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Glucocorticoid (GC) excess adversely affects skin integrity, inducing thinning and impaired wound heal-
ing. Aged skin, particularly that which has been photo-exposed, shares a similar phenotype. Previously, we 
demonstrated age-induced expression of the GC-activating enzyme 11β-hydroxysteroid dehydrogenase type 1  
(11β-HSD1) in cultured human dermal fibroblasts (HDFs). Here, we determined 11β-HSD1 levels in human 
skin biopsies from young and older volunteers and examined the aged 11β-HSD1 KO mouse skin phenotype. 
11β-HSD1 activity was elevated in aged human and mouse skin and in PE compared with donor-matched pho-
to-protected human biopsies. Age-induced dermal atrophy with deranged collagen structural organization was 
prevented in 11β-HSD1 KO mice, which also exhibited increased collagen density. We found that treatment of 
HDFs with physiological concentrations of cortisol inhibited rate-limiting steps in collagen biosynthesis and 
processing. Furthermore, topical 11β-HSD1 inhibitor treatment accelerated healing of full-thickness mouse 
dorsal wounds, with improved healing also observed in aged 11β-HSD1 KO mice. These findings suggest that 
elevated 11β-HSD1 activity in aging skin leads to increased local GC generation, which may account for adverse 
changes occurring in the elderly, and 11β-HSD1 inhibitors may be useful in the treatment of age-associated 
impairments in dermal integrity and wound healing.

Introduction
Glucocorticoid (GC) excess, whether of endogenous (e.g., Cush-
ing’s syndrome) or exogenous (topical or systemic therapy) origin, 
is associated with a diverse range of adverse side effects including 
adipose tissue redistribution, proteolysis, bone resorption, and 
hyperglycemia manifesting respectively as omental adiposity, mus-
cle weakness, osteoporosis, and insulin resistance (1).

In skin, GC excess leads to marked atrophy with dermal and epi-
dermal thinning according to both human (2–4) and rodent (5, 6) 
studies. GCs also induce a flattening of the normally undulating 
“rete ridges” at the dermal-epidermal junction (DEJ) (7). At a cel-
lular level, dermal collagen content in human skin is decreased 
following topical and systemic GC treatment (3, 8, 9) and is 
similarly decreased in rats following subcutaneous dexametha-
sone injection (10). Subsequently, there is a profound increase 
in the transparency of skin with a tissue paper–like consistency, 
increased fragility, tearing and bruising (7), increased transepi-
dermal water loss (TEWL) (11), poor wound healing (12, 13), and 
increased infection risk (14).

Many of these features are also shared with the phenotype of 
aging skin, including thinning and DEJ flattening (15), decreased 
dermal cellularity (16), reduced collagen content (17–20), and 
reduced dermal fibroblast proliferation and collagen secretion in 

cells from older donors (18). Consequently, aged skin also suffers 
from an impaired permeability barrier, with increased TEWL (21), 
altered mechanical properties (22), delayed wound healing (23, 24),  
and increased disease prevalence (25).

We hypothesize that with no appreciable changes in circulating 
cortisol concentrations with age, changes in tissue-specific prere-
ceptor regulation of local GC availability by 11 β-hydroxysteroid 
dehydrogenase type 1 (11β-HSD1) may explain the phenotypic 
link between GC excess and aging skin. In intact cells, 11β-HSD1 
functions exclusively as an NADPH-dependent oxoreductase, 
activating cortisol from cortisone. We recently characterized the 
expression of 11β-HSD1 in human and rodent skin, reporting 
increased 11β-HSD1 expression in primary human dermal fibrob-
lasts (HDFs) from older donors (26). Increased expression was also 
detected in donor-matched photo-exposed (PE) versus photo-pro-
tected (PP) HDFs (26), suggesting that an increased capacity for 
local GC activation may represent a novel mediator of age-related 
changes in skin physiology and function common to both intrin-
sic and extrinsic aging.

Here, we investigated age-dependent changes in 11β-HSD1 
human and murine skin tissue explants. Additionally, we exam-
ined alterations in dermal integrity, cellularity, and collagen con-
tent in murine skin from age-matched 11β-HSD1–null and WT 
littermates and report a striking reversal of age-induced dermal 
morphology in KO mice. We describe the GC-driven changes in 
collagen biosynthesis, modification, and processing gene expres-
sion that may underpin these in vivo observations. Finally, we 
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demonstrate the translational therapeutic potential of 11β-HSD1 
blockade by reporting accelerated wound healing in young mice 
treated with a selective 11β-HSD1 inhibitor and in aged 11β-HSD1  
KO mice relative to their WT littermates.

Results
11β-HSD1 expression increases in aging skin. 11β-HSD1 activity in 
human skin obtained from older versus younger donors increased 
by 42% and 26% in PP and PE biopsies, respectively (Figure 1A). 
Interestingly, activity in donor-matched PE versus PP samples was 
also elevated by 36% and 21% in young and aged donors, respec-

tively (Figure 1A). These results using intact tissue are in agree-
ment with our previous observations in cultured HDFs (26). More-
over, 11β-HSD1 activity was 69% higher in aged mouse skin tissue 
explants (Figure 1B), supporting our human tissue findings and 
suggesting that increased 11β-HSD1 levels in aged skin are a com-
mon feature of mammalian aging.

Furthermore, immunohistochemical studies identified 
increased 11β-HSD1 protein expression in dermal fibroblasts  
from PE relative to donor-matched PP skin sections, with 
increased expression also observed in the epidermal compartment 
(Figure 2, A and B). Analysis of 11β-HSD1 staining in PE sections 

Figure 1
11β-HSD1 activity increases in aging skin ex vivo. (A) 11β-HSD1 activity (percentage of conversion of 100 nM cortisone to cortisol) was greater in 
aged (>60 years) versus young (20–30 years) human skin in both PP (n = 20) and PE (n = 20) biopsies. Activity was also greater in donor-matched 
PE versus PP samples from young (n = 20) and aged (n = 20) donors. (B) 11β-HSD1 activity (pmol/mg/h) was also greater in older (91–99 weeks; 
n = 5) versus younger (11–20 weeks; n = 10) mouse skin. *P < 0.05; **P < 0.01.

Figure 2
11β-HSD1 expression increases in PE skin. 11β-HSD1 staining was increased in epidermal keratinocytes (asterisk) and dermal fibroblasts 
(arrows) in PE sections (B) relative to donor-matched PP (A) sections (n = 14). Original magnification, ×20. (C) Quantification of tissue staining 
confirmed elevated dermal and epidermal 11β-HSD1 protein expression (fold change in PE relative to PP sections; n = 14). Endogenous epider-
mal melanin was used as a positive control and showed the expected increased staining in PE versus PP samples (n = 18). *P < 0.05; **P < 0.01.
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confirmed a 2.5-fold and 3.5-fold increase in dermal and epider-
mal expression, respectively (Figure 2C), and a 4-fold increase in 
endogenous epidermal melanin staining (internal control). We 
also examined the expression of hexose-6-phosphate dehydro-
genase, the enzyme supplying NADPH cofactor for 11β-HSD1,  
and the GC receptor, but found them to be unaffected by donor 
age and site in human skin or by age and 11β-HSD1 KO in mice 
(data not shown).

Reversal of dermal atrophy in aged 11β-HSD1 KO mice. Aged WT 
mouse skin displayed a loose collagen network with noticeable 
atrophy and a sponge-like appearance characterized by large, vacant 
interfibril spaces (Figure 3A). In some areas of tissue sections from 
aged mice, the collagen meshwork appeared shredded, with little or 
no structural integrity or organization. 11β-HSD1 activity in KO 
mouse skin was reduced to background 
levels, with negligible mRNA expression 
(Figure 3B). Strikingly, aged KO mice 
displayed a histological skin profile more 
comparable to that of the young WT litt-
ermates compared with the aged WT litt-
ermates, with improved dermal integrity 
and more orderly collagen organization 
(Figure 3C).

Collagen density as assessed with 
Masson trichrome staining was also 
improved in 11β-HSD1 KO (Figure 4B) 
compared with WT mice (Figure 4A). 
Quantification of collagen staining 
intensity revealed a 2-fold increase in the 
aged KO mice (Figure 4C).

GC regulation of collagen biosynthesis 
and processing gene expression. Our in 
vivo studies identified dermal collagen 
integrity and structural organization 
as important GC targets in aging skin. 
The regulation of collagen homeostasis 
(e.g., posttranslational modification, 

transport, and extracellular maturation) by physiological con-
centrations of endogenous GC had not been previously investi-
gated. Cortisol treatment (100 nM) in HDFs (n = 5) downregu-
lated mRNA expression of genes at various stages in the synthesis 
and processing of mature collagen (Table 1). These included pro-
lyl (LEPREL1, LEPREL2, and P4HA2, with an 80%, 33%, and 36% 
decrease, respectively) and lysyl (PLOD2; 53% decrease) hydroxy-
lases, which hydroxylate the proline and lysine residues on nascent 
collagen propeptides that facilitate helical trimeric procollagen 
assembly. We also noted a trend toward reduced expression of 
LEPRE1, P4HB, and PLOD1 hydroxylase mRNA.

The transport and secretion of newly formed procollagen 
helices are assisted by the collagen-specific chaperone HSP47 
(SERPINH1), which also exhibited reduced expression follow-

Figure 3
Reversal of dermal atrophy in aged 11β-HSD1–
null mice. (A) Comparison of young and aged WT 
skin sections (n = 4) revealed a grossly altered 
dermal organization of collagen in the latter, with 
a loss of structure and tissue integrity (arrows). 
(B) 11β-HSD1 activity (n = 15) and mRNA (n = 6)  
were negligible in 11β-HSD1–null mouse skin 
compared with WT littermates (n = 3). (C) Aged 
KO mice displayed a striking improvement in der-
mal structural organization compared with their 
WT littermates, reverting to a phenotype more 
comparable to young mice. AT = adipose tissue. 
Scale bars: 50 μM. ***P < 0.001.

Figure 4
Improved collagen density in aged 11β-HSD1–null mice. Collagen staining intensity appeared greater 
in aged KO (B) versus WT (A) mouse skin sections, contributing to the improved structural appear-
ance in these mice. (C) Quantification of staining confirmed an increased collagen density in aged 
KO versus WT mice (n = 4), with a similar trend in young mice (n = 4). Scale bars: 50 μM. *P < 0.05.
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ing GC treatment. Following secretion into the extracellular 
environment, the nonhelical procollagen “ends” are cleaved by 
membrane-bound collagen peptidases (ADAMTS2 and BMP1), 
which did not appear to be GC regulated. The resulting tro-
pocollagen peptides are cross-linked by lysyl oxidases (LOX and 
LOXL1-4), which use lysine and hydroxylysine residues to form 
covalent bonds in the resultant collagen fibril. Interestingly, 

mRNA expression for all 5 lysyl oxidases was reduced by GC 
treatment, with decreases ranging from 31% to 53%. The sta-
bility of collagen fibrils is further supported by proteoglycans 
such as decorin (DCN), which displayed a 2.7-fold induction of 
mRNA expression following GC treatment. Collagen-degrading 
MMPs and their inhibitors were also GC regulated, with reduced 
expression of MMP1 (71%), MMP12 (44%), and TIMP3 (64%) 

Table 1
GC-regulated target genes in cultured fibroblasts impair collagen biosynthesis and processing

Gene symbol Gene title Function Fold change P value

Pre-propeptide expression
COL1A1 Collagen type 1, alpha 1 Primary matrix structural component 0.64 0.078
COL3A1 Collagen type 3, alpha 1 Secondary matrix structural component 0.95 0.57
PEPD Peptidase D Proline recycling 0.87 0.18

Procollagen assembly
LEPRE1 Leucine proline-enriched proteoglycan (leprecan) 1 Intrafibril stability 0.84 0.059
↓ LEPREL1 Leprecan-like 1 Intrafibril stability 0.2 B

↓ LEPREL2 Leprecan-like 2 Intrafibril stability 0.67 B

P4HA1 Prolyl 4-hydroxylase, alpha polypeptide 1 Intrafibril stability 0.8 0.14
↓ P4HA2 Prolyl 4-hydroxylase, alpha polypeptide 2 Intrafibril stability 0.64 A

P4HA3 Prolyl 4-hydroxylase, alpha polypeptide 3 Intrafibril stability 1.29 0.25
P4HB Prolyl 4-hydroxylase, beta polypeptide Intrafibril stability 0.78 0.07
PLOD1 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1 Intrafibril stability 0.84 0.081
↓ PLOD2 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 Intrafibril stability 0.47 A

PLOD3 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3 Intrafibril stability 0.92 0.45

Procollagen transport
↓ SERPINH1 Serpin peptidase inhibitor, clade H (heat shock protein 47),  Collagen chaperone 0.81 B 
 member 1, (collagen binding protein 1)

Tropocollagen formation
ADAMTS2 ADAM metallopeptidase with thrombospondin type 1 motif, 2 N-propeptide cleavage 0.96 0.58
BMP1 Bone morphogenetic protein 1 C-propeptide cleavage 1.28 0.17

Collagen fibril organization
↓ LOX Lylsyl oxidase Interfibril cross-linking 0.69 A

↓ LOXL1 Lysyl oxidase-like 1 Interfibril cross-linking 0.47 B

↓ LOXL2 Lysyl oxidase-like 2 Interfibril cross-linking 0.58 A

↓ LOXL3 Lysyl oxidase-like 3 Interfibril cross-linking 0.54 C

↓ LOXL4 Lysyl oxidase-like 4 Interfibril cross-linking 0.59 A

↑ DCN Decorin Interfibril cross-linking 2.71 B

Collagen fibril remodeling
↓ MMP1 Matrix metallopeptidase 1 (interstitial collagenase) Cleaves collagen I, II, III VII and X 0.29 C

MMP2 Matrix metallopeptidase 2 (gelatinase A,  Cleaves collagen IV 0.87 0.2 
 72 kDa gelatinase, 72 kDa type IV collagenase)
MMP3 Matrix metallopeptidase 3  Cleaves fibronectin, laminin, gelatin  0.76 0.14 
 (stromelysin 1, progelatinase) I, III, IV, and V, collagen III, IV, X,  
  and IX and cartilage proteoglycans.  
  Activates procollagenase.
MMP8 Matrix metallopeptidase 8 (neutrophil collagenase) Cleaves collagen I, II and III 2.3 0.066
MMP10 Matrix metallopeptidase 10 (stromelysin 2) Cleaves fibronectin, gelatin of I, III, IV,  0.41 0.084 
  and V and weakly collagens III, IV, and V
↓ MMP12 Matrix metallopeptidase 12 (macrophage elastase) Cleaves elastin 0.56 A

MMP13 Matrix metallopeptidase 13 (collagenase 3) Cleaves collagen II, I, and III – –
TIMP1 TIMP metallopeptidase inhibitor 1 Inhibits MMP1-3, 7-13 and 16 0.93 0.29
TIMP2 TIMP metallopeptidase inhibitor 2 Inhibits MMP1-3, 7-10, 13-16 and 19 0.84 0.22
↓ TIMP3 TIMP metallopeptidase inhibitor 3 Inhibits MMP1-3, 7 and 9 0.36 B

↑ TIMP4 TIMP metallopeptidase inhibitor 4 Inhibits MMP1-3, 7, 9 and 13-16 4.61 C

Treatment of primary HDFs with 100 nM cortisol downregulated mRNA expression of key mediators of collagen fibril assembly, transport, extracellular 
cross-linking and remodeling (n = 5). AP < 0.05; BP < 0.01; CP < 0.001.
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and a 4.6-fold induction of TIMP4. We found that MMP8 and 
MMP10 also displayed a trend toward GC-mediated induction 
and reduction, respectively.

Age-induced changes in collagen biosynthesis gene expression are rescued 
in 11β-HSD1 KO mice. In mouse skin, collagen (Col1a1) expression 
was unaffected by age or 11β-HSD1 genotype (Figure 5D), but we 
found a 64% age-induced decrease in mouse skin prolyl hydroxy-
lase (Leprel1) expression, which was fully restored in aged 11β-
HSD1 KO mice to levels comparable to those of young animals 
(Figure 5A). Similarly, a greater than 90% decrease in lysyl hydroxy-
lase (Plod1) expression in aged WT skin was also partially rescued 
in the KO littermates (Figure 5B).

Timp4 expression was also decreased by approximately 80% in the 
aged WT mice, but not in the KO mice (Figure 5C). By contrast, the 
age-induced downregulation of Mmp2 and Mmp3 expression was 
unaltered in the KO animals (Figure 5, E and F).

Local blockade of endogenous GC activation accelerates wound heal-
ing in vivo. Body weight at each time point was indistinguish-
able between the vehicle- and inhibitor-treated groups (data not 
shown). Gross wound morphology revealed accelerated closure in 
11β-HSD1 inhibitor–treated mice (Figure 6A). Indeed, accelerated 
re-epithelialization (ranging from 35% to greater than 100%) was 
observed in inhibitor-treated animals at each time point measured. 
For example, the area of neoepidermis at 14 days after wounding 
was 23% in the vehicle-treated mice, but increased to 50% follow-
ing 11β-HSD1 blockade (P < 0.001; n = 12) (Figure 6B). Moreover, 

while vehicle-treated mice required 18 days to reach 40% re-epithe-
lialization, 11β-HSD1 blockade reduced this time by over a week, 
attaining a similar level of recovery by day 9.

Importantly, we also observed faster wound closure in the aged 
11β-HSD1 KO mice compared with their WT littermates (Figure 7A). 
11β-HSD1 KO wound areas were reduced by approximately 50% at 
4 days (P < 0.05, n = 6), while WT wound areas were still comparable 
to those on day 0, with a similar trend observed on day 2 (Figure 7B).

Discussion
Our previous studies reported an increase in 11β-HSD1 expression 
in HDFs obtained from older compared with younger donors and 
in PE cells relative to donor-matched PP cells in culture (26). Here, 
we provide new evidence that these in vitro observations translate 
into increased 11β-HSD1 expression and activity in aging skin 
both in humans and mice. Our data support a role for 11β-HSD1 
in both intrinsic (e.g., PP skin) and “accelerated” extrinsic aging 
(e.g., PE skin); with increased 11β-HSD1 expression and activity in 
PE skin further exacerbating the age-induced increase in PP skin.

The increased 11β-HSD oxoreductase activity measured in 
our human cohort reflects the “net” effect of both 11β-HSD 
isozymes resulting from increased 11β-HSD1 or, alterna-
tively, from decreased 11β-HSD2. Our findings demonstrating 
increased 11β-HSD1 protein in PE human skin and increased 
oxoreductase activity in aging mouse skin (devoid of 11β-HSD2 
activity and expression) confirm that altered levels of the type 1 

Figure 5
Improved collagen synthesis gene expression in aged 11β-HSD1–null mice. (A) Expression of the prolyl hydroxylase LEPREL1 decreased in 
the aged WT mice (n = 3) relative to the younger animals (n = 5). This was reversed in the aged KO mice (n = 4). (B) Similarly, the age-induced 
decrease in lysyl hydroxylase PLOD1 expression was partially rescued in aged KO mice. (C) TIMP4 expression was also reduced in aged WT, 
but not KO, mice relative to young WT mice. (D) COL1A1 expression was unaltered with age or genotype. (E and F) An age-induced decrease in 
MMP2 and MMP3 was also observed but was unaffected by genotype. *P < 0.05; **P < 0.01; ***P < 0.001. NS, nonsignificant.
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isozyme are exclusively responsible. Immunohistochemical stud-
ies in human skin demonstrated 11β-HSD1 staining predomi-
nantly in PP epidermis, with increased staining in photo-aged 
keratinocytes in addition to induced expression in PE dermal 
fibroblasts. Although our subsequent studies focused primarily 
on the dermal consequences of age-induced increased 11β-HSD1 
activity, our observation suggests that both cell types contrib-
ute to this increase. Further studies should elucidate whether 
impaired epidermal function in aged skin is also a consequence 
of increased GC activation.

To the best of our knowledge, our group was the first to report 
an association between 11β-HSD1 and aging using primary 
human osteoblasts (27). Subsequently, a growing body of evidence 
has suggested that the age-related increase in 11β-HSD1 occurs 
in a variety of cells and tissues, including lymphocytes (28), bone 
(29), brain (30), and adipose (31), implicating a role for 11β-HSD1 
in systemic aging. In these tissues, increased local GC activation is 
postulated to contribute to the increased risk of fracture and oste-
oporosis and impaired cognitive function associated with aging. 
Improved cognition and increased long-term potentiation have 
been reported in aged 11β-HSD1 KO mice relative to age-matched 
controls (32), with improved memory consolidation, recall, and 
social recognition also reported following treatment with specific 
11β-HSD1 inhibitors (33, 34).

Our results also demonstrate that increased 11β-HSD1 activ-
ity is in part responsible for the phenotypic consequences of 
aging skin, with aged 11β-HSD1 KO mice displaying a reversal 
in age-induced dermal atrophy and structural disorganization 

with increased collagen density. If 
translated to humans, these effects 
may lead to improvements in skin 
function in the elderly. Studies 
have shown a close relationship 
between the ECM microenviron-
ment (including mechanical prop-
erties of young relative to aged col-
lagen) and synthesis of molecules 
that regulate cell-ECM attachment, 
repair, and turnover by resident 
dermal fibroblasts (18, 24, 35, 36). 
Moreover, degraded ECM is central 
to facilitating tumor metastasis 
(37, 38), suggesting that prevent-
ing or limiting local GC activation 
may also reduce skin cancer risk. 
Our studies of HDFs treated with 
physiological concentrations of 
endogenous cortisol were designed 
to further investigate the potential 
mechanisms contributing to the 
improvements in collagen orga-
nization in aged 11β-HSD1 KO 
mice. We identified several previ-
ously unreported GC-regulated 
genes in HDFs underpinning the 
key stages of collagen biosynthesis 
and processing (Figure 8). These 
include the reduced expression of 
enzymes involved in procollagen 
hydroxylation (required for correct 

molecular assembly), intracellular transport, and extracellular 
cross-linking, which may explain the collagen atrophy observed 
in our studies and reported by others (39).

Reduced expression of prolyl hydroxylases by GC in skin was 
previously limited to studies in rats (40, 41). Recently, Vranka et 
al. characterized the phenotype of the prolyl 3-hydroxylase 1–null 
(LEPRE1-null) mouse which, in addition to bone and tendon 
abnormalities, displayed a less densely packed dermis, with fewer 
collagen fibrils in the skin of newborn KO mice and skin thinning 
in adults, with collagen fibril clumping and interfibril spaces (42). 
These findings are endorsed by mutations in LEPRE1 in humans, 
which cause a recessive metabolic bone disorder resembling lethal/
severe osteogenesis imperfecta (43), with patients also exhibiting 
overmodification of type I procollagen chains in dermal fibroblast 
cultures from affected individuals (44).

Mutations in genes encoding lysyl hydroxylases are known 
to cause Ehlers-Danlos syndrome type VI, characterized by 
neonatal kyphoscoliosis, generalized joint laxity, skin fragil-
ity, and severe muscle hypotonia at birth (45), as well as Bruck 
syndrome (46), affecting bone collagen cross-linking (47), with 
overexpression associated with skin fibrosis (46). Our results 
show a decrease in the expression of all 5 known lysyl oxidase 
isozymes following GC treatment, in agreement with previous 
rodent studies evaluating the effect of local GC treatment (41). 
Decreased lysyl oxidase activity has been identified as a cause of 
Ehlers-Danlos syndrome variant type IX and the clinically dis-
tinct Menkes syndrome, both manifesting with skin laxity and 
hyperextensibility (48).

Figure 6
Accelerated wound healing in 11β-HSD1 inhibitor–treated mice. (A) Representative images showing 
improved wound closure in mice treated every 2–3 days with 1% RO151. (B) Accelerated re-epithelial-
ization was recorded at each time point measured (n = 5–12). *P < 0.05; **P < 0.01; ***P < 0.001.
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We also report GC-induced differential regulation of several 
enzymes involved in collagen turnover and remodeling, includ-
ing downregulation of MMP1, the elastin-degrading MMP12 
as previously reported (49, 50), and a similar trend for MMP10. 
Conversely, TIMP4, a potent inhibitor of the type IV collagenase 
MMP2 (51), was upregulated, whereas an opposing effect was 
observed for TIMP3. Although still poorly understood, altered 
expression of these highly complex mediators of collagen remod-
eling through increases in local GC availability are likely to play 
an important role in aging skin phenotype manifestation. Col-
lectively, the identification of these critical regulators of collagen 
biosynthesis as novel GC targets in HDF raises the possibility that 
altered local GC availability could contribute to several aspects of 
altered collagen structural organization in aging skin.

Subsequently, we analyzed the expression of GC-regulated 
genes in our KO mouse model and showed a reversal of age-re-
lated decreases in Leprel1, Plod1 and Timp4 expression. Procol-
lagen type 1 expression (Col1a1) was largely unaffected by age or 
genotype, suggesting that altered posttranslational processing 
and remodeling, rather than decreased collagen synthesis, may 
be responsible for the age-induced changes in dermal struc-
ture, as previously proposed by others (52). Furthermore, the 
decreased expression of Mmp2 and Mmp3 in older WT mice was 
maintained in the KO animals, suggesting that a specific subset 
of collagen biosynthesis and remodeling genes may be involved 
in the etiology of skin aging.

These f indings sug-
gest that blockade of 
the age-related increase 
in 11β-HSD1 activity 
may promote improved 
structural and functional 
properties in aging skin. 
S e l e c t i ve  1 1β - H S D 1 
inhibitors have already 
been deployed by many 
pharmaceutical compa-
nies, largely on the prem-
ise that they may reverse 
or prevent obesity-re-
lated diabetes mellitus  
(53–57). Our collabo-
rative research using a 
highly selective and effec-
tive 11β-HSD1 inhibitor, 
RO151, demonstrates 
accelerated re-epithe-
lialization and wound 
healing and presents 
the exciting possibility 
that topical 11β-HSD1 
inhibitors might be used 
to combat age-related 
impairments in wound 
healing. Our observation 
that aged 11β-HSD1 KO 
mice exhibit accelerated 
wound healing relative 
to WT littermates further 
supports this possibility.

Although the central theme of the current research focused on 
chronological aging, our finding demonstrating elevated 11β-HSD1 
activity and expression in PE skin presents 11β-HSD1 as a candidate 
indicator of photo-aging and extends the scope of pharmacologi-
cal intervention and/or treatment to photo-damaged skin. Finally, 
our studies may have implications in the context of slow-healing 
wounds occurring in diabetics or sufferers of chronic stress, where 
limiting local GC generation could also improve healing.

Methods
Materials were purchased from Sigma-Aldrich unless otherwise stated.

Tissue preparation and cell culture
Human tissue. A group of 40 healthy Caucasians consisting of 20 young  
(year ± SD, 25.7 ± 3.0; 9 female and 11 male) and 20 older (72.2 ± 8.2; 11 
female and 9 male) donors underwent 3-mm biopsies of PE (lower outer) 
and PP (inner upper) arm skin. The skin was sterilized and covered with 
Supadrape (Westfield Medical Ltd.) containing a central aperture prior to 
local anesthetic injection with 2 ml of 2% lidocaine HCl (National Veteri-
nary Services). Following dispersion, skin was tested for numbness before 
obtaining 2 biopsies per site using a Stiefel 3-mm Biopsy Punch (Medisave).  
Cotton gauze was used to contain bleeding before Inadine patch and 
Mepore dressing application (Oncall Medical Supplies). Tissue was stored 
in complete media (RPMI-1640, 10% FCS, 2 mM L-glutamine, 1% Pen-Strep, 
1% sodium pyruvate, and 1% nonessential amino acids) and either analyzed 
immediately or snap-frozen and stored at –80°C.

Figure 7
Accelerated healing in aged 11β-HSD1 KO mice. (A) Representative images showing accelerated wound 
closure in aged 11β-HSD1 KO mice. (B) Increased healing was observed at 4 days, with a similar trend at 2 
days (n = 6). *P < 0.05.
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Mouse tissue. Studies were conducted as previously described (26). Mouse 
skin from male young (11–20 weeks of age, n = 10) and aged (91–99 weeks 
of age, n = 5) WT mice and from littermates with global deletion of 11β-
HSD1 (generated in-house; n = 15) (58) was obtained by dissection of 
shaved skin from the lower dorsal region. 11β-HSD1 KO mice were back-
crossed (greater than 9 generations) into C57BL6/J mice, with appropriate 
strain controls used.

HDF culture and treatment. HDFs were cultured from lower outer arm biop-
sies from Caucasian donors of variable age by incubation for 8 days at 37°C 
in a 5% CO2 atmosphere in T25 flasks containing 2 ml of complete media.

Upon attaining 80% confluence, cells were passaged at a ratio of 1:3 as 
required. For GC treatment, cells were seeded into 6-well plates at 70% con-
fluence and incubated overnight. Cells were treated with 100 nM cortisol 
(in duplicate) for 48 hours and compared with vehicle-treated controls.

11β-HSD1 activity assays
One biopsy per site per human donor (~4–10 mg) was analyzed for 11β-
HSD1 (oxoreductase) activity. Mouse skin explants (~6 mg) were analyzed 
in duplicate. Intact tissue activity was measured in 10-ml glass tubes con-
taining 0.5 ml of complete media, 100 pmol of cortisone or 11-dehydrocor-
ticosterone for human and mouse skin, respectively, and tracer amounts 
of [3H] cortisone or 11-dehydrocorticosterone as previously reported (26). 
For human tissue, activity was expressed as the percentage of conversion 

of cortisone to cortisol (24 hours). In these samples, activity 
was not normalized for tissue weight — which was increased 
in PE samples (Supplemental Figure 1A; supplemental 
material available online with this article; doi:10.1172/
JCI64162DS1), owing to a deeper dermal layer composed 
primarily of inert structural proteins, e.g., collagen — as this 
did not correlate with enzyme activity in either group (Sup-
plemental Figure 1B). Furthermore, punch biopsies stan-
dardized the same surface area between samples. For mouse 
samples, enzyme activity was normalized for tissue weight 
(pmol corticosterone/mg tissue/h) as surface area varied.

Immunohistochemistry
11β-HSD1 protein detection in frozen human skin sec-
tions (fixed in 3:1 acetone/ethanol) was analyzed by 
immunohistochemistry using a primary mAb (Abcam) and 
an alkaline phosphatase–conjugated goat anti-mouse sec-
ondary Ab (Dako). Fast Red TR/Naphthol AS-MX Tablets 
were used to visualize the staining according to the man-
ufacturer’s guidelines. Briefly, slides were incubated for  
15 minutes in 56:1 methanol/hydrogen peroxide to inacti-
vate endogenous peroxidases, rinsed with deionized water, 
and blocked for 1 hour in TBSAT (10 ml 10× TBS [121.2 g 
Tris/160.4 g sodium chloride, pH 7.6, in 2 liters of deionized 
water], stored in aliquots at –20°C), 3 g of BSA, 50 μl of Triton 
X100, and 10% goat serum. Slides were drained and incubated 
for 2 hours in fresh TBSAT with the primary Ab diluted 1:100 
before washing under agitation in three 10-minute washes 
of TBST (~800 ml 1× TBS plus 0.05% Tween-20). Slides were 
drained and incubated for 30 minutes in fresh TBSAT with 
the secondary Ab diluted 1:200 before repeating washes. Fol-
lowing visualization, slides were air-dried before applying 
aqueous mounting medium and coverslips. Staining was 
observed in similar structures to those previously described 
using a polyclonal Ab (26) and was negligible when substitut-
ing equimolar concentrations of isotype control (mouse IgM; 
AbCam) for the primary Ab (Supplemental Figure 2).

Sections were photographed using a Nuance multispectral imaging sys-
tem (CRi, Advanced Molecular Vision). Nuance image analysis software 
was used to annotate the DEJ and stratum corneum-granulosum interface 
(CRi, Advanced Molecular Vision). Staining intensity was measured in the 
epidermis and upper dermis.

Histology
Tissue was stored in 10% neutral buffered formalin (4 g sodium monophos-
phate, 6.5 g sodium diphosphate in 900 ml of distilled water, and 100 ml  
of 37% formaldehyde) before paraffin embedding and sectioning. Paired 
sections from each age and genotype were cut per slide. Following dewax-
ing and rehydration (26), the slides were stained with H&E, mounted, cov-
erslipped, and analyzed in a blinded fashion by 2 independent researchers. 
Sections were stained for collagen using a Masson trichrome kit according 
to the manufacturer’s guidelines. Collagen stain intensity was determined 
using the Nuance system described above.

RNA extraction and reverse transcription
Total RNA was extracted from primary cultures of HDFs using the Tri-Re-
agent method (Sigma-Aldrich), with generation of cDNA by reverse tran-
scription as previously described (26). Tissue RNA was extracted using an 
RNeasy Fibrous Tissue kit (QIAGEN) using a PowerGen 125 homogenizer 
(Fisher Scientific) according to the manufacturer’s protocol.

Figure 8
GC treatment impairs multiple elements of collagen biosynthesis and processing. GC 
treatment of primary HDFs decreased collagen transcription (1) and altered collagen 
metabolizing enzymes (7) as previously shown. We found additional GC targets, 
including reduced expression of collagen posttranslational hydroxylation enzymes 
(3), collagen chaperone (4), and all lysyl oxidase enzyme isoforms required for col-
lagen inter- and intrafibril cross-link formation (6).
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Nephew) and Hypafix tape (BSN Medical). Applications were repeated 
every 2–3 days until 21 days after wounding. Wound photographs and 
body weight measurements were taken at each time point. Wound healing 
is presented as the re-epithelialized area measured by subtracting the area 
uncovered by neoepidermis from the original wound area calculated using 
ImageJ software (NIH).

11β-HSD1 KO studies. Aged male 11β-HSD1 KO (52 weeks of age ± 0.68 SD)  
and WT (51 weeks of age ± 0.67 SD) mice (n = 6) were anesthetized and 
shaved before a 4-mm full-thickness skin punch biopsy was performed on 
the right side of the thorax using a biopsy punch (Acuderm). Wounds were 
photographed at 0, 2, 4, and 6 days after the biopsy was measured as above.

Statistics
Experimental data were analyzed using GraphPad Prism software (Graph-
Pad). A Student’s t test was used to compare data displaying a normal dis-
tribution (paired tests were used as appropriate). Wound-healing studies 
in aged 11β-HSD1 KO mice were assessed using 2-way ANOVA (SigmaStat 
3.1). Data represent the means ± SEM. The null hypothesis was rejected 
at a significance level of P < 0.05, with data values as follows: *P < 0.05;  
**P < 0.01; and ***P < 0.001.

Study approval
Animal studies were conducted under Home Office license and following 
approval of the Joint Ethics and Research Governance Committee of the 
University of Birmingham (Birmingham, United Kingdom) in accordance 
with the UK Animals (Scientific Procedures) Act, 1986. Human studies 
were conducted following ethical approval (Black Country Research Ethics 
Committee, Manchester, United Kingdom) and according to the Declara-
tion of Helsinki Principles. All participants gave their written informed 
consent before study enrolment.
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Real-time PCR gene expression analysis
HDF studies. The BioMark system (Fluidigm) was used to analyze the 
expression of 33 genes involved in collagen biosynthesis and processing. 
Specific target preamplification was conducted in 5-μl volumes consisting 
of a 2.5-μl TaqMan PreAmp Master Mix (2×; Applied Biosystems), a 1.25-μl 
pooled TaqMan gene expression assay (1 μl for each assay and 4 μl 1× TE 
buffer, 0.2× final assay concentration), and 1.25 μl (25–50 ng) of cDNA (or 
1× TE for the negative control). Following brief vortexing and centrifuga-
tion, samples were heated to 95°C for 10 minutes followed by 14 cycles of 
95°C for 15 seconds and 60ºC for 4 minutes. Samples were then diluted 
1:5 with 20 μl of 1× TE buffer. Following preamplification, 1 μl of each 
sample was also pooled and serially diluted in 1× TE buffer (1:10, 1:100, 
1:1,000, and 1:10,000) for standard curve generation.

Samples (in triplicate) and standards (in duplicate) were prepared for load-
ing onto the chip in 8-μl volumes in a 96-well plate: 4 μl of TaqMan Universal 
PCR Master Mix (2×); 0.4 μl of GE Sample Loading Reagent (20×, Fluidigm); 
and 3.6 μl of preamplified cDNA per standard. Plates were vortexed, centri-
fuged, and stored at 5°C until required. Gene expression assays were pre-
pared in 8-μl volumes: 4 μl of TaqMan Gene Expression Assay (20×) and 4 μl  
of Assay Loading Reagent (2×; Fluidigm), giving final concentrations of  
9 μM and 2.5 μM for the primers and probe per assay, respectively. Samples 
were vortexed, centrifuged and stored at 5°C. Chips were primed using the 
IFC controller according to the manufacturer’s protocol (Fluidigm), loaded 
with 5 μl of Sample Mix, 5 μl of Assay Mix, and activated using the IFC control-
ler. Chips were processed on a BioMark quantitative PCR reader (Fluidigm).  
Following standard curve verification, ΔCt values were determined for 
each sample by normalizing to the geometric mean of 4 housekeeper genes 
(RPL13, TBP, B2M, and PPIA). Mouse tissue: Leprel1, Plod1, Timp4, Col1a1, 
Mmp2, and Mmp3 mRNA levels were measured (in duplicate) by conventional 
real-time PCR using an ABI 7500 system (PerkinElmer). PCR was performed 
in 10-μl reactions in 96-well plates. Reactions contained 5 μl of 2× TaqMan 
Universal PCR Mastermix, 0.5 μl of assay (900 nM primer and 250 nM  
probe final concentrations), 3.5 μl of distilled water, and 1 μl of cDNA  
(25–50 ng). Reactions were standardized to the housekeeper 18S (all Applied 
Biosystems). Reactions were as follows: 50°C for 2 minutes, 95°C for 10 min-
utes, 40 cycles of 95°C for 15 seconds, and 60°C for 1 minute.

Wound-healing studies
11β-HSD1 inhibitor studies. Inhibitor studies were conducted in 8-week-
old male Swiss mice (n = 5–12) using RO151, known to selectively inhibit  
11β-HSD1 activity in vivo (59), with an IC50 of 40 nM (± 4 nM SE; n = 17) 
against the murine homolog (determined by cellular assays using 3T3-L1 
adipocytes; data not shown). One percent RO151 was formulated in 9.1% 
hydroxypropyl beta cyclodextrin, 0.5% Tris, and 0.45% sodium chloride  
(pH 7.3) before 3% hydroxypropyl methyl cellulose was added at room tem-
perature under agitation to produce a clear gel.

Full-thickness dorsal wounds of approximately 10 mm2 were created 
under ketamine-xylazine anesthesia. The gel containing 11β-HSD1 inhib-
itor and vehicle was applied and covered with OpSite Flexifix (Smith & 
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