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Cutaneous Wound Healing in Diabetic Mice Is
Improved by Topical Mineralocorticoid
Receptor Blockade

Van Tuan Nguyen'~*~, Nicolette Farman', Roberto Palacios-Ramirez', Maria Sbeih”,

Francine Behar-Cohen'**, Sélim Aractingi’*”” and Frederic Jaisser'"*”

Skin ulcers resulting from impaired wound healing are a serious complication of diabetes. Unresolved
inflammation, associated with the dysregulation of both the phenotype and function of macrophages, is
involved in the poor healing of diabetic wounds. Here, we report that topical pharmacological inhibition of the
mineralocorticoid receptor (MR) by canrenoate or MR small interfering RNA can resolve inflammation to
improve delayed skin wound healing in diabetic mouse models; importantly, wounds from normal mice are
unaffected. The beneficial effect of canrenoate is associated with an increased ratio of anti-inflammatory M2
macrophages to proinflammatory M1 macrophages in diabetic wounds. Furthermore, we show that MR
blockade leads to downregulation of the MR target, LCN2, which may facilitate macrophage polarization toward
the M2 phenotype and improve impaired angiogenesis in diabetic wounds. Indeed, diabetic LCN2-deficient
mice showed improved wound healing associated with macrophage M2 polarization and angiogenesis. In
addition, recombinant LCN2 protein prevented IL-4—induced macrophage switch from M1 to M2 phenotype. In
conclusion, topical MR blockade accelerates skin wound healing in diabetic mice via LCN2 reduction, M2

macrophage polarization, prevention of inflammation, and induction of angiogenesis.

Journal of Investigative Dermatology (2020) 140, 223—234; doi:10.1016/}.jid.2019.04.030

INTRODUCTION

Impaired cutaneous wound healing, responsible for chronic
ulcers, represents one of the most important complications of
diabetes. Indeed, the incidence of diabetic foot ulcers is
increasing because of the high prevalence of diabetes mel-
litus worldwide and the longer life expectancy of patients
(Boulton et al., 2005). The prevalence of global diabetic foot
ulcers was recently reported to be 6.3% and up to 13.0% in
North America (Zhang et al., 2017). Ulcers remain in a
chronic inflammation state that prevents them from healing,
resulting in other severe complications such as pain, infec-
tion, and eventually amputation (Greenhalgh, 2003; Noor
et al.,, 2017; Peters and Lipsky, 2013). Previous studies
showed that most diabetic amputations are preceded by a
foot ulceration, which subsequently results in serious
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gangrene or infection (Boulton et al., 2005; Lepantalo et al.,
2011). Diabetic foot ulcers are thus a major health issue that
significantly affects the lives of patients, resulting in a high
financial burden in many countries (Boulton et al., 2005). The
prevention and appropriate care of diabetic ulcers are thus of
major importance.

Several therapies have been proposed for diabetic ulcers
but effective treatment is still needed (Clokie et al., 2017;
Dinh et al., 2012; Galiano et al., 2004). The lack of thera-
peutic tools likely results from the complex mechanisms
involved in the development of unhealed wounds. Many
pathogenic factors, such as vascular defects and neuropathy,
are responsible for diabetic ulcers (Ahmed and Antonsen,
2016; Boulton, 2014; Brem and Tomic-Canic, 2007; Dinh
et al., 2012). A chronic inflammatory environment is also a
common feature observed in unhealed wounds and is mainly
associated with the uncontrolled recruitment and activation
of inflammatory cells, in particular monocytes and macro-
phages (Boniakowski et al., 2017; Leal et al., 2015; Okizaki
et al., 2015).

During the wound repair process, macrophages present
various phenotypes and functions, depending on the stage of
the healing response and how they are activated. During the
early phase of wound healing, classically activated macro-
phages, known as M1 macrophages, are recruited and
secrete proinflammatory cytokines to kill pathogens and clear
away the damaged tissue. In contrast, alternatively activated
M2 macrophages secrete anti-inflammatory factors to resolve
inflammation and produce factors required for later regen-
erative phases. The balance between these macrophage
subpopulations is pivotal for maintaining a physiological
healing process (Gordon, 2003; Mahdavian Delavary et al.,
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2011; Mantovani et al.,, 2004). However, in unhealed
wounds, such as diabetic ulcers, macrophages are chroni-
cally activated and restrained to the M1 phenotype, heavily
contributing to the chronic inflammatory microenvironment
observed in these wounds. Moreover, such prolonged
inflammation delays the process of tissue regeneration,
including re-epithelialization, granulation tissue formation,
and vascularization (Boniakowski et al., 2017; He et al.,
2017; Maruyama et al., 2007; Okizaki et al., 2015).
Enhancing macrophage polarization toward the M2 pheno-
type may help to promote cellular proliferation and angio-
genesis and to accelerate diabetic wound closure (He et al.,
2017; Leal et al., 2015; Okizaki et al., 2015).

The mineralocorticoid receptor (MR), a steroid receptor
that belongs to the nuclear receptor superfamily of tran-
scription factors, plays a key role in various physiological and
pathophysiological phenomena, including obesity- and
diabetes-related complications, such as vascular dysfunction,
insulin resistance, metabolic disorders, and chronic inflam-
mation (Guo et al., 2008; Hirata et al., 2009; Jaisser and
Farman, 2015). We recently reported the involvement of
MR activation in delayed wound closure in type 1 diabetes
and the improvement of impaired wound re-epithelialization
following local application of an MR antagonist to the
wounds (Nguyen et al., 2016). However, we did not explore
the integrated impact on either the epidermis or dermis in
diabetic wounds or the underlying mechanisms of the benefit
of local MR antagonism. It is not known whether MR acts on
the inflammatory response and dermal angiogenesis during
wound repair in diabetes. Here, we analyzed the positive
impact of topical pharmacological MR blockade on impaired
wound healing of streptozotocin (STZ)-treated mice and of
db-db mice, a model of type 2 diabetes. We focused on
inflammation and angiogenesis and identified LCN2, a pri-
mary MR target (Buonafine et al., 2018; Martinez-Martinez
et al., 2017), as a potential mechanism involved in these
beneficial effects.

RESULTS

MR blockade rescues delayed cutaneous wound closure in
diabetic mice

We have shown previously that local MR blockade with
canrenoate improves the delayed wound re-epithelialization
of type 1 diabetic mice (STZ mice) (Nguyen et al., 2016). To
exclude MR-independent effects of canrenoate, we designed
an in vivo experimental strategy to interfere specifically with
the MR. Topical treatment with MR small interfering RNA
(siRNA) blocked MR upregulation in STZ wounds
(Supplementary Figure STa) and restored the defective re-
epithelialization of STZ mice, as compared with those of
diabetic mice treated by scrambled siRNA (Supplementary
Figure ST1c—g). These results are quite comparable to those
previously obtained using canrenoate, indicating that MR
antagonism and silencing is beneficial for wounding in type 1
diabetic mice.

Next, we questioned the effect of canrenoate on the
delayed wound healing of type 2 diabetes using db-db mice,
a genetic mouse model of type 2 diabetes. MR mRNA
expression was higher in wounded skin and the surrounding
normal skin of db-db mice than that of normal db/* control
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(CT) mice (Figure 1a), raising the question of the role of MR
overexpression in abnormal wound repair in type 2 diabetes.
Wound healing was strongly impaired in db-db mice relative
to that of CT mice (Figure 1b and c). Consistent with our
observations in STZ mice, local treatment with canrenoate
improved the wound healing delay in db-db mice, whereas it
did not modify wound closure in normal CT mice (Figure 1b
and c). Moreover, keratin-14 staining showed that impaired
re-epithelialization of db-db wounds was rescued by local
canrenoate treatment, as illustrated by the longer neo-
epidermis at the edges of the wound sections (Figure 1d and
e) and the shorter residual wound length (the distance be-
tween two edges) in canrenoate-treated db-db mice than in
phosphate buffered saline—treated db-db mice (Figure 1d and
f). This reduction in wound surface is indicative of re-
epithelialization rather than wound contraction. The
improvement of re-epithelialization was accompanied by a
higher number of proliferating Ki67-positive keratinocytes in
the neoepidermis of the wounds of canrenoate-treated than
phosphate buffered saline—treated db-db mice (Figure 1g and
h). These observations suggest that the effects of topical
canrenoate treatment on diabetic wound healing are medi-
ated by MR signaling. Thus, topical MR blockade restored the
impaired proliferation of epidermal keratinocytes and blunt-
ed the delayed re-epithelialization of wounds in 2 diabetes
mouse models. In contrast, these phenomena were not found
in wounds of normal CT mice.

Impaired wound angiogenesis in diabetic mice is improved

by MR antagonism

Impaired dermal wound angiogenesis is a key contributor to
the wound healing defect of diabetes. Herein, we explored
the role of MR in the defective wound angiogenesis of
diabetic mouse models. The density of CD31" blood vessels
was lower in the wounds of STZ-induced (Figure 2a in red,
2b) and db-db diabetic mice than those of CT mice
(Figure 2e and f), consistent with previous reports.
Decreased vessel density of diabetic wounds was partly
rescued by topical treatment of these wounds with canre-
noate (Figure 2a, b, e, and f). MR inactivation by local MR
siRNA treatment of STZ wounds also showed a beneficial
effect on wound angiogenesis (Supplementary Figure STh
and i). The improvement of vessel density in canrenoate-
treated diabetic wounds was associated with an increased
number of CD45°CD31" endothelial cells in the wound
beds, as quantified by FACS analysis of wound specimens
(Figure 2¢, d, g, and h). Moreover, by quantification of
CD31%Ki67" double positive cells on wound sections of
STZ mice (Figure 2a, red and green), we found fewer
proliferating endothelial cells in STZ wounds than in con-
trols (2.87% =+ 1.08, n = 7 vs 7.18% =+ 0.71, n = 7,
respectively), and this decrease was rescued by canrenoate
treatment (STZ + phosphate buffered saline: 2.87% =+ 1.08,
n =7 vs STZ + canrenoate: 6.37% £ 1.2, n = 7). These
observations suggest that the activation of MR in the skin of
diabetic mice is involved in the impaired wound angio-
genesis of these animals, and that MR blockade could pre-
vent such defects through increased proliferation of
endothelial cells forming novel microvessels in wounds.
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Figure 1. Canrenoate improves delayed wound healing in type 2 diabetic mice. (a) Real-time PCR analysis of MR mRNA expression in the skin or wounds (day
7) of db-db mice, relative to that of CT. (b) Photographs and (c) quantification of the wound area of CT and db-db mice treated with canrenoate or PBS at
the indicated time post-wounding. (d) Wound sections at day 7 post-wounding labeled with anti-K14 antibody (green) and DAPI (blue). Quantification of (e) the
length of the neoepidermis and (f) diameter of the residual wound. (g) Anti-Ki67 (green) staining and quantification of Ki67-positive cells in the neoepidermis
and (h) underlying dermis; dotted lines represent the dermo-epidermis junction. Data represent mean £ SEM; n = number of mice per group, from 2
experimental series. (a, e, f, and h) Mann-Whitney test; c: two-way ANOVA followed by the Newman-Keuls multiple comparison test. *P < 0.05; **P < 0.01;
#4P < 0.001; ****P < 0.0001 db-db vs CT; ****P < 0.0001 db-db vs db-db + Canre. ANOVA, analysis of variance; Canre, canrenoate; CT, control;

Der, dermis; Epi, neoepidermis; MR, mineralocorticoid receptor; PBS, phosphate buffered saline; SEM, standard error of the mean. (d) Bar = 500 pm,

(g) Bar = 100 um.
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Figure 2. Canrenoate improves impaired wound angiogenesis in diabetic mice. (a) Photographs of wound sections doubled-stained for CD31 (red) and Ki67
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(green), showing neomicrovessels formed in wound beds of STZ mice and (e) stained with CD31 only in db-db mice. (b) Quantification of CD31*

microvessels in wound of STZ and (f) db-db mice after treatment with Canre or PBS. (c, g) Dot plot of FACS analysis of wound cells for the quantification of
CD45°CD31" (d) endothelial cells in wound of STZ and of (h) db-db mice after treatment with Canre or PBS. Data represent mean =+ SEM; n = number of mice
per group, from 3 (STZ) and 2 (db-db) experimental series. One-way ANOVA followed by the Newman-Keuls multiple comparison test. ***P < 0.001; ****P <

0.0001. ANOVA, analysis of variance; Canre, canrenoate; CT, control; FACS, fluorescence activated cell sorting; PBS, phosphate buffered saline;

SEM, standard error of the mean; STZ, streptozotocin. Bar = 100 um.
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MR blockade ameliorates inflammation of diabetic wounds
Chronic inflammation is a common feature of diabetic ulcers.
We examined whether MR plays a role in maintaining
inflammation in diabetic wounds by studying the impact of
MR blockade on the expression of some pro- and anti-
inflammatory markers in wounds (Ashcroft et al., 2012;
Barrientos et al., 2008; Ramalho et al., 2018). Local treat-
ment with canrenoate attenuated the overexpression of some
proinflammatory genes, such as Tnfa, Mcpt1, 1112, and 1123,
in diabetic wounds (Figure 3a and c). Consistent with this
effect, the repression of anti-inflammatory factors in diabetic
wounds was rescued by canrenoate treatment (Figure 3b and
d). Thus, MR blockade blunted the inflammation observed in
diabetic wounds and resulted in an anti-inflammatory status
that could improve the impaired cellular proliferation and
poor angiogenesis.

MR antagonism induces the switch of unrestrained M1

toward M2 macrophages in diabetic wounds

A failure to switch from activated M1 macrophages to alter-
native M2 macrophages leads to chronic inflammation and
impaired angiogenesis in various situations of delayed wound
healing, including venous leg ulcers and diabetic foot ulcers
(Guo et al.,, 2016; Okizaki et al., 2015; Sindrilaru et al.,
2011). We investigated whether the beneficial effect of can-
renoate treatment was associated with a switch of activated
M1 macrophages toward the alternative M2 macrophage
population. Wounds from both STZ and db-db mice showed
more M1 macrophages (Ly6C") associated with fewer M2
macrophages (Ly6C'°W) than CT mice, whereas the total
number of macrophages in diabetic wounds was not different

Retnla

*¥**P < 0.001; ****P < 0.0001 STZ or
db-db vs CT; SP < 0.05; P < 0.01;
$$$p < 0.001 STZ vs STZ + Canre (a
and b) or db-db vs db-db + Canre (c
and d). ANOVA, analysis of variance;
Canre, canrenoate; CT, control, PBS,
phosphate buffered saline; RT-

PCR, reverse transcriptase—PCR;
SEM, standard error of the mean;
STZ, streptozotocin.

Fizz1  Argl  Mmp9 1110

from that in control wounds (Figure 4). These observations
are consistent with a number of previous reports showing the
accumulation and persistence of activated M1 macrophages
in diabetic wounds (Guo et al., 2016; Leal et al.,, 2015;
Okizaki et al.,, 2015). Importantly, the polarization of
diabetic-wound macrophages was nearly restored to the
levels of CT mice by topical canrenoate treatment. Canre-
noate blunted the increase in M1 macrophages in STZ and
db-db wounds (Figure 4a, c, e, and g) and the associated
decrease in M2 macrophages (Figure 4a, d, e, and h).
MR blockade also blunted overexpression of the proin-
flammatory marker Ly6C by diabetic-wound macrophages
(Supplementary Figure S2a and b). These results suggest that
topical MR blockade promotes a shift of proinflammatory M1
macrophages toward the anti-inflammatory M2 phenotype to
resolve inflammation, promote angiogenesis, and accelerate
wound healing.

MR blockade rescues the impaired macrophage expression

of angiogenic factors in diabetic wounds

In addition to their pathogen-killing activity, macrophages
in wounds also promote cellular proliferation and tissue
regeneration, including re-epithelialization and dermal
vascularization (Gordon, 2003; Lucas et al., 2010). We
tested whether canrenoate treatment improves delayed
diabetic wound angiogenesis through the modulation of
macrophage polarization by assessing a panel of proangio-
genic factors in wound tissue. Five days after wounding,
gene expression of proangiogenic factors was impaired in
STZ wounds with a significant decrease of Fgf2, Plgf, Tie2,
and Angpt2 mRNA levels (Figure 5a). Importantly, topical
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Figure 4. Canrenoate enhances unrestrained polarization of M1 to M2 macrophages. Wounded skin specimens were collected after five (for STZ mice) or
seven days (for db-db mice) of treatment with Canre or PBS. (a, e) Dot plot of FACS analysis of wound cells for the quantification of (c, g) CD11b"F4.80 Ly6C"
M1 macrophages and (d, h) CD11 bJrF4.80+Ly6CIDW M2 macrophages in wounds of (c, d) STZ and (g, h) db-db mice after treatment with Canre or PBS, as
the percentage of (b, f) total CD11b*F4.80% macrophages. Data represent mean £ SEM; n = number of mice per group, from 3 (STZ) and 2 (db-db)
experimental series. One-way ANOVA followed by the Newman-Keuls multiple comparison test. *P < 0.05; **P < 0.01; ****P < 0.0001. ANOVA, analysis of
variance; Canre, canrenoate; CT, control, PBS, phosphate buffered saline; SEM, standard error of the mean; STZ, streptozotocin.
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canrenoate application restored the expression of these
factors in diabetic wounds (Figure 5a). We then isolated
macrophages (CD11b"F4.80"Ly6G") from wounded skin by
FACS to analyze the expression of proangiogenic genes.
Vegfa, Fgf2, Plgf, and Tie2 mRNA levels were significantly
lower in macrophages isolated from STZ wounds than those
from control wounds, whereas topical application of can-
renoate restored the inadequate expression of these angio-
genic factors (Figure 5b).

The MR target LCN2 promotes macrophage phenotypic
polarization and switching and angiogenesis in diabetic
wounds

We recently showed that LCN2 is a primary target of aldo-
sterone and mineralocorticoid receptor signaling in many
organs, and that LCN2 plays a key role in the action of
mineralocorticoids in the cardiovascular system (Buonafine
et al, 2018). LCN2 mRNA and protein expression were
much higher in diabetic wounds than in CT nondiabetic
wounds (Figure 6a and b; Supplementary Figure S3a and b).
Local canrenoate or MR siRNA treatment lowered the upre-
gulated expression of LCN2 in diabetic wounds to near the
level found in control wounds, indicating that LCN2 is also
an MR target in diabetic skin (Figure 6a and b; Supplementary
Figure S1b; Supplementary Figure S3). We assessed whether
LCN2 is involved in the impaired healing of diabetic wounds
using a global Lcn2-knockout (KO) mouse model. Wound
closure in diabetic STZ mice was significantly impaired
relative to that of CT nondiabetic mice, but LCN2

variance; Canre, canrenoate; CT,
control, PBS, phosphate buffered
saline; SEM, standard error of the
mean; STZ, streptozotocin.

inactivation prevented the delay in wound healing in Lcn2-
KO diabetic mice (Figure 6¢ and d). Of note, LCN2 defi-
ciency did not affect wound healing in normal nondiabetic
mice (Figure 6¢ and d). FACS analysis of wound specimens
demonstrated that LCN2 inactivation resulted in M1 to M2
macrophage polarization; the increase of proinflammatory
M1 macrophages in CT diabetic wounds was blunted in
LCN2-deficient diabetic mice (Figure 6e), whereas the
decrease of M2 macrophages in diabetic wounds was pre-
vented (Figure 6f). Importantly, LCN2 deficiency prevented
the impaired angiogenesis associated with diabetes, with the
presence of more endothelial cells in the wounds of diabetic
Lcn2-KO mice than those of CT diabetic mice (Figure 6g).
Moreover, expression of the proangiogenic genes Vegfa, Fgf2,
Plgf, and Tie2 was higher in STZ Lcn2-KO macrophages than
in STZ CT mice (Figure 6h).

LCN2 protein induces an unrestrained proinflammatory M1
macrophage phenotype in vitro

We hypothesized that the MR target LCN2 participates in the
deleterious effect of MR activation in diabetic wound healing
by tipping macrophage functional and phenotypic polariza-
tion from proangiogenic M2 macrophages toward proin-
flammatory M1. Macrophages isolated from the peritoneum of
wild-type mice were first pretreated with lipopolysaccharide
to induce an M1 phenotype and then with IL-4 to switch them
toward an M2 phenotype (Supplementary Figure S4a). FACS
analysis showed that treatment with recombinant LCN2
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Figure 6. LCN2 deficiency prevents
the diabetes-induced delay of wound
healing. (@) LCN2 mRNA and (b)
protein levels in wounds at day 5 were
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of wounds at day 5 were quantified by
FACS analysis. (h) Total macrophages
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ANOVA followed by the Newman-
Keuls multiple comparison test;

(d) 2-way ANOVA followed by the
Newman-Keuls multiple comparison
test. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001 CT 4 STZ vs
CT. 5P < 0.01 CT + STZ vs Lcn2 607 wenn *
KO + STZ. ANOVA, analysis of ’ !
variance; Canre, canrenoate; CT,
control; FACS, fluorescence activated
cell sorting; KO, knockout; PBS,
phosphate buffered saline; SEM,
standard error of the mean;

STZ, streptozotocin.

Relative Lcn2 mRNA
levels

(2]
(@]
3

CT+S8Tz

(1]

M1 macrophages (%)

«Q

Endothelial cells (%)

[o2)

M2 macrophages (%

O CT (n=10)

B CT + STZ (n=10)

O KO Len2 (n=12)

W KO Lcn2 + STZ (n=12)

resulted in a higher percentage of Ly6C" M1 macrophages
(Supplementary Figure S4b) together with fewer Ly6C'*" M2
macrophages (Supplementary Figure S4c), indicating that re-
combinant LCN2 inhibited the ability of lipopolysaccharide-
pretreated macrophages to switch to the M2 phenotype in
response to IL-4. This was associated with decreased expres-
sion of the angiogenic genes Vegfa and Plgf (Supplementary
Figure S4d and e).

Overall, these data show that MR blockade controls the
phenotypic polarization of macrophages toward a repair M2
phenotype and promotes dermal angiogenesis through
modulation of the expression and activity of LCN2, thereby
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improving the delayed wound healing in diabetes

(Supplementary Figure S5).

DISCUSSION

By using 2 mouse models of diabetes (STZ-induced type 1
and db-db type 2 diabetic mice), we demonstrate that
inflammation and impaired healing of diabetic wounds are
associated with the activation of MR signaling. Topical inhi-
bition of this pathway provided a clear benefit to improve
healing of these pathological wounds. This effect acts via
inducing the polarization of macrophages toward the M2
phenotype, helping to resolve inflammation and rescue the



angiogenesis defect of diabetic wounds. Moreover, we
identified the MR target LCN2 as one of the underlying
signaling pathways. In contrast, MR blockades do not modify
wound closure from normal mice. We propose that inade-
quate MR occupancy by exogenous glucocorticoid (GC) or
locally produced GC, as well as enhanced MR expression,
may explain the benefit of MR blockade in a variety of
pathological situations such as dermocorticoid treatments,
UV irradiation, diabetic delayed wound healing, and perhaps
psoriatic skin or GC-treated psoriasis (Hannen et al., 2017;
Nguyen et al., 2016; Stojadinovic et al., 2016). In addition,
local steroidogenesis and modulation of 11B-hydroxysteroid
dehydrogenase type 1 may interfere with MR/GC receptor
signaling balance in skin diseases (Sevilla and Pérez, 2018;
Slominski et al., 2014, 2015; Tiganescu et al., 2013). Efforts
toward better integrations of these factors should help to
propose novel therapeutic improvements of delayed wound
healing.

During wound healing, macrophages are significantly
involved in the repair process (Brancato and Albina, 2011;
Lucas et al., 2010; Rahmani et al., 2018). Importantly, they
show heterogeneous phenotypes and functions and can
switch or polarize between phenotypes to adapt to the
wound stage (Boniakowski et al., 2017; Novak and Koh,
2013). The balance of such macrophage populations is
pivotal for the progression of wound healing. However, most
diabetic wounds do not progress, but remain in a chronic
state of inflammation. This mainly results from a defect in the
phenotypic switch of macrophages, leading to the sustained
presence of proinflammatory M1 macrophages and over-
production of proinflammatory cytokines in  wounds
(Boniakowski et al., 2017; Leal et al., 2015; Okizaki et al.,
2015). Here, we demonstrate that topical inhibition of the
MR promotes the polarization of activated M1 macrophages
(CD11b"/F4.80"/Ly6C™) in diabetic wounds toward an anti-
inflammatory M2 phenotype (CD11b"/F4.80"/Ly6C'").
Accordingly, MR antagonism upregulated the expression of
some anti-inflammatory factors while downregulating the
expression of proinflammatory cytokines in wound tissues.
This is consistent with previous findings that showed the role
of MR activation in various diseases involving chronic
inflammation, including diabetes (Guo et al., 2008; Jaisser
and Farman, 2015; Marzolla et al., 2014). Previous studies
reported a central role of MR overactivation in sustained
macrophage polarization after renal injury induced by
ischemia-reperfusion (Barrera-Chimal et al., 2018). In this
setting, pharmacological MR antagonism also promoted the
polarization of activated M1 macrophages toward an anti-
inflammatory M2 phenotype, suggesting that this may be a
common mode of action of MR antagonists in wound healing
in cardiovascular, renal, or metabolic injury (Barrera-Chimal
et al., 2018).

Defective angiogenesis often occurs in diabetic wounds.
The defect of wound angiogenesis may be because of inad-
equate mobilization and abnormal activation of endothelial
progenitor cells (Loomans et al., 2004). Several therapies
based on promoting the functional activity of endothelial
cells and their progenitors have been proposed to improve
healing (Liu et al., 2014; Marrotte et al., 2010; Nishimura
et al., 2012). Impaired angiogenesis may also be associated
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with chronic inflammation, inhibiting the production of
proangiogenic factors and limiting endothelial cell activity.
Macrophages are important sources of proangiogenic factors.
These inflammatory cells have been shown to be involved in
many disease settings, including the complications of dia-
betes (Maruyama et al., 2007; Okizaki et al., 2015). Here, we
found that M2 polarized macrophages, induced by the inhi-
bition of MR signaling, expressed higher levels of proangio-
genic factors than those from nontreated diabetic wounds,
contributing to  angiogenesis and wound healing
improvement.

Overall, our results suggest an important role for MR
signaling in the sustained polarization of macrophages and
impaired wound angiogenesis in diabetes. These findings
provide further insight concerning the impact of MR activa-
tion in various skin diseases. We previously reported the role
of cutaneous MR overactivation in the deleterious effects
caused by dermoglucocorticoid treatment in both mice and
humans, including skin atrophy and impaired wound healing;
GC-induced MR activation impaired the proliferation and
activation of epidermal keratinocytes linked to overactivation
of epithelial sodium channels. Topical cutaneous treatment
with MR antagonists provided significant benefits, limiting
atrophy and improving wound healing (Maubec et al., 2015;
Nguyen et al., 2016). MR overexpression in keratinocytes
was shown to induce epidermal atrophy in mice (Sainte
Marie et al., 2007). Boix et al.(2016) demonstrated that
epidermal deletion of MRs leads to increased keratinocyte
proliferation and differentiation . Other studies proposed that
epidermal MR cooperates with GC receptors, acting as an
anti-inflammatory factor to counteract skin inflammation and
regulate epidermal development in inflamed skin (Bigas
et al., 2018; Sevilla and Pérez, 2018).

The mechanism underlying the modulation of inflamma-
tion and angiogenesis by MR in diabetic wounds may be
complex and multifactorial. We identified LCN2, a primary
target of aldosterone and MR signaling (Buonafine et al.,
2018), as a promising candidate in diabetes-associated
delayed wound healing. LCN2 secretion is increased in the
wound lysates of diabetic foot ulcers because of the release of
neutrophil extracellular traps (Fadini et al., 2019). LCN2
activation is also considered to be a biomarker for chronic
inflammatory diseases of the skin, such as psoriasis and
venous ulcers (Serra et al., 2013; Shao et al., 2016). In this
study, wounds from diabetic Lcn2-KO mice had lower
inflammation scores, with a lower ratio of M1 to M2 mac-
rophages, increased angiogenesis, and better wound healing
than those from wild-type mice with STZ injection. The role
of LCN2 in the regulation of inflammation is complex. Cheng
et al.(2015) demonstrated that LCN2 promotes M1 macro-
phage polarization after cardiac ischemia-reperfusion injury.
In contrast, Guo et al.(2014) reported that LCN2-deficient
mice displayed upregulation of M1 macrophage markers
and downregulation of M2 markers in the adipose tissue and
liver of mice fed a high-fat diet. In another setting,
Warszawska et al.(2013) identified LCN2 as both a marker of
deactivated macrophages and a macrophage deactivator in
the lungs of mice with bacterial pneumonia. In this study,
LCN2 inactivation had a positive effect on diabetic wounds,
whereas it did not affect the healing of nondiabetic normal
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mice. Our in vitro study on the function and polarization of
macrophages showed a direct effect of recombinant LCN2
protein to prevent the switching of preactivated M1 macro-
phages to the M2 phenotype, although a limit of our
approach is the use of macrophages isolated from the peri-
toneum rather than from the skin.

Other factors may influence diabetic wound healing. Ab-
normalities in hair follicles result in defective hair develop-
ment and cycling, representing a sign of vascular impairment
and organ damage in diabetic patients (Miranda et al., 2016).
Efficiency of wound repair is also influenced by the hair
follicle cycle; wound healing was found to be accelerated
when mice are wounded in the late anagen stage, with
enhanced re-epithelialization and angiogenesis and
decreased immune cell infiltration (Ansell et al., 2011). Thus,
it is crucial that control and experimental mice are in a
comparable stage of hair follicle cycling for adequate com-
parison. Our diabetic mice and their respective controls are
in telogen stage (see Materials and Methods), thus providing
adequate comparison conditions.

The hair follicle expresses the MR (Jaisser and Farman,
2015), but limited knowledge is available on the direct ef-
fects of MR signaling and its blockade in hair biology. Post-
natal overexpression of MR in epidermal mouse skin induced
major hair follicle dystrophy leading to alopecia (Farman
et al., 2010; Sainte Marie et al., 2007). However, epidermal
MR deletion showed no impact on hair follicle number and
cycling in normal adult skin (Sevilla and Pérez, 2018). We
cannot rule out that, in diabetes, MR antagonism may affect
hair cycle with a subsequent impact on wound healing.
Future studies are required to investigate the relationship
between MR overactivation, its blockade by canrenoate, and
the abnormalities of hair follicles on wound repair and
epidermal barrier function in diabetic skin. In the dermis,
effects of MR antagonism on elastin and collagen synthesis
and tissue remodeling after injuries have been reported (Mitts
et al., 2010). Interestingly, it has been highlighted that MR
plays a significant role in modulating collagen synthesis in
various organs (Jaisser and Farman, 2015). Improvement of
the defective dermal remodeling processes in diabetic
wounds would represent important progress.

In summary, we identified a significant role of MR signaling
in inflammation and impaired vascular density accompa-
nying delayed diabetic wound healing using mouse models.
This study indicates the efficacy of MR blockade to restore
impaired re-epithelialization and angiogenesis and to reduce
inflammation after an acute wound in diabetic mice; whether
these benefits extend to human chronic diabetic wounds as
leg ulcers remains to be demonstrated. In a previous report,
we showed that application of a topical MR antagonist was
safe and effective in healthy volunteers with dermocorticoid-
associated skin atrophy and delayed wound healing (Maubec
et al., 2015; Nguyen et al., 2016). Topical MR antagonism
thus may be a simple and useful therapeutic strategy,
providing a significant benefit to diabetic patients with
delayed wound healing.

MATERIALS AND METHODS

Detailed information is provided in Supplementary Materials and
Methods.
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Wound healing in vivo
Two mouse models of diabetes were used for studying wound
healing in vivo, STZ-induced type 1 diabetes and type 2 diabetes
(db-db mice), with their appropriate controls. Wounds were gener-
ated with a 6-mm biopsy punch. For the db-db groups, wounds were
done at 10 weeks of age. At that time, all the dorsum skin displayed
a homogenous pink color. For the STZ groups, diabetes was induced
at 10 weeks, and we performed wounds at 15 weeks of age. We have
given a special attention to select dorsum areas at a telogen stage,
featured by pink skin color after hair clipping. The histology of the
lateral skin surrounding the healing wounds in both models
confirmed our clinical evaluation because we could not find any
evidence of anagen hair follicles (Supplementary Figure S6). MR
blockade over the wound was achieved by local application of the
MR antagonist potassium canrenoate or phosphate buffered saline,
and wounds were photographed to evaluate wound closure. At day 5
(STZ groups) or 7 (db-db groups), mice were euthanized, and wound
and skin specimens were collected for RNA and protein extraction,
immunolabeling, or FACS analysis.

Diabetes was also induced by STZ injections in 10-week-old fe-
male Lcn2-KO mice (Berger et al., 2006) and their appropriate
controls before wounding.

Local MR silencing by siRNA in wounds of diabetic type 1
mouse model

Mouse MR Stealth RNAI siRNAs (set of 3, MSS201383, MSS201384,
and MSS272869) were purchased from Thermo Fisher Scientific
(Waltham, MA). Stock solution was made by adding T m| water to 20
nmol MR siRNA set. The siRNA working solution was prepared by
1:10 dilution of siRNA stock solution with Mirus Transfection Re-
agent (Thermo Fisher Scientific). After wounding, 100 ul of siRNA
solution (0.2 nmol) was locally injected with a needle into each
wound at day O and day 2. The scrambled siRNA (Stealth RNAi
negative control, medium GC duplex, Thermo Fisher Scientific) was
prepared according to manufacturer’s instruction and used as
negative control. Photographs of wounds at day 3 and day 5 were
used to evaluate the degree of wound closure. Mice were killed at
day 5, and wounded skin samples were collected for histological
and molecular analysis.
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SUPPLEMENTARY MATERIALS AND METHODS

Reagents and antibodies

Reagents and drugs were purchased from Sigma-Aldrich (St.
Louis, MO) unless specified. Culture medium was purchased
from Gibco (Life Technologies, Carlsbad, CA). Recombinant
mouse LCN2 protein was purchased from R&D Systems
(Minneapolis, MN).

The following antibodies were used for immunohisto-
chemistry and immunofluorescence staining: rabbit poly-
clonal anti-keratin 14 (Covance, Princeton, NJ); rabbit
polyclonal anti-Ki67 and rabbit polyclonal anti-CD31
(Abcam, Cambridge, United Kingdom); and rat anti-mouse
CD31 (Biolegend, San Diego, CA). The following antibodies
were used for flow cytometry analysis: PE/Cy7-conjugated rat
anti-F4/80, FITC-conjugated rat anti-CD31, APC-conjugated
rat anti-CD45, APC/Cy7-conjugated rat anti-CD11b, PE-
conjugated rat anti-Ly6C, and FITC-conjugated rat anti-
CD206 (Biolegend).

Animals

All experiments were performed using 10- to 15-week-old
female mice (Janvier Laboratories, Le Genest-Saint-Isle,
France). Type 1 diabetes was induced in 10-week-old
C57BL/6j mice by daily intraperitoneal injection of strep-
tozotocin (STZ; 50 g/kg) in 0.05 mol/L citrate buffer (pH
4.5) for 5 days. Citrate buffer—injected mice were used as
controls. Blood glucose levels were measured using the
OneTouch Vita Kit (LifeScan, Milpitas, CA) 4 weeks after
STZ treatment. Animals with blood glucose levels > 350
mg/dl were considered to be diabetic and were used for
subsequent experiments. Ten-week-old db-db mice were
used as a model for type 2 diabetes. Db/" mice served as
controls. Female C57BL/6j Lcn2 whole-body knockout
(Berger et al., 2006) and wild-type littermate controls were
generated through appropriate breeding at our animal
facility.

Wounds were generated using a 6-mm biopsy punch; MR
blockade over the wound was achieved by local application
of the MR antagonist potassium canrenoate (0.5 mM) or
phosphate buffered saline, and the wounds were photo-
graphed to evaluate the degree of wound closure. At day 5
(STZ) or 7 (db-db), mice were euthanized and wound and
skin specimens collected.

Primary murine macrophage culture

Macrophages were collected from the peritoneum by
lavage 5 days after a single intraperitoneal injection of 3
ml of 3% thioglycolate medium. The cells were then
plated in RPMI 1640 media containing 10% fetal bovine
serum and 1% penicillin-streptomycin and incubated for 1
day in an incubator at 37 °C and 5% CO,, followed by 24
hours of stimulation with 100 ng/ml lipopolysaccharide to
promote the M1 phenotype. M1 macrophages were then
switched to M2 phenotype by 10 ng/ml IL-4 in the pres-
ence or absence of recombinant mouse LCN2 protein (1.5
ug/ml) for 48 hours (Supplementary Figure S4a). Cells
were harvested and processed for FACS analysis or RNA
extraction.
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FACS analysis

Cell suspensions isolated from wounded tissue harvested at
day 5 or 7 after wounding or in vitro cultured macrophages
were used for FACS analysis, according to established
methods with minor modifications (Adamson et al., 2016;
Nassar et al., 2012). Briefly, 1 x 10° cells were suspended
in 1% fetal bovine serum/phosphate buffered saline and
incubated with a combination of fluorescence-conjugated
antibodies in the dark for 1 hour at 4 °C. FACS data were
acquired using a BD LSR Il cytometer (BD Pharmingen, San
Diego, CA) and analyzed using FlowJo software (TreeStar Inc,
Ashland, OR). Various cell populations were calculated as
the percentage of total living cells. Specific marker expres-
sion is given as the geometric mean of conjugated fluores-
cence intensity. Wound macrophages were sorted using an
Influx Flow cytometer (BD Pharmingen).

LCN2 protein detection by ELISA

Total LCN2 protein from the wounds was assessed using a
DuoSet ELISA kit (R&D Systems), according to the manu-
facturer’s instructions. Briefly, 100 pl (3.5 pg protein) of each
sample were applied to a 96-well plate previously coated
with rat anti-mouse LCN2 capture antibody (Vitro, Madrid,
Spain) and blocked for 2 hours. After washing, biotinylated
rat anti-mouse LCN2 detection antibody was added and the
plate incubated for 2 hours. HRP-conjugated streptavidin was
then added and the plate incubated for an additional 20
minutes. Finally, substrate solution was added, the plate
incubated for 20 minutes, and color development assessed by
a microplate reader set to 450 nm.

Immunohistochemistry and immunofluorescence staining
Immunohistochemistry for CD31 was performed on sections
(5 pm) from paraffin-embedded paraformaldehyde-fixed
wound tissue of db-db mice using the Novolink Polymer
Detection Systems kit from Leica Microsystems (Nanterre,
France) following the protocol of the manufacturer. Immu-
nofluorescence staining was performed on 6 um cryosections
(STZ mice) or 5 um paraformaldehyde-fixed paraffin sections
(db-db mice) as described (Nguyen et al., 2016). Ki67-
labeled cells from 5 different fields were quantified as a
percentage of DAPI-stained nuclei. The length of the newly
formed epidermis was calculated by adding the lengths of the
neoepithelial tongues on both sides of the wound from the tip
of the epidermis to the site of the first hair follicle at the
wound margin. The surface of CD317 blood vessels (with
open and closed lumen) was measured in 5 different fields on
CD31-labeled sections, and the data are presented as a per-
centage of the total surface of the wound (Cho et al., 2006;
Khosrotehrani et al., 2011; Michalczyk et al., 2018). Dou-
ble stained Ki67/CD31 cells were used as an index of neo-
vascularization in wounds.

Real-time PCR

Total RNA extraction and real-time PCR were performed as
previously described (Maubec et al., 2015). The samples
were assayed in triplicate. Gene expression was normalized
to the relative levels of glucose-6-phosphate dehydrogenase
(values in controls were set to 1 and those in the treated
zones are expressed as fold changes). Primers were
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purchased from Eurogentec (Liege, Belgium); the sequences
of primers used in this study are shown in Supplementary
Table S1.

Statistics

Statistical analyses were performed using GraphPad Prism
software version 6.0. Results are expressed as mean =+ stan-
dard error of the mean. Differences between the means of
two groups were assessed using a nonparametric Mann-
Whitney test. Differences between multiple groups were
analyzed by one-way analysis of variance followed by the
Newman-Keuls multiple comparison test. P < 0.05 was
considered to be statistically significant.
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Supplementary Figure S1. MR siRNA
improves the delayed wound healing
in type 1 diabetic mice. Wounds of
CT and STZ-injected mice were
treated locally with MR siRNA or
scrambled control siRNA at day 0 and
day 2 post-wounding. Wounded skin
was harvested at day 5 for analysis.
mRNA levels of (a) MR and (b) LCN2
in wounds were analyzed by real-time
PCR, relative to that of CT. (c)
Photographs and (d) quantification of
the wound area from CT and STZ mice
with or without MR siRNA treatment
at the indicated times post-wounding.
(e) Wound sections at day 5 post-
wounding labeled with anti-K14
antibody (green) and DAPI (blue).
Quantification of (f) the length of the
neoepidermis and (g) the size of the
residual wound. (h) Photographs of
wound sections stained for CD31,
showing neomicrovessels formed in
wound beds of STZ mice treated with
MR siRNA or scrambled control and
(i) quantification. Data represent mean
=+ SEM; n = number of mice per
group, from 2 experimental series. (a,
b) One-way ANOVA followed by the
Newman-Keuls multiple comparison
test; (d) Two-way ANOVA followed by
the Newman-Keuls multiple
comparison test. (f, g, i) Mann-
Whitney test. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001, STZ vs
CT.(d) §P<0.05, §§§§P<0.0001,

STZ 4+ MR siRNA vs STZ + scrambled
siRNA. ANOVA, analysis of variance;
CT, control; MR, mineralocorticoid
receptor; siRNA, small interfering
RNA; SEM, standard error of the
mean; STZ, streptozotocin.

Bar = 100 pm.
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Supplementary Figure S3. Canrenoate normalizes the enhanced production
of LCN2 in db-db wounds. (a) mRNA and (b) protein levels of LCN2 in
wounds at day 7 were analyzed by real-time PCR and ELISA. Data represent
mean £ SEM; n = number of mice per group, from 2 experimental series.
One-way ANOVA followed by the Newman-Keuls multiple comparison test.
#**p < 0.001; ****P < 0.0001. ANOVA, analysis of variance; CT, control;
SEM, standard error of the mean.
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Supplementary Figure S5. Schematic model for effects of topical MR antagonist on delayed wound healing of diabetes. In diabetic wounds, enhanced MR
signaling leads to increased secretion of LCN2. Topical MR antagonist limits the production of LCN2 in diabetic wounds, leading to a switch of macrophage
polarization toward M2 phenotype. Induced M2 macrophage polarization results in (1) decreased expression of proinflammatory cytokines and increased

expression of anti-inflammatory cytokines, therefore preventing prolonged inflammation of diabetic wounds, and (2) increased expression of angiogenic factors

leading to increased angiogenesis and improved wound repair in diabetes. MR, mineralocorticoid receptor.
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Supplementary Figure S6. Histology of wounded skin. H&E staining of
wounded skin sections showing the histology of wounds and surrounding skin
of mice from (a) STZ groups and (b) db-db groups. H&E, hematoxylin and

eosin.

Supplementary Table S1.

The sequences of quantitative RT-PCR primers

Gene Forward Reverse

Gapdh GTGGCAAAGTGGAGATTGTTGCC GATGATGACCCGTTTGGCTCC
Mr CCAGAAGAGGGGACCACATA GGAATTGTCGTAGCCTGCAT
16 CTCTGGGAAATCGTGGAAATG AAGTGCATCATCGTTGTTCATACA
Tnfa GCCTCTTCTCATTCCTGCTTG CTGATGAGAGGGAGGCCATT
Mcpl ATCCCAATGAGTAGGCTGGAGAGC CAGAAGTGCTTGAGGTGGTTGTG
1I1b CAAATCTCGCAGCAGCACA TCATGTCCTCATCCTGGAAGG
112 GCCCTCTCTCTCCTCTTGCT GTCTGCCTCTTTTGGTCAGG
1123 CCAGCGGGACATATGAATCT AGGCTCCCCTTTGAAGATGT
Ym1 GGGCATACCTTTATCCTGAG CCACTGAAGTCATCCATGTC
Retnla CCCTCCACTGTAACGAAGAC CAACGAGTAAGCACAGGCAG
110 AGCCGGGAAGACAATAACTG CATTTCCGATAAGGCTTGG
Fizz1 TCCCAGTGAATACTGATGAGA CCACTCTGGATCTCCCAAGA
Argl CGCCTTTCTCAAAAGGACAG CCAGCTCTTCATTGGCTTTC
Mmp9 CAGGAGTCTGGATAAGTTGG CTGGAAGATGTCGTGTGAGT
Lcn2 CTACAATGTCACCTCCATCCTGG GCATATTTCCCAGAGTGAACTGGC
Fgf2 CACCAGGCCACTTCAAGGAC ATAGCAAGGTACCGGTTGGC
Plgf TGCTGGGAACAACTCAACAGAA TCTCCATGGGCCGACAGTAG
Vegfa CAGGCTGCTGTAACGATGAA AATGCTTTCTCCGCTCTGAA
Angptl CACGTGGAGCCGGATTTCT ATCTGGGCCATCTCCGACTT
Angpt2 TAGCATCAGCCAACCAGGA AAGGACCACATGCGTCAAAC
Tie2 ATGTGGAAGTCGAGAGGCGAT CGAATAGCCATCCACTATTGTCC
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