisms involved in osmolyte transport within keratinocytes are

poorly defined. To date only TAUT, the sodium- and chloride-

dependent taurine transporter (TAUT), is known to be

expressed in the epidermis.32 There is also a dearth of func-

tional studies, which for the most part, have been performed

only in isolated keratinocytes.31–34 These studies suggest that

insults such as osmotic stress and UV radiation result in the

intracellular accumulation of osmolytes to preserve keratinocyte

volume.31–34 Other studies have suggested that taurine may

also have a role in protecting keratinocytes against UVB.32,35

To date few studies have addressed the potential for organic

osmolytes to have effects independently of cell volume regula-

tion, such as might occur when these molecules are applied to

the skin as topical therapy. A single study in rat organotypic

cultures demonstrated that betaine could induce changes to

gene expression in this system, suggesting a potential role in

cell signalling for organic osmolytes.36 A recent study showed

that organic osmolytes preserved TJ integrity and function in

UVB-irradiated rat epidermal keratinocytes.31 Thus, application

of organic osmolytes in topical preparations may have direct

effects on the barrier independently of the humectant and

cell-volume-preserving properties of these molecules. These

barrier effects could make their addition to topical treatments

for dry-skin conditions extremely valuable.

We reasoned that control of water might be an integrated

process in skin wherein the mechanisms controlling intra- and

extracellular water may be interlinked. In particular, we

hypothesized that if osmolytes can act as signalling molecules,
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they may exert some of their effects on TJ structure and func-

tion. Therefore, the aims of this study were as follows. Firstly,

to demonstrate the protein expression and localization of

betaine, taurine and myo-inositol transporters in human skin.

Secondly, to investigate the effects of organic osmolytes on TJ

protein expression and function in keratinocytes and organ-

cultured ex vivo human skin.

Materials and methods

Ex vivo skin organ culture

Human skin was obtained from eight healthy adults undergoing

liposculpture procedures. The study was approved by the North

West Research Ethics Committee (reference 14/NW/0185). All

patients gave written, informed consent. Three 4-mm biopsy

punches per donor (Integra Miltex; Fisher Scientific, Loughbor-

ough, UK) were cultured for 72 h in 12-well plates at 37 °C
and 5% CO2–95% air. The culture medium – William’s E sup-

plemented with 1% (v/v) L-glutamine, 1% (v/v) penicillin–
streptomycin, 0�02% (v/v) hydrocortisone and 0�1% (v/v)

insulin – was changed daily. In some experiments the medium

was supplemented with 35 mmol L�1 betaine, taurine or myo-

inositol, with or without inhibitors of their transporters

(Appendix S1; see Supporting Information). After culture, biop-

sies were embedded in optimal cutting temperature compound,

snap frozen in liquid nitrogen and stored at �80 °C.

Immunostaining

Frozen sections (Appendix S1; see Supporting Information)

from all eight volunteers were air dried at room temperature

then fixed with methanol–acetone mix (50:50 v/v) for 20

min at �20 °C for TJ proteins, sodium/myo-inositol cotrans-

porter (SMIT) and H+/myo-inositol cotransporter (HMIT); or

100% acetone for betaine–c-aminobutyric acid transporter

(BGT)-1 and TAUT. Sections were then permeabilized with

0�5% Triton X-100 at room temperature, then blocked using

1% (w/v) bovine serum albumin and 10% (v/v) normal goat

serum solution for 1 h. Slides were then incubated overnight

at 4 °C with the corresponding antibody (Table 1), diluted in

block solution. Slides were washed with Tris-buffered saline

and labelled with a goat antimouse IgG conjugated to Alexa

Fluor 488 (Thermo Fischer Scientific, Altrincham, UK) for 1 h

at room temperature then counterstained by incubation for 1

min with 40,6-diamidino-2-phenylindole (Sigma-Aldrich, St

Louis, MO, USA). Slides were mounted and fluorescence

intensity was quantified using ImageJ software (National Insti-

tutes of Health, Bethesda, MD, USA).

RNA extraction and quantitative reverse-transcriptase

polymerase chain reaction

Total RNA was extracted from human tissue using the RNeasy

Plus Universal Kit (Qiagen, Manchester, UK) according to the

manufacturer’s instructions. cDNA was synthesized from 1 lg
of total RNA using the cloned AMV first-strand cDNA synthe-

sis kit (Invitrogen, Paisley, UK) according to the manufac-

turer’s instructions. Quantitative polymerase chain reaction

was performed using Taqman gene expression assays (Applied

Biosystems, Warrington, UK) (Table 2). Reactions were per-

formed using the StepOne Plus Real-Time PCR machine

(Applied Biosystems, Paisley, UK) with Taqman Fast Universal

PCR Master Mix (Thermo Fisher Scientific) for 40 cycles. Sam-

ples were assayed in triplicate and gene expression changes

were calculated using the comparative CT method. Relative

expression was determined against the housekeeping gene

glyceraldehyde-3-phosphate dehydrogenase.

Primary keratinocyte cultures

Normal human epidermal keratinocytes (NHEKs) (Promocell,

Heidelberg, Germany) were maintained in keratinocyte basal

medium (Promocell) containing a supplement mix and 0�06
mmol L�1 CaCl2 (Promocell). Cells were cultured at 37 °C in

a humid atmosphere of 5% CO2 and the medium was changed

every other day. The cells were detached from the culture

flasks with 0�25% (v/v) trypsin and 1% (v/v)

Table 1 List of primary antibody dilutions used in immunostaining and Western blot

Antibody Dilution used Catalogue no. Supplier

Rabbit anticlaudin-1 1:50 (IF), 1:1000 (WB) 71-7800 Invitrogen
Mouse anticlaudin-4 1:50 (IF), 1:1000 (WB) 32-9400 Invitrogen

Rabbit anticlaudin-7 1:50 (IF) 34-9100 Invitrogen
Rabbit anticlaudin-12 1:50 (IF) 38-8200 Invitrogen

Mouse antioccludin 1:25 (IF) 33-1500 Invitrogen
Rabbit antioccludin 1:500 (WB) 71-1500 Invitrogen

Rabbit anti-BGT-1 1:50 (IF) HPA034973 Sigma-Aldrich
Rabbit anti-TAUT 1:25 (IF) HPA015028 Sigma-Aldrich

Rabbit anti-SMIT 1:50 (IF) ABS518 Millipore
Rabbit anti-HMIT 1:25 (IF) BMP026 MBL

Mouse anti-b-actin 1:10 000 (WB) A1978 Sigma-Aldrich

BGT, betaine–c-aminobutyric acid transporter; HMIT, H+/myo-inositol cotransporter; IF, immunofluorescence; SMIT, sodium/myo-inositol

cotransporter; TAUT, sodium- and chloride-dependent taurine transporter; WB, Western blot.
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ethylenediaminetetraacetic acid (Sigma-Aldrich) when 80%

confluent. For experiments using differentiated cells, the CaCl2
concentration in the medium was increased to 1�8 mmol L�1,

and

3 9 105 cells were plated.

Measurement of tight junction permeability

Transepithelial electrical resistance (TEER) of NHEK monolay-

ers grown on ThincertTM cell culture insert with a pore size of

0�4 lm (Greiner Bio-One, Kremsm€unster, Austria) was mea-

sured using an EVOM voltohmmeter fitted with ‘chopstick’

electrodes (World Precision Instruments, Hitchin, UK). TEER

values (in Ω.cm2) were calculated as described previously.31

TEER was measured every 24 h over 4 days, and all experi-

ments were performed a minimum of three times.

A paracellular flux assay was performed five times, using 4-

kDa fluorescein isothiocyanate (FITC)–dextran after 72 h of

culture. Hank’s balanced salt solution containing FITC–dextran
(2 mg mL�1 final concentration) was added to the upper

compartment of the culture insert and cells were incubated for

2 h at 37 °C. The concentration of FITC–dextran from each

lower compartment was determined using a CLARIOstar�

High Performance Monochromator microplate reader (BMG

LABTECH, Ortenberg, Germany). An apparent permeability

coefficient was calculated as described previously.37

Protein extraction and immunoblotting

Total protein was extracted from NHEK cells grown on Thin-

cert cell culture inserts for 72 h using radioimmunoprecipita-

tion assay buffer. Immunoblotting assayed in triplicate, using

the antibodies listed in Table 1, was performed as described

by El-Chami et al.31

Statistical analysis

All statistical tests were carried out using GraphPad Prism v7�0
software (GraphPad Software Inc., La Jolla, CA, USA). Data

were analysed by two-way ANOVA followed by Bonferroni’s

correction. If only two experimental groups were investigated,

a paired Student’s t-test was employed. Differences were con-

sidered statistically significant at a P-value < 0�05.

Results

Organic osmolyte transporters are expressed in human

skin and induced by the presence of osmolytes

In agreement with a single previous study,32 the expression of

TAUT was observed throughout the human epidermis (Fig-

ure 1a). BGT-1 was also expressed in all layers of the epider-

mis but with higher intensity in the granular layer

(Figure 1b). However, SMIT and HMIT were expressed only

in basal layers (Figure 1c, d).

To understand the relationship between the expression of

transporters and the presence of organic osmolytes, we treated

human skin in organ culture with doses of betaine, taurine or

myo-inositol up to 50 mmol L�1, which is the known taurine

concentration in human tissues.38 Following 72-h incubation,

the expression of the corresponding transporter was measured.

When skin biopsies were cultured in the presence of 35

mmol L�1 betaine (which proved to be optimal for inducing

expression; Appendix S2 and Figure S1; see Supporting Infor-

mation), BGT-1 protein expression significantly increased

(Figure 2a, b, e; P < 0�001 at 25 lm and P = 0�0011 at 125

lm distance from the stratum corneum). The addition of 10

lmol L�1 N-(1-benzyl-4-piperidinyl)-2,4-dichlorobenzamide

(BPDBA), a specific inhibitor of BGT-1,39,40 prevented the

betaine-induced increase in BGT-1 expression (Figure 2c, e),

but BPDBA did not affect the expression of BGT-1 per se (Fig-

ure 2d, e). The change in BGT-1 protein expression was com-

plemented with a similar change in gene expression

(Figure 2f; P = 0�0038).
In the presence of 35 mmol L�1 taurine, the expression of

TAUT significantly increased over that observed in untreated

skin (Figure 3a, b, e; P < 0�001). Addition of 0�1 lmol L�1

ciclosporin A (CsA), a TAUT inhibitor,41 to the culture

Table 2 List of predesigned TaqMan gene expression assays used in quantitative reverse-transcriptase polymerase chain reaction

Gene name Species Catalogue no. Supplier

CLDN1 Human Hs00221623_m1 Thermo Fisher Scientific

CLDN4 Human Hs00976831_s1 Thermo Fisher Scientific
CLDN7 Human Hs00600772_m1 Thermo Fisher Scientific

CLDN12 Human Hs00273258_s1 Thermo Fisher Scientific
OCLN Human Hs00170162_m1 Thermo Fisher Scientific

SLC6A12 (BGT-1) Human Hs00758246_m1 Thermo Fisher Scientific
SLC6A6 (TAUT) Human Hs00161778_m1 Thermo Fisher Scientific

SLC5A3 (SMIT) Human Hs00272857_s1 Thermo Fisher Scientific
SLC2A13 (HMIT) Human Hs00369423_m1 Thermo Fisher Scientific

GAPDH Human Hs02758991_g1 Thermo Fisher Scientific

BGT, betaine–c-aminobutyric acid transporter; HMIT, H+/myo-inositol cotransporter; SMIT, sodium/myo-inositol cotransporter; TAUT,

sodium- and chloride-dependent taurine transporter.
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medium caused a significant reduction in TAUT protein

expression throughout the epidermis (P < 0�001) (Figure 3c).

Moreover, CsA also inhibited the taurine-induced increase in

TAUT protein expression (Figure 3d, e).

Taurine-induced increases in TAUT protein expression were

complemented by an increase in gene expression (Figure 3f).

The addition of CsA had no effect on expression of the TAUT

gene (SLC6A6) but abolished the taurine-induced increase in

SLC6A6 mRNA (Figure 3f).

SMIT and HMIT were expressed only in the basal layer of

the epidermis, and the presence of 35 mmol L�1 myo-inositol

had no effect on their protein or gene expression levels (Fig-

ure S2; see Supporting Information).

Organic osmolytes enhance tight junction protein

expression in organ-cultured human skin

To determine whether TJ protein expression was altered fol-

lowing treatment with organic osmolytes, we examined clau-

dins 1, 4, 7 and 12, and occludin protein and gene

expressions, in organ-cultured human skin following 72-h

treatment with osmolytes.

The protein and gene expressions of claudins 7 and 12

were not affected by the presence of the organic osmolytes

betaine or taurine (Figure S3; see Supporting Information).

Treatment with myo-inositol had no effect on the protein or

gene expression of the examined TJ components (Figure S4;

see Supporting Information). By contrast, protein expression

of claudin-1 (P < 0�001), claudin-4 (P = 0�0012) and occlu-

din (P < 0�001) all increased significantly in the presence of

betaine (Figure 4a, b), but mRNA expression did not (Fig-

ure 4c).

While the presence of BPDBA alone in the culture medium

had no impact on claudin-1, claudin-4 and occludin gene and

protein expression (Figure S5; see Supporting Information),

BPDBA did abolish the betaine-induced increase in claudin-1,

claudin-4 and occludin (Figure 4a, b).

The presence of 35 mmol L�1 taurine caused an increase in

claudin-1 (P < 0�001), claudin-4 (P = 0�0017) and occludin

(P < 0�001) protein expression (Figure 5a, b), an effect that

was abolished by the presence of the TAUT inhibitor CsA. CsA

alone had no effects on the gene or protein expression of

these TJ proteins (Figure S5). Claudin-1 (P = 0�0021), clau-
din-4 (P < 0�001) and occludin (P < 0�001) gene expression

also increased following incubation with taurine. This increase

was abolished by the presence of CsA (Figure 5c).

Organic osmolytes improve tight junction function in

human primary cultured keratinocytes

To assess the possible effects of osmolytes on TJ function,

NHEKs were utilized as a model. However, we first investi-

gated the expression of osmolyte transporters in NHEKs. We

showed expression of both TAUT and BGT-1 in response to

differentiation and substrate availability (Figure S6; see Sup-

porting Information). Thus, NHEKs were a good model in

which to investigate any crosstalk between osmolytes and TJs.

NHEKs were exposed to 5 mmol L�1 betaine, taurine and

myo-inositol (the optimal tested concentration; Figure S7; see

Supporting Information). This resulted in a significant increase

(a) (b)

(c) (d)

Figure 1 Organic osmolyte transporters are expressed in human skin. Immunofluorescent staining of human skin derived from eight patients

showing expression of (a) betaine–c-aminobutyric acid transporter (BGT)-1, (b) sodium- and chloride-dependent taurine transporter (TAUT), (c)

sodium/myo-inositol cotransporter (SMIT) and (d) H+/myo-inositol cotransporter (HMIT). Bars = 50 lm.
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in TEER, an established marker of TJ function,42 at 48 h with

betaine (P < 0�001), taurine (P < 0�001) and myo-inositol (P <
0�001). At 72 h this effect was maintained only by betaine (P

< 0�001) and taurine (P < 0�001) (Figure 6a). Addition of

organic osmolytes to already developed TJs also resulted in a

significant increase in TEER (at day 5 both P < 0�001; at day
6 betaine P = 0�0022 and taurine P < 0�001) (Figure 6b).

Similarly, the paracellular flux of a 4-kDa FITC–dextran in

NHEKs treated with organic osmolytes for 72 h was lower

than that measured in untreated cells. This decrease in dextran

permeability was statistically significant in cells treated with

betaine (P < 0�001) and taurine (P < 0�001) (Figure 6e). This

significant improvement in TJ function was abolished by incu-

bation of the cells with BPDBA or CsA (Figure 6c, d, f, g).

Immunoblotting demonstrated changes in protein expres-

sion of claudin-1, claudin-4 and occludin 72 h after

incubation with 5 mmol L�1 organic osmolytes (Figure 7).

Claudin-1 (betaine P = 0�021, taurine P = 0�028, myo-inositol
P = 0�0035) and claudin-4 (betaine P = 0�026, taurine P =
0�038, myo-inositol P = 0�010) protein significantly increased

in response to treatment with organic osmolytes in a similar

manner to that seen in treated skin biopsies. Treatment with

organic osmolytes had no effect on the protein expression of

occludin (Figure 7).

Discussion

A single previous study investigated the expression of osmo-

lyte transporters in human skin.32 Janeke et al. showed that

TAUT was expressed in human epidermis with high expres-

sion in the stratum granulosum and no expression in the stra-

tum basale layer.32 The present study expands on the previous

(a) (b)

(c) (d)

(e) (f)

Figure 2 Betaine–c-aminobutyric acid transporter (BGT)-1 expression is augmented by the presence of betaine in human organ-cultured skin.

BGT-1 expression in ex vivo human skin cultured for 72 h (a) under control conditions and in the presence of (b) 35 mmol L�1 betaine, (c) 35

mmol L�1 betaine and 10 lmol L�1 N-(1-benzyl-4-piperidinyl)-2,4-dichlorobenzamide (BPDBA) and (d) 10 lmol L�1 BPDBA. (e) Quantification

of signal intensity as a function of distance from the stratum corneum (SC), showing a betaine-induced increase in BGT-1 protein expression in

ex vivo skin, which does not occur in the presence of betaine and BPDBA. (f) BGT-1 gene expression increased 72 h after incubation with betaine,

while its expression did not change with betaine and BPDBA. Data are presented as the mean � SEM, two-way ANOVA, n = 8. Bars = 50 lm.
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work by demonstrating the presence of transporters for

betaine and myo-inositol in human skin.

We show that TAUT is uniformly expressed throughout the

living layers of the human epidermis, which differs from the

expression pattern reported by Janeke et al. This may be due

to differences in the antibodies used in the two studies. The

present study used a specific antibody, whereas Janeke et al.

used antiserum. Alternatively, the difference may be due to

time in culture, or anatomical site differences in the expres-

sion pattern.

The present study is the first to show BGT-1 expression

throughout the living layers of the epidermis, with higher

expression towards the granular layer. The stratum granulo-

sum forms the outermost keratinocyte layer, and following

stratum corneum disruption will be the first viable layer

exposed to the outside environment. BGT-1 might therefore

exhibit higher expression in the stratum granulosum as a first

line of defence to maintain cell volume when under osmotic

stress.

SMIT localizes only at the basal layer of the epidermis. For

the first time, we also demonstrate the expression in skin of

HMIT, which, like SMIT, shows predominantly basal expres-

sion. SMIT is induced by osmotic stress and is involved in the

intracellular accumulation of myo-inositol in mammals.43–45

The role of HMIT is less well understood; myo-inositol is a key

regulator of osmolarity,45–47 and, given the importance of the

basal layer stem cells, it is tempting to speculate that expres-

sion of myo-inositol transporters may be crucial in protecting

stem cells from volume disruption. However, myo-inositol is

also a precursor of phosphatidylinositol, an important sig-

nalling molecule.46,47 Thus, a signalling role for myo-inositol

within the epidermis cannot be excluded.

(a) (b)

(c) (d)

(e) (f)

Figure 3 Sodium- and chloride-dependent taurine transporter (TAUT) gene and protein expression is induced by taurine in organ-cultured human

skin. TAUT expression in organ-cultured human skin incubated for 72 h (a) under control conditions and in the presence of (b) 35 mmol L�1

taurine, (c) 0�1 lmol L�1 ciclosporin A (CsA) and (d) 35 mmol L�1 taurine and 0�1 lmol L�1 CsA. (e) Fluorescence intensity quantification

showing an increase in TAUT protein expression in the presence of taurine, whereas the presence of CsA negated this increase. (f) TAUT gene

expression increased 72 h after incubation with taurine, while it was similar to that in control conditions in cultures treated with CsA and taurine.

Data are presented as the mean � SEM, two-way ANOVA, n = 8. Bars = 50 lm.
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(a)

(b) (c)

Figure 4 Betaine increases tight junction protein expression in human organ-cultured skin. (a) Claudin-1, claudin-4 and occludin

immunofluorescence in ex vivo human skin cultured for 72 h under control conditions, in the presence of 35 mmol L�1 betaine, 10 lmol L�1 N-

(1-benzyl-4-piperidinyl)-2,4-dichlorobenzamide (BPDBA), and both 10 lmol L�1 BPDBA and 35 mmol L�1 betaine. (b) Quantification of

fluorescence intensity showed that the presence of BPDBA mitigated the increase in expression of all three tight junction proteins caused by

betaine. (c) Claudin-1, claudin-4 and occludin gene expression was not affected by the presence of betaine. Data are presented as the mean �
SEM, two-way ANOVA, n = 7. Bars = 50 lm. SC, stratum corneum.
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(a)

(b) (c)

Figure 5 Taurine increases tight junction protein expression in human organ-cultured skin. (a) Claudin-1, claudin-4 and occludin

immunofluorescence in ex vivo human skin cultured for 72 h under control conditions, in the presence of 35 mmol L�1 taurine and following the

addition of 0�1 lmol L�1 ciclosporin A (CsA) and 35 mmol L�1 taurine. (b) Quantification of fluorescence intensity showed that the presence of

CsA mitigated the increase in expression of all three tight junction proteins caused by betaine. (c) Claudin-1, claudin-4 and occludin gene

expression was similarly affected by the presence of taurine. Data are presented as the mean � SEM, two-way ANOVA, n = 7. Bars = 50 lm. SC,

stratum corneum.
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(a)

(e) (f) (g)

(b) (c) (d)

Figure 6 Osmolytes increase tight junction expression and function in human primary keratinocytes. (a) Transepithelial electrical resistance (TEER)

values of cells grown on permeable supports, supplemented with 5 mmol L�1 organic osmolytes. (b) Cells were supplemented with 5 mmol L�1

betaine or taurine after 4 days in high-calcium medium. (e) 4-kDa fluorescein isothiocyanate–dextran permeability was significantly lower in cells

supplemented with 5 mmol L�1 betaine. (c, d, f, g) Inhibition of the betaine transporter and taurine transporter significantly abolished the effect

of betaine and taurine, respectively. Data are represented as the mean � SEM, two-way ANOVA; (a) n = 7, (b), n = 3, (e) n = 5, (c, d, f, g) n = 3.

BPDBA, N-(1-benzyl-4-piperidinyl)-2,4-dichlorobenzamide; CsA, ciclosporin A; o.osm, organic osmolyte.

(a)
(b)

Figure 7 Immunoblotting of tight junction proteins in human primary keratinocytes. (a) Immunoblotting analysis showed that the expression of

claudin-1 and claudin-4 was induced in differentiated normal human epidermal keratinocytes incubated with 5 mmol L�1 organic osmolytes. (b)

Densitometric quantification showing the ratio of tight junction protein to b-actin protein expression. Data are presented as the mean � SEM,

two-way ANOVA, n = 3.
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A notable observation from this study is that the presence

of betaine and taurine (but not myo-inositol) induced an

upregulation of specific TJ proteins. Claudin-1 is ubiquitously

expressed in epithelia48 and is thought to be part of the

backbone structure of TJs in the skin.4,9,49 Claudin-4 has been

implicated in formation of the barrier to water in ker-

atinocytes.9 The exact function of occludin is unclear but it is

thought to be part of the barrier to free movement of macro-

molecules through TJs.50,51 Thus, betaine and taurine specifi-

cally increase expression of proteins important for the barrier-

forming properties of TJs. On the other hand, claudins 7 and

12 are more associated with pore-forming properties and are

unaffected by betaine or taurine.52,53

Quantitative reverse-transcriptase polymerase chain reaction

analysis, performed at 72 h post-treatment with organic

osmolytes, showed that only taurine caused an upregulation in

claudin-1, claudin-4 and occludin mRNA levels. These data

suggest that different osmolytes increase levels of specific TJ

proteins via diverse mechanisms. Taurine induced the increase

in specific TJ protein expression through increased mRNA syn-

thesis and therefore, most probably, synthesis of new protein.

Betaine probably mediates its effects via stabilizing the existing

TJ protein pool. Betaine is well known for its ability to stabi-

lize proteins,54–56 and might act via reduction in protein turn-

over or increased mRNA lifetime.

Inhibition of betaine and taurine transporters negated the

osmolyte-induced increase in TJ proteins. Crucially, transport

inhibitors did not inhibit expression of TJ proteins per se.

Indeed, BPDBA has been demonstrated to be a specific inhibi-

tor of BGT-1,39 and CsA removes TAUT from the membrane

thus reducing its capacity for osmolyte transport.57 These data

suggest that the increases in expression of specific TJ proteins

were induced by the presence of the organic osmolytes within

keratinocytes.

Betaine and taurine enhanced keratinocyte TJ function, and

this was abolished by treatment of the cells with the respective

transporter inhibitors. The putative ionic (measured by TEER)

and molecular (measured by FITC–dextran) pathways are

‘tightened’ by application of betaine and taurine to ker-

atinocytes. This is likely due to modulation of tightening TJ

protein expression in keratinocytes, suggestive of the idea that

betaine- and taurine-induced increases in specific TJ proteins

result in change in function. It should be noted that NHEKs

constitute a minimalist model used to measure TJ function

and may not fully replicate the more complicated situation in

the stratum granulosum, where TJs form in skin.

At present, methods to study TJ function in a stratified

epithelium are limited. A dye penetration assay has been

employed by some authors7,58 to study TJ loosening. Enhance-

ment of TJ function is not easily measured using this assay.

Therefore, instead, and in common with all other investigators

in the TJ field, we used a monolayer of keratinocytes that have

been calcium switched to promote differentiation, which is

required for TJ assembly.9,59–65 Although it is a simplistic

model, it is nevertheless encouraging that the changes in TJ

protein expression noted in the skin explant model are

replicated in keratinocytes. As methodology improves, future

studies should be conducted in stratified models of skin to

explore fully the effects of organic osmolytes on TJ function.

Our data have demonstrated previously unrecognized effects

of organic osmolytes commonly used in topical formulations.

Specifically, we show that osmolytes can upregulate their own

transporter expression and enhance the structure and function

of TJs. Both of these would improve epidermal barrier func-

tion, especially following exposure to environmental stressors

or in skin conditions associated with barrier dysfunction such

as AD. Betaine and taurine in particular have been added to

topical preparations for years, but their added value in skin-

care products beyond their humectant properties has not been

recognized. Some of these compounds can initiate gene

expression leading to the upregulation of TJ proteins, which

could enhance the overall barrier function even in healthy

skin.

Further investigation improving our understanding of how

each organic osmolyte is capable of protecting TJ structure

and function could prove particularly important to our under-

standing of how the skin tolerates stress. Furthermore, identi-

fication of compounds that augment transporter expression

could translate to the development of novel therapeutics rele-

vant to skin diseases such as AD that involve barrier dysfunc-

tion.
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