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Abstract

Chronic wounds are among the most devastating and difficult to treat consequences of diabetes.
Dysregulation of the skin renin-angiotensin system is implicated in abnormal wound healing in
diabetic and older adults. Given this, we sought to determine the effects of topical reformulations
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of the angiotensin type 1 receptor blockers losartan and valsartan and the angiotensin-converting
enzyme inhibitor captopril on wound healing in diabetic and aged mice with further validation in
older diabetic pigs. The application of 1% valsartan gel compared with other tested formulations
and placebo facilitated and significantly accelerated closure time and increased tensile strength
in mice, and was validated in the porcine model. One percent of valsartan gel-treated wounds
also exhibited higher mitochondrial content, collagen deposition, phosphorylated mothers against
decapentaplegic homologs 2 and 3 and common mothers against decapentaplegic homolog

4, alpha-smooth muscle actin, CD31, phospho-vascular endothelial growth factor receptor 2,

and p42/44 mitogen-activated protein kinase. Knockout of the angiotensin subtype 2 receptors
abolished the beneficial effects of angiotensin type 1 receptor blockers, suggesting a role for
angiotensin subtype 2 receptors in chronic wound healing.

INTRODUCTION

Chronic wounds are among the most common, painful, and debilitating consequences of
diabetes (Abbott et al., 2002; Boulton et al., 2005; Singh and Newman, 2011). The biology
of normal wound healing includes sequential yet overlapping inflammatory, proliferative,
and remodeling phases that involve complex biological signaling. Dysregulation of this
signaling is thought to underlie skin breakdown, poor healing, and the development of
chronic wounds (Stadelmann et al., 1998a). The renin-angiotensin system (RAS) is involved
in the inflammatory response, collagen deposition, and transforming growth factor-beta
(TGFB) signaling necessary for wound healing (Cooper, 2004; Hao et al., 2011; Rodgers et
al., 2011; Steckelings et al., 2004). The RAS is known to be dysregulated in both aging and
diabetes, with increased angiotensin Il type 1 receptor (AT1R) and decreased angiotensin |1
type 2 receptor (AT,R) expression in diabetic wound healing and aging (Hao et al., 2011),
which may play a role in the skin vulnerability associated with aging and diabetes (Abadir
et al., 2011; Cooper, 2004; Hao et al., 2011). Indeed, the altered dermal AT{R and AT,R
ratio is associated with thinning of the epidermis, degeneration of collagen, fracture of the
dermal layer, and atrophy of subcutaneous fat in diabetic rats (Hao et al., 2011). To date, one
study suggests that the use of oral angiotensin type 1 receptor blockers (ARBSs) in animal
models impaired fibroblast migration and delayed wound healing (Yahata et al., 2006). The
AT,R is less studied than AT4R in the context of wound healing, but its anti-inflammatory,
antiapoptotic, and cell differentiation effects likely oppose the effects of AT{R (Vajapey et
al., 2014). The overarching hypothesis of this study is that the topical and phase-targeted use
of angiotensin receptor blockers would accelerate wound healing and collagen deposition
and enhance the quality of healing skin via the TGFp signaling pathway.

RESULTS

To ascertain the impact of ARBs on wound healing, downstream effectors, and healed skin
quality, we reformulated oral RAS blockers into topical treatments (gels). Topical ARBs
were selected to avoid the systemic impacts of ARBs and to focus on the effects of the local
skin RAS. We studied the effects of these treatments on wounds in young diabetic (Leor®/J)
and aged nondiabetic (C57BL/6) mice, as well as aged diabetic pigs.

J Invest Dermatol. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abadir et al.

Page 3

Delayed application of topical losartan accelerated wound healing in diabetic mice

Previous research supports the notion that the activation of the RAS in skin plays a crucial
role in wound healing (Cooper, 2004; Hao et al., 2011; Yevdokimova and Podpryatov,
2007). It has also been suggested that systemic AT{R blockers impair fibroblast migration
and delay wound healing (Yahata et al., 2006) and that the impact of AT{R and AT,R

on wound healing may be phase dependent (Faghih et al., 2015). To test the effects of
topical ARBs on different phases of wound healing, we utilized standardized wounding
techniques to generate 8-mm dorsal wounds on the backs of 8-week-old BKS.Cg-m+/+
Lepr?13db/db mice. We applied 5% topical losartan (dose extrapolated from skeletal muscle
findings (Burks et al., 2011, 2015) to three different groups (Supplementary Figure S1
online) that correspond to wound phases (group 1, treatment up to day 3 after wounding

to target the inflammatory phase; group 2, treatment starting on day 7 after wounding to
target the proliferative/remodeling phase; group 3, treatment from the first day until closure
to target all phases; group 4, vehicle treatment as the control). As shown in Figure 1a, the
results suggest that treatment with 5% losartan starting on day 7 after wounding significantly
accelerated the time to closure compared with other treatment groups and the control (P<
0.05; Figure 1a). We next sought to determine if there was a difference in the healed skin’s
physical characteristics (peak force, total work, and compliance). Our results show that the
accelerated healing rate observed in the delayed losartan group was associated with stronger
healed skin that required more force to break (/<0.05; Figure 1b). Topical treatment with
losartan increased the blood flow to the woundbed (/<0.05; Figure 1c), which is consistent
with the vasodilation properties of ARBs.

Topical losartan versus valsartan.—Despite the similarity in the specificity of
different ARBs toward ATR, each ARB has unique properties, affinity to AT{R, and
impacts on cellular functions (Gring and Francis, 2004). Losartan is a selective AT1R
blocker, but it also has partial PPARY agonist properties. Furthermore, 14% of losartan

is metabolized by cytochrome P450 2C9 enzyme to its metabolite EXP 3174 (Aulakh

et al., 2007; Jackson, 2006). Valsartan was selected as a comparative ARB based on its
AT 1R specificity and because it is an active drug that does not require metabolism. We
therefore compared the efficacy of 1%, 5%, and 10% losartan gel with that of 0.5%, 1%,
and 5% valsartan gel applied during the proliferation/remodeling phase of wound healing
in diabetic mice. The results (Figure 1d) demonstrated that valsartan was more efficacious
in accelerating wound healing compared with losartan. Even though each valsartan dose
significantly accelerated healing compared with placebo (val 1%; = 0.006, val 0.5%; P
=0.02, val 5%; P=0.01), there was no significant difference in healing time between

any of the valsartan doses. However, val 1% had a greater overall impact on total closure
compared with other agents. In contrast, the application of 10% losartan was associated
with worse wound healing (P < 0.05), suggesting possible toxicity related to that higher
dose. The smallest wound area over time compared with placebo was seen with losartan
1%. The rate of wound closure was significantly faster with valsartan 1% compared with
losartan 1% (P < 0.001 during the early stage and £ < 0.05 during the later stage of
wound healing). To determine the mechanism associated with the differential effects of the
best dose of valsartan 1% compared with the best dose of losartan 1%, we examined the
changes in mMRNA expression of the angiotensin receptors (AT1R and AT,R) and the three
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isoforms of TGFp (1, 2, and 3) in wounds treated with valsartan 1% and losartan 1%.
Wounds treated with 1% valsartan had a lower AT{R mRNA quantity (0.7-fold, £< 0.05)
than those treated with losartan 1%. The valsartan treatments also caused a nonsignificant
increase in the AT,R mRNA and a decrease in TGFy3 mRNA (0.8-fold, £< 0.05) (Figure
1e). Additionally, the Kaplan-Meier analysis (Figure 1f) revealed that when 50% of the
animals in the valsartan 1% cohort achieved complete wound healing, only 10% of the
placebo-treated mice achieved complete wound healing (P < 0.001). These findings provided
a rationale for the choice of 1% valsartan applied starting at day 7 after wounding as the
dose for the experiments described below.

Topical valsartan versus captopril.—Clinically, both ARBs and angiotensin-
converting enzyme (ACE) inhibitors have yielded comparable results in terms of blood
pressure control and cardiovascular protection (Li et al., 2014). Pharmacologically, ARBs
and ACE inhibitors differ in their mechanism of action and the level at which they block the
RAS. Although ARBs block the RAS distally at the AT{R level, ACE inhibitors block

the conversion of angiotensin | to angiotensin 11 and thereby decrease the amount of
available angiotensin 1l to bind to either AT{Rs or AT,Rs. Topical treatment with captopril
5% significantly delayed the wound closure rate compared with valsartan 1% (~ < 0.05).
Interestingly, the addition of valsartan 1% to captopril 5% did not alleviate the negative
effects of captopril (Figure 2a). Our data also suggest that topical treatment with 1%
valsartan increased the ratio of type 111 collagen to total collagen compared with placebo
(P<0.05; Figure 2b). Given the mechanistic difference between the agents described above,
the contrast between valsartan and captopril may suggest a role for AToRs in mediating the
effects of topical valsartan (captopril deactivates both AT;R and AT,R, whereas valsartan
deactivates only AT;R and augments AT,R). To further clarify the possibility of a role for
AT,R in wound healing, we applied valsartan 1% gel to AT,R™/~ mice. Our data (Figure

2c) show that valsartan 1% paradoxically delayed wound healing in AT,R™~ mice (P<
0.001 on day 9 and day 11). Together, these results demonstrate that the application of 1%
valsartan gel starting on day 7 after wounding accelerated the time to wound closure and
that AT2R plays a role in mediating the effects of topical valsartan. Changes in wound tissue
inflammatory markers (Supplementary Figure S2 online) suggest that the pharmacological
blockade of the angiotensin type 1 receptor with topical valsartan during wound healing may
alter inflammatory response but also clearly demonstrate that this interaction is complex and
changes with duration or onset of administration of the topical ARB.

Finally, to determine if the effects of valsartan are specific to diabetic wound healing or if it
applies as well to wounds in aging models, we studied the effects of 1% valsartan treatment
on young and aged C57BL/6J mice. We compared control and valsartan treated 6- to
8-week-old male C57BL/6J mice with 104-week-old male C57BL/6J mice. Our data (Figure
2d) demonstrate that aged C57BL/6J mice have slower wound healing rate as compared
with the young controls. Our data also demonstrate that 1% valsartan gel accelerated wound
healing in young and aged C57BL/6J mice, but the impact was more pronounced in the aged
animals.
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Testing valsartan 1% in the diabetic porcine model of chronic wound healing.
—Pig skin has been shown to have similar physiohistological properties to human skin and
is suggested as a good model for human wounds (FDA, 2006). Driven by the promising
effects of 1% valsartan gel on accelerating wound healing in mice, we sought to determine
the effects of this agent on an aged and diabetic porcine model of wound healing. Diabetic
(36 months) Yucatan miniature swine were studied. Diabetes was alloxan induced at 7
months of age. Animals were 3 years old at the time of wounding and had blood sugars
ranging from 200 to 400 mg/dl to approximate older diabetic humans with poor glucose
control. Wounds treated with valsartan 1% exhibited superior healing compared with those
treated with placebo gel (Supplementary Video S1 online and Figure 3a and b). Consistent
with these photographic results, wounds receiving valsartan showed faster wound closure
rates than corresponding placebo gel-treated wounds over a period of 57 days (Figure 3c;
P<0.0001). Ultraperformance liquid chromatography was utilized to determine whether
valsartan was systemically absorbed from the pig wounds treated with topical valsartan.
The results revealed valsartan plasma concentrations ranging from 1 nM to a peak of 50
nM early in the course of treatment. Valsartan was undetectable in the blood later in the
treatment course (for comparison, an expected blood level of valsartan in a human after
oral valsartan is 4,000-5,000 nM). All wounds treated with 1% valsartan gel were closed
on day 50, compared with none of the placebo-treated wounds. Using an automated digital
analysis of daily wound images (Supplementary Figure S3a online) to monitor changes in
different wound compartments, lower rates of accumulation of slough at the wound base (P
< 0.0001; Supplementary Figure S3b, top) and higher rates of epithelialization (£ < 0.0001;
Supplementary Figure S3b, bottom) were demonstrated in valsartan-treated wounds.

Selective activation of the SMAD signaling pathway.—Although not completely
characterized, wound healing is greatly influenced by subtle changes in the TGFf
superfamily, which is strongly influenced by the RAS (Crowe et al., 2000; Finnson et

al., 2013; Roberts et al., 1988; Steckelings et al., 2004; Yevdokimova and Podpryatov,
2007). The TGFp superfamily includes TGF, bone morphogenetic proteins, and activins.
TGFp signaling mediates the phosphorylation of mothers against decapentaplegic (SMAD)
family proteins (Zandifar et al., 2012). Phosphorylated SMADs then translocate to the
nucleus with the common mediator (co-SMAD) SMAD4 (Bergstrom et al., 2010; Moustakas
and Heldin, 2009). Additionally, SMAD activity is regulated by phosphorylation through
nonreceptor kinases such as p42/44 mitogen-activating protein kinase (MAPK) and p38
MAPK (Matsuura et al., 2005; Valluru et al., 2011). In chronic wounds, failure of TGFp
SMAD?2 and 3 phosphorylation and a reduction in p42/44 MAPK activity were associated
with a slower proliferative rate and impaired healing (Kim et al., 2003). The RAS has been
tightly linked to TGF activity, but the specific effects of AT1R on the different SMADs
during wound healing are not known. To determine the molecular mechanisms by which
valsartan may have influenced the wound healing process, we quantified the changes in
SMADs (1, 2, 3, 4, 5, and 9) using immunohistochemistry. We included members of the
bone morphogenetic protein family (SMAD 1, 5, and 9) to determine the specificity of
valsartan impact on the TGFp superfamily and to serve as an internal validation. Our results
show that topical valsartan inhibited SMADs 1 and 2 but activated SMAD3 (Figure 4 and
Supplementary Figure S4 online) in the wounds of diabetic aged pigs. To examine the
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impact of the changes in SMADs 2 and 3, we quantified the changes in phosphorylated
SMAD:s and co-SMAD4 and demonstrated an increase in phosphorylated SMAD2 and
phosphorylated SMAD3 and an increase in co-SMAD4 (Figure 4). Treatment with valsartan
also decreased the phosphorylation of SMAD1, 5, and 9 (Supplementary Figure S4).

Enriched mitochondrial, proliferation, and angiogenesis markers in aged
diabetic pig wounds treated with valsartan.—Because topical valsartan treatment in
aged diabetic pig wounds increased phosphorylation of SMAD2 and SMAD3 and increased
the rate of granulation tissue formation and re-epithelialization, we examined the effect of
valsartan on factors linked to SMAD3 and involved in wound healing. Previous research
suggested that in chronic wounds, the decrease in SMAD3 was associated with a parallel
decrease in MAPK and that exogenous SMAD3 administration enhanced alpha-smooth
muscle actin (a-SMA) and vascular endothelial growth factor (Sumiyoshi etal.,2004). In
diabetic aged pig wounds, valsartan enhanced the phosphorylation of p42/44 MAPK (Figure
5). We also observed an increase in a-SMA and phosphorylated vascular endothelial growth
factor receptor 2 (Figure 5) as well as CD31(Supplementary Figure S5 online). Finally, we
previously reported the presence of a functional RAS within the mitochondria that played a
role in bioenergetics regulation (Abadiretal., 2011). Other groups reported that the knockout
of the AT1R receptor leads to significant increases in mitochondria (Benigni et al., 2009).
The evaluation of mitochondrial content in healing wounds treated with valsartan revealed a
significant increase in the number of mitochondria (Figure 5).

Valsartan increases skin biomechanical tensile strength.—Because faster wound
closure and healthy closure may not be synonymous (Faghih et al., 2015), the impact of
valsartan 1% on the quality of wound repair was also assessed. Using Masson’s trichrome
(Figure 6a—h) and hematoxylin and eosin stains (Figure 6i), we examined the collagen
content and other histological changes in healing skin. Tensiometry was employed to
quantify the differences in tensile strength between placebo- and valsartan-treated wounds.
Consistent with our mouse data (Figure 2b), the accelerated wound healing rate observed
with valsartan treatment in aged diabetic pigs was associated with a significantly thicker
epidermal layer (192 + 11 pm vs. 110 + 22 um; valsartan vs. placebo, £ < 0.001; Figure 6c,
d, and g) and dermal collagen layer (6 £ 0.2 mm vs. 3.9 + 0.1 mm; valsartan vs. placebo,
P<0.001; Figure 6a, b, and h). Ultrastructural analysis revealed a more organized collagen
fiber arrangement in valsartan-treated wounds (Figure 6e) than the coarser and irregular fiber
outlines, consistent with scar tissue in placebo-treated wounds (Figure 6f). Biomechanically,
valsartan treatment yielded significantly stronger healing skin with a higher tensile strength
(Supplementary Video S1 and Figure 6j and k), suggesting more resilience against wound
dehiscence and recurrence, a highly relevant concern in diabetic patients.

DISCUSSION

Together, our results demonstrate that 1% valsartan enhances chronic wound healing in
diabetic mice and aging diabetic pigs. The accelerated healing rate was associated with
increased wound blood flow, collagen deposition, and re-epithelialization and led to an
increased tensile strength of healing skin. The improved skin parameters were associated
with selective activation of SMAD2, SMAD3, and co-SMADA4 along with increased MAPK,
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a-SMA, CD31, and vascular endothelial growth factor receptor 2 expression and a higher
mitochondrial content in tissues obtained from the wound bed. A schematic representation
of the observed biologic changes related to valsartan treatment compared with placebo is
shown in Figure 7. Our results are consistent with prior reports on the effects of the RAS
on skeletal muscle repair and demonstrate the efficacy of topical ARBs in chronic wound
healing. Furthermore, our results suggest that the beneficial effects of RAS blockade seen
with ARBs do not extend to ACE inhibitor.

AT;R amplifies inflammatory signaling, a necessary activating function that leads to the
proliferation phase but a function with potential negative consequences on wound healing
in aging and diabetes as the inflammatory phase does not sufficiently resolve to allow
proliferation and remodeling in granulation tissue. The blockade of the AT1R during the
early stages of wound healing was associated with a slower closure rate, perhaps resulting
from the disruption of the inflammatory phase and impairment of the transition to the
proliferative and remodeling phases (Falanga, 2005; Pradhan et al., 2009; Scimeca et al.,
2010; Stadelmann et al., 1998a; Van de Kerkhof et al., 1994). In previous reports, wounds
in AT{R™~ mice had a delayed healing pattern when compared with controls (Yahata et
al., 2006). This result is also supported by our previous results showing a significantly
slower healing rate as well as a reduction in both proliferating cell nuclear antigen and
phospho-histone H3 in the healing skin of AT{R™~ mice (Faghih et al., 2015). The AT;R™/~
wound healing results correspond to the application of topical ARBs throughout all phases
of wound healing.

In contrast, starting the selective blockade of AT{R with ARBs, and most specifically

with 1% valsartan, in diabetic and aged mice as the healing wounds were transitioning

to the proliferative phase caused a significant increase in wound blood flow and collagen
deposition along with an accelerated rate of healing. In a recent study by Kamber et

al. (2015), oral treatment with losartan in diabetic mice immediately after wounding

was associated with accelerated wound healing. Differences in drug metabolism, tissue
distribution, and systemic effects (effects on blood pressure, heart rate, and immune system)
may explain this apparent discrepancy.

The pattern of healing (increased buildup of slough and plateau of the healing rate) seen

in the wounds of placebo-treated aged diabetic pigs resembles the impaired healing seen
in older humans with chronic wounds (Stadelmann et al., 1998b). A key characteristic

of chronic wounds is the failure to progress through wound phases and to get “stuck”

in the inflammatory phase (Stadelmann et al., 1998b). Cells from patients with chronic
wounds also reveal a failure of phosphorylation of the SMAD pathway (Kim et al.,

2003). SMAD proteins are required for signaling in the TGF superfamily. Our results
demonstrate selective phosphorylation of SMAD2 and SMAD3 and inhibition of SMAD1,
2, 5, and 9 with valsartan treatment. The implication of higher SMAD2 phosphorylation
despite lower SMAD? levels is unclear. The impact of RAS blockers on the continuously
dynamic equilibrium and the nucleocytoplasmic shuttling and degradation of SMADs

(Lin et al., 2006; Schmierer and Hill, 2005) remains an uncharted territory. The
association between the activation of valsartan-induced SMAD?2 phosphorylation, SMAD3
phosphorylation, upregulated co-SMADA4, and accelerated rate of healing aligns with prior
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reports demonstrating augmented wound healing (increased granulation tissue area, number
of capillaries, and re-epithelialization rate) with the administration of exogenous SMAD3
(Sumiyoshi et al., 2004) and TGFp (Roberts, 1995; Sporn et al., 1983) in the wounds.
Furthermore, it has also been shown that SMAD3 phosphorylation is associated with
increased collagen gene transcription and promotion of collagen production (Inagaki et al.,
2001; Rozen-Zvi et al., 2013; Wang et al., 2007), which is consistent with the results from
our mouse and pig models, which demonstrated increased collagen deposition with topical
valsartan treatment. This increased collagen deposition and improved collagen arrangement
provides an important scaffold for healing cells and explains the increased tensile strength
of treated skin. The effects of valsartan on wound collagen deposition and arrangement
may open a new avenue for the use of topical ARBs in skin wrinkling and maxilla-facial
reconstructive surgery.

MATERIALS AND METHODS

The following sections contain a brief overview of the methods used for results presented
in this article. For further details of these methodologies, see Supplementary Materials and
Methods online.

Mouse experiments

These experiments were approved by the Johns Hopkins Animal Care and Use Committee.
To ascertain the influence of angiotensin receptors on wound healing, downstream effectors,
and healed skin quality, we compared control and treated 6- to 8-week-old female
BKS.Cg-Dock 7m/+ Lepr)] (Jackson Laboratories, Bar Harbor, ME), ATIR ™~ (Jackson
Laboratories), and AT,R™~ knockout (AT,R ) mice (supplied by Dr Tedashi Inagami,
Vanderbilt University, Nashville, TN) (Ichiki et al., 1995; Tanaka et al., 1999). Blood
glucose was measured in all BKS.Cg-Dock 7-m+/+ Lepr®]3, and animals studied were
confirmed to be diabetic at the time of experiments.

For the aging experiments, we compared control and treated 6- to 8-week-old male
C57BL/6J wild-type mice (National Institute of Aging Aged Rodent Colonies, Germantown,
MD) with 100-week-old male C57BL/6J mice. A full thickness 8-mm wound was created by
punch biopsy as previously described (Faghih et al., 2015).

Pig experiments

All pig experiments were performed in Sinclair Research Farm (Columbia, MO) under
protocols approved by the Animal Care and Use Committee at the research farm. Diabetic
(36 months) Yucatan miniature swine were studied. Diabetes was alloxan induced at 7
months of age. Three diabetic Yucatan miniature swine underwent surgical creation of eight
circular 5-cm-diameter (approximately 20 cm?) full thickness excisional skin wounds on the
paraspinous areas (four per side) under general anesthesia.

Reformulation of RAS inhibitors

The Johns Hopkins Research Pharmacy compounded placebo, valsartan, losartan, and
captopril gels. Placebo wounds always received a placebo gel containing the antiseptic.
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Longitudinal tissue composition analysis of porcine wounds

To analyze the tissue composition of the wounds over the time of the study, an automated
analytical tool that combines machine learning and computer vision was utilized (Tissue
Analytics, Baltimore, MD, https://www.tissue-analytics.com).

Laser Doppler perfusion imaging

Blood flow in the wound areas was measured using a 633-nm, He-Ne scanning laser
Doppler imaging device (Moor Instruments, Devon, UK), as previously described (Zhang et
al., 2010).

Physical measurements of tissue strength

Peak force, work to rupture, and flexibility of healed skin were calculated at day 21 using
an FGV-10XY tensiometer (Checkline by Electromatic, Cedarhurst, NY) as previously
described (Douetal.,2014).

Collagen biochemical analysis and quantification

Collagen quantification in mice skin was performed as previously described (Kligman et al.,
1989).

Measurement of blood valsartan level

Untreated pig plasma collected at baseline and days 8, 18, and 56 of treatment were
separated on an Agilent 1290 Ultra Performance Liquid Chromatography system. The limit
of quantitation was 1 nM in porcine plasma.

Histology/immunofluorescence

Healing skin tissues at the end the termination of each study were stained with Masson’s
trichrome (Polysciences, Warrington, PA) or using immunofluorescence techniques as
previously described (Faghih et al., 2015).

Quantitative real-time reverse transcription PCR

Real-time PCR was performed using Brilliant I1 SYBR Green QPCR Master Mix (Agilent
Technologies, Santa Clara, CA) and Mx3000P QPCR System (Agilent Technologies).

Statistical analysis

The data are presented as the mean + standard error of the mean. Differences in mean
values between groups were analyzed for significance using a two-way analysis of variance,
followed by the Holm-Sidak post hoc analysis when appropriate. A probability value of
<0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AT,R™~ angiotensin 11 type 2 receptor knockout

MAPK mitogen-activating protein kinase

RAS renin-angiotensin system

SMAD mothers against decapentaplegic

TGFB transforming growth factor-beta
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Figure 1. Wound closure measurements in mice treated with different angiotensin system
blockers at different time points of wound healing.

Planimetric assessment of (a) the wound closure rate and biomechanical assessment, n = 6
mice per group, and of (b) healed skin in diabetic (Lepr?/J) mice treated with 5% topical
losartan, n = 3-5 mice per group. (c) Laser Doppler perfusion imaging of wound area
blood flow, n = 5 mice per group. (d) Planimetric assessment of the wound closure rate in
Lepr@/J mice treated with different doses of valsartan and losartan gels applied 7 days after
wounding, n = 7-8 mice per group. (e) Altered mRNA expression of wound angiotensin
receptors and TGFp isoforms in Lepra/J mice treated with losartan 1% and valsartan 1%,
n = 3-5 mice per group. (f) Kaplan-Meier analysis of complete wound closure in Lepr@/J
mice treated with 1% valsartan n = 7-8 mice per group. *£< 0.05, **P<0.01, ***P<
0.001, +++P<0.001 los 1% versus val 1% early stage, +P < 0.05 los 1% versus val 1% late
stage of wound healing. AT1R, angiotensin Il type 1 receptor; TGFp, transforming growth
factor-beta.

J Invest Dermatol. Author manuscript; available in PMC 2024 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Abadir et al.

a

Wound Area (%)

Wound Area (%)

100 -

50

100 -

50

Page 14
B Placebo b o P
B Val 1% + Cap 5% B ios s contreto
@ Val 1% ® — le {ul + u1=ZOOkDa;
9, 0.10 aa— ailil)
B Cap 5% § = . 5 =g
* ) 'E'« (]
SE ® Ao
i 0.05
0.00- s n L s
9 14 17 20 Cap cgp Val Placebo
Days Elapsed val
d
100 ~ i B Young C57BL/6 control
B AT,R” Ctrl < ki B Young C57BL/6 Val 1%
m AT R-/- Val 1% o @ Old C57BL/6 control
v S **** |m Old C57BL/6 Val 1%
& % %k Kk k
2 50 o
S —
o
=

7 9 11 13
Days Elapsed

9 11 14
Days Elapsed

Figure 2. Impact of topical ARB and ACEi on wounds of aged, diabetic and ATZR‘/' mice.
(a) Comparison between 1% valsartan gel and 5% captopril gel applied starting on seventh

day after wounding, demonstrating delayed healing with captopril, n = 7-9 mice per group.
(b) Collagen type HI/I+111 ratio quantification and representative image, n= 3—4miceper
group in wounds of Lepr?/J mice treated with valsartan 1% and/or captopril 5%. The
highest ratio was found in the wounds treated with valsartan. (c) One percent valsartan gel
failed to accelerate wound closure in AT,R™~ mice, n = 5-6 mice per group. (d) Planimetric
assessment of the wound closure rate in young (6 weeks old) and aged (104 weeks old)
C57BL/6 male mice treated with 1% valsartan gel applied starting on seventh day after
wounding, n = 7-10 mice per group. The data are presented as the mean + standard error of
the mean. *P< 0.05, ***P < 0.001. ****P < 0.0001. AT,R™/", angiotensin Il type 2 receptor

knockout.
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Figure 3. Wound closure measurements in diabetic pigs treated with daily 1% valsartan gel
applied starting on seventh day after wounding.

(a) Representative images of pig wounds as days elapsed showing marked difference
between valsartan- and placebo-treated wounds. (b) A close-up image to provide more
details of healing differences on day 22 in valsartan-(top) and placebo-treated (bottom)
wounds. (c) Planimetric assessment of the changes in wound size in aged diabetic pigs
treated with 1% valsartan gel. Total n = 12 wounds per treatment group. The data are
presented as the mean + standard error of the mean. ****£ < (0.0001.
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Figure 4. Changes in the transforming growth factor-beta superfamily downstream signaling

proteins in wounds of aged diabetic pigs.

Valsartan-treated wounds express higher levels of SMAD3, phosphorylated SMAD2 and
phosphorylated SMAD3, and the common mediator SMAD4 in healed skin compared with
placebo. A decrease in the expression of SMAD2 was also observed in the valsartan-treated
wounds. The photomicrographs present red or green fluorescent staining with a blue DAPI
nuclear counter stain at x63 magnification. Quantification of the levels of SMADs in porcine
wounds is shown. Total n = 12 wounds per treatment group. Scale bar, 20 um. The data are
presented as the mean fluorescence intensity + standard error of the mean. ****P< 0.0001.

SMAD, mothers against decapentaplegic.
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Figure 5. Enhanced mitochondrial, proliferation, and angiogenesis markers in aged diabetic pig
wounds treated with valsartan.

Higher mitochondrial Cox 1V expression was found in wounds treated with daily valsartan
gel. Treated wounds also exhibited higher levels of alpha-smooth muscle actin (a.-SMA)
and increased phosphorylation of p42/44 mitogen-activating protein kinase (MAPK) and
vascular endothelial growth factor (VEGF) receptor 2. The photomicrographs present red
or green fluorescent staining with a blue DAPI nuclear counter stain at x63 magnification.
Quantification of the levels in porcine wounds is shown. Total n = 12 wounds per treatment
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group. Scale bar, 10 um (COX IV) or 20 um (all others). The data are presented as the mean
fluorescence intensity + standard error of the mean. ****P< 0.0001.
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Figure 6. Impact of topical valsartan 1% on the quality of wound repair.
Masson’s trichrome staining of skin sections from aged diabetic pigs of (a) valsartan- and

(b) placebo-treated wounds (scale bar, 4 mm). Representative image of epidermis in (c)
valsartan- and (d) placebo-treated skin (scale bar, 50 pm). Representative image showing
collagen arrangement in (e) valsartan- and (f) placebo-treated skin (scale bar, 50 um). (g,

h) Quantification of thickness of epidermis and dermal collagen layers in porcine wounds.
(i) Hematoxylin and eosin image. Biomechanical assessment of healed skin in pig cohorts
showing comparison of the (j) average tension at the break point and (k) average work at the
break point in healed wounds. Total n = 12 wounds per treatment group. *£ < 0.05, **P<
0.01, ***P< 0.001.
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Figure 7. Schematic representation of the biologic changes observed in chronic wounds treated
with valsartan compared with those treated with placebo.

a-SMA, alpha-smooth muscle actin; ARB, angiotensin Il type 1 receptors blocker; iNOS,
inducible nitric oxide synthase; MAPK, mitogen-activating protein kinase; SMAD, mothers
against decapentaplegic; VEGF, vascular endothelial growth factor.
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