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Abstract

Molecular mechanisms leading to pressure ulcer development are scarce in spite of high mortality of patients. Development
of pressure ulcers that is initially observed as deep tissue injury is multifactorial. We postulate that biomechanical forces and
inflammasome activation, together with ischemia and aging, may play a role in pressure ulcer development. To test this we
used a newly-developed bio-mechanical model in which ischemic young and aged human skin was subjected to a constant
physiological compressive stress (load) of 300 kPa (determined by pressure plate analyses of a person in a reclining position)
for 0.5-4 hours. Collagen orientation was assessed using polarized light, whereas inflammasome proteins were quantified
by immunoblotting. Loaded skin showed marked changes in morphology and NLRP3 inflammasome protein expression.
Sub-epidermal separations and altered orientation of collagen fibers were observed in aged skin at earlier time points. Aged
skin showed significant decreases in the levels of NLRP3 inflammasome proteins. Loading did not alter NLRP3
inflammasome proteins expression in aged skin, whereas it significantly increased their levels in young skin. We conclude
that aging contributes to rapid morphological changes and decrease in inflammasome proteins in response to tissue
damage, suggesting that a decline in the innate inflammatory response in elderly skin could contribute to pressure ulcer
pathogenesis. Observed morphological changes suggest that tissue damage upon loading may not be entirely preventable.
Furthermore, newly developed model described here may be very useful in understanding the mechanisms of deep tissue
injury that may lead towards development of pressure ulcers.
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Introduction

Pressure ulcers (PU), defined as breaks in the integument caused
by continuous pressure of the body weight to skin have been
implicated as one of the most frequent causes of death in elderly,
wheelchair and bed-bound individuals. As many chronic wound
types, PU is multifactorial disease. Multiple physical factors lead to
the development of PU including: static pressure or stress, shearing
forces, friction, and moisture, but these alone are insufficient to
produce tissue damage resulting in a PU. However, if these factors
are combined with host-specific factors such as immobility, aging,
neurologic disease, incontinence and malnutrition, a PU may
form.

Prolonged load/pressure in conjunction with tissue ischemia is
believed to play a major role in PU development. A PU can
develop in as little as 2 hours of immobility [1,2]. Initial changes,
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observed as deep tissue injury (DTI), can develop in patients even
during prolonged surgeries [1,3]. The National Pressure Ulcer
Advisory Panel reports wide ranges of prevalence among patients
in the United States estimated to be 1.3 to 3 million [4].
Approximately 2.5 million PU require treatment annually,
representing the second most frequent cause for hospital
readmissions [5], with estimated costs of hospital-acquired PU at
$2.2 — $3.6 billion [6]. Federal Government issued guidelines for
hospitals and care-takers for risk assessment, documentation and
prevention because PUs are the source of numerous complications
and often result in multiple hospitalizations [7]. Due to limited
knowledge regarding the molecular pathogenesis of these ulcers
there is no treatment currently approved by FDA as efficacious.
The challenge in studying the development of PU results from
lack of adequate experimental models that accurately resemble
human disease. Current knowledge originates mostly from

August 2013 | Volume 8 | Issue 8 | e69223



analyses of human tissue, wound fluid and a few animal models.
Reports from studies showed elevated levels of IL1, TNF, MMP’s
and defensins in PU [8-15]. Animal studies suggest synergistic
effects of age and ischemia as contributing factors [16]. Study
conducted to assess the effect of prolong mechanical load using
bioengineered skin showed involvement of pro-inflammatory
mediators [17,18].

Keratinocytes participate in innate immune signaling and are
the first responders to the danger signals by secreting pro-
inflammatory cytokines, namely interleukin-1§ (IL1-B) [19,20].
The inflammasome, a cytosolic, multiprotein platform that
activates pro-inflammatory caspases and IL-1f is expressed in
human keratinocytes both w vitro [21] and i vivo [22,23]. It is
activated by diverse molecular patterns released from stressed and
damaged cells [24-26].

Here, we report development of a novel experimental pressure
model utilizing a Mechanical Explant Test System (METS) [27,28]
to assess the effect of load and ischemia on human skin explants of
different age. To the best of our knowledge, this report is the first
experimental approach aiming to determine specific changes that
occur in human skin due to static pressure in conjunction with
ischemia. We found that the morphology of skin differed among
young and aged individuals in response to load. We observed
subepidermal separation and a change in collagen alignment in
aged skin in response to load. We also report that young skin has
significantly higher levels of inflammasome proteins than aged skin.
Loading young skin resulted in a rapid increase in inflammasome
proteins levels that was maintained for 4 hours. In contrast, no
significant alteration in inflammasome protein expression was found
in loaded aged skin. Taken together, our findings support the idea
that the effects of aging and load synergize to contribute to
morphological changes that lead to development of D'TT and further
to PU. Not only morphological changes occurred more rapidly in
aged skin but no change in inflammasome protein expression was
found in aged skin, underscoring the role of aging as an important
factor that influences the innate inflammatory response and may
contribute to the pathogenesis of PU.

Materials and Methods

Pressure Plate Measurements

In vivo skin contact stress measurements were made on a male
subject weighing 183 pounds/83 mg (813.4 Newtons). This
portion of the study was found to be exempt under 45
CFR46.101.2 by the IRB at the Hospital for Special Surgery.
The written consent was obtained during original data collection
during a routine educational demonstration and data in our
present study did not contain any of the 18 identifiers noted in the
privacy rule and as such no further consent was needed. The
subject was seated on a flat surface and positioned on the
approximate center of an EMED-X pressure sensor array platform
(Novel, Munich, Germany). The sensor array was embedded flush
with the surrounding surface and consisted of 6,080 force
transducers at a resolution of four sensors per cm?, a total sensor
area of 1,520 cm® and measuring 47.5 cm by 32.0 cm [29].
Pressure measurements were recorded for 30 second intervals and
the recorded pressure measurements were analyzed using standard
EMED software (model EMED X/R®, version 13.3.50, Novel,
Munich, Germany and St. Paul, MN) [29].

Specimen Loading and Tissue Processing

After IRB approval, skin specimens were obtained from 6
Caucasian female patients undergoing abdominoplasty within
15 minutes post-surgery were grouped based on age into: young
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(29-35 years old) and aged (5460 years old) groups. The skin was
cleaned of blood and fat and ten full thicknesses, 7 mm biopsies
were obtained per skin specimen.

We have used previously described Mechanical Explant Test
System (METS) [27] to apply load to 7 mm full thickness skin
specimens. A flat porous platen was used to equally distribute the
load over the entire specimen, producing a uniaxial static
compressive stress (hydrostatic pressure) throughout the specimen.
The METS applied a static stress of 300 kPa for 0.5, 1, 2 and
4 hrs. Unloaded skin maintained at the air-liquid interface served
as control for each corresponding time point. Samples were either
snap frozen or 10% formalin fixed, processed and paraffin
embedded. 8 pm sections were subjected to hematoxylin and
cosin staining (H&E) and picrosirius red staining using previously

described protocol [20,30,31].

TUNEL and Collagen Alignment Assays

De-paraffinisation and rehydration were carried out as previ-
ously described [32]. TUNEL assay was performed using kit
(GenScript USA Inc), following commercial protocol. The slides
were mounted using Fluorescein-FragEL™ Mounting Media.
Digitally captured picrosirius red stained images of sections were
analyzed with Image] (version 1.47; http://rsbweb.nih.gov/ij/)
using a protocol adapted from Noorlander et al. [33]. Briefly,
images were processed using a binary filter, resulting fiber outlines
were then fitted with ellipses, then mean length of the major axis
was then determined as a measurement for orientation of the
bundles of aligned collagen fibers in the plane of the section
[33].The mean value of this length parameter was based on three
images per section, with a total of 15 specimens per age group, in
three serial sections of a specimen was used as a collagen
alignment index; the collagen alignment indices of control and
loaded skin were compared and differences were analyzed.

Immunobloting

Proteins were extracted using Tissue-PE LB Kit (Geno
technology, inc., MO) with addition of Protease (Sigma-Aldrich,
MO) and Phosphatase inhibitor Cocktail Set III (Calbiochem, Ca)
according to the manufacturer protocols. Protein lysates were
mixed with 5x SDS Laemmli Sample Buffer (Sigma Aldrich, St.
Louis, MO) and then resolved in 10-20% Tris-HCI Criterion
precasted Gels (Bio-Rad, Hercules, CA), transferred to polyviny-
lidene difluoride membranes (Applied Biosystems, Foster City,
CA) and placed in blocking buffer for 1 hour (Applied Biosystems)
Membranes were incubated with the primary antibodies (1:500)
against NLRP3 (Enzo Life Sciences, Farmingdale, NY), ASC
(kindly provided by Dr. Robert Keane), caspase-1 (Imgenex, San
Diego, CA) and IL-1B (Cell Signaling, Danvers, MA), washed in
blocking buffer and incubated with either rat or mouse secondary
horseradish peroxidase (HRP)-linked antibodies (Cell Signaling,
Danvers, MA). Proteins were visualized by chemiluminescence
with a phototope-HRP detection kit (Cell Signaling Danvers, MA).
Immunoblots were stripped with Restore, Western Blot Stripping
Buffer (Pierce, Rockford, IL), and blotted using mouse monoclonal
anti-B-actin antibody (1:5000; Sigma, St. Louis, MO) to test
protein loading. The band densities were quantified with UN-
SCAN-IT software, and all data were normalized to B-actin.

Results

Development of ex vivo human model to study deep

tissue injury in response to static pressure
We used a pressure sensor array to directly measure skin contact
pressure. By taking direct measurements on a subject placed in a
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reclined position we determined i vivo physiological contact surface
area and, applied force, and these were used to calculate the
contact stress/pressure at sub-cm? spatial resolution. This allowed
us to quantify and visualize the peak pressure and pressure
variations across the subject’s contact with the flat plate using the
EMED-X pressure sensor system (Figure 1). The maximum peak
pressure measured was 280 kPa as illustrated by the contact
pressure heat maps (Figure 1A, B, C). The point of maximum
pressure occurred below the sacrum with additional regions of
elevated pressure below the ischial tuberosities. Based on m vivo
animal data [11,34] and our own measurements with the pressure
sensor arrays, we decided to apply a static 300 kPa stress for the
purpose of the present study.

To assess changes in tissue morphology in response to load we
utilized previously developed METS system [27,28] to load a skin
in confined, uniaxial static compression of 300 kPa. Skin derived
from young and aged individuals was loaded for 0.5, 1, 2 and 4 hrs
(Figure 1D). We chose these particular time points due to
evidence indicating that the frequency and intervals between
turning a patient may be more critical than pressure magnitude in
the development of PU. In fact, it has been suggested to turn
patients every 2 hrs, and this practice remains the basis of
prevention strategies since 1959 [35,36]. Therefore we aimed to
study changes in shorter time-span (0.5 and 1 hr), suggested time
(2 hrs) and prolonged load (4 hrs). Furthermore, skin explants
utilized in this model do not have a vascular supply, and thus
mimicked ischemic conditions.

Tissue morphology reveals differences between young
and aged skin 2 and 4 hours after exposure to uniaxial
static compressive stress (load/pressure)

To characterize skin changes we employed routine H&E
staining and analyzed skin of young (avg.32.5 y.0) and aged
(avg. 57.5 y.o) individuals in response to load. Loaded samples
were compared to unloaded, control skin kept under the same
conditions for an equal duration. Thus, each sample pair, loaded
and unloaded, originated from the same individual. In addition, to
minimize diversity we analyzed only Caucasian female patients
and specific skin location. We did not observe morphological
differences in the epidermis of both age groups in response to load.
Keratinocytes in control and loaded skin did not show necrotic
keratinocyte cell death preceding or following skin loading at any
time point.

To determine if loading induced apoptosis in epidermal
keratinocytes we utilized TUNEL assay. We did not observe
double-stranded DNA fragmentation, TUNEL positive cells, in
any tested specimens or time points (data not shown). However, we
observed subepidermal separation in both young and aged skin
but at the different time points (Figure 2 A, B). These
subepidermal separations were seen consistently in skin from all
tree donors. The extent of sub-epidermal separation showed
variability among loaded biopsies. Morphological changes were
found in dermis of young skin upon 4 hrs of loading (Figure 2A).
Interestingly, similar changes occurred in aged skin at earlier time
point, 2 hrs, and were maintained at 4 hrs (Figure 2B),
suggesting that aged skin is more susceptible to morphological
changes due to applied load and present ischemia than the skin
derived from young individuals.

Two hours of load alters orientation of collagen fibers in

dermis of aged skin
Collagen fiber orientation was evaluated using picosirius red
staining viewed with polarized light microscopy. To further
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Figure 1. Maximum contact pressure measurements. An EMED-X
sensor array was used to measure contact pressure with sub-cm?
resolution on a seated individual. A maximum pressure map is shown in
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the horizontal view (A) and rotated to illustrate the spatial pressure
distribution in 3-D (B). The graph shows the pressure in N/cm? (1 N/
cm?=10 kPa) as a function of time for the region of peak pressure(C).
METS system used for skin loading (D).
doi:10.1371/journal.pone.0069223.g001

analyze changes occurring in dermis of young and aged
individuals in response to loading we utilized a quantitative
microscopic method to assess changes in the orientation of
collagen fibers using a protocol adapted from Noorlander et al.
[33]. To quantitatively determine the orientation of collagen fibers
in the dermis we converted digital images of sections into binary
images and analyzed them on the basis of the measured length of
the collagen fibers in the plane of the section as a measure for the
fibers orientation [33]. The orientation of collagen fibers in
sections of aged skin loaded for 2 and 4 hrs differed significantly
when their length was measured compared to control, unloaded,
aged skin (Figure 2, C, D). The earliest detectable changes
observed in aged skin were found at 2 hrs of loading (Figure 2D).
In contrast, no significant changes were found in young skin
(Figure 2C). These results indicate that aged skin might be more
susceptible to changes in collagen alignment in response to
prolonged load and ischemia.

Aged skin shows no detectable levels of active IL-10,
which is not regulated by load

IL-1B is present and released from epidermal keratinocytes
upon UV-radiation, sterile skin trauma and injury [20,37,38].
Therefore, we performed western blot analysis to determine IL-13
protein levels. As shown in Figure 3 (A-B), young human skin ex
vivo expressed the active form of IL-1P, whereas aged skin samples
showed barely detectable levels. In response to load, IL-1B
decreased only in young whereas it remained low in aged skin,
suggesting a decreased inflammatory response to loading and
ischemia.

NLRP3 inflammasome proteins levels are decreased in
aged skin

To determine inflammasome protein expression levels in
human skin of the two age groups we quantified components of
NLRP3 inflammasome complex by immunoblotting. As shown in
Figure 3 (C-E), NLRP3 inflammasome components were
differentially expressed in young and aged skin. Specifically,
caspase-1(Figure 3C), ASC (Figure 3D) and NLRP3
(Figure 3E) were significantly lower in aged skin when compared
to young skin. The higher levels of NLRP3 inflammasome proteins
in young skin may indicate that aging alters the innate immune
inflammatory response.

Load does not alter NLRP3 inflammasome proteins levels
in aged skin

To test whether load alters levels of NLRP3 inflammasome
proteins, we quantified NLRP3, ASC and caspase-1 in specimens
of both age groups by immunoblotting. As shown in Figure 3 (C—
E), load did not alter NLRP3 inflammasome proteins in aged skin.
In contrast, in young skin, loading significantly increased levels of
NLRP3 inflammasome proteins in a time-dependent manner.
After exposure to 0.5 hr of load, caspase-1 and NLRP3 levels
significantly increased. These protein increases were maintained
for up to 4 hrs of load. No changes in the levels of ASC were
observed. However, 4 hr continuous load induced levels of caspase
-1 and NLRP3 in young skin.
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Discussion

In this report, we describe a novel mechanism by which
biomechanical load (compressive confined pressure) leads to
changes in skin morphology and inflammasome activation as
early changes that lead to development of D'T1, and possibly PUs.
Furthermore, we also describe a novel experimental approach of
DTT in human ischemic skin and skin response to confined
compressive load/pressure (Figure 4). Exposure of human skin to
confined compressive load results in significant morphological
changes, including subepidermal separation, and altered orienta-
tion of collagen fibers. These changes are affected by age and
length of exposure. Aged skin showed changes as early as 2 hrs of
loading, and changes in collagen alignment were only observed in
aged skin. We found that aged skin expressed NLRP3 inflamma-
some proteins at very low levels and that loading did not alter their
expression. Interestingly, we found that loading induced significant
alterations in NLRP3 inflammasome protein levels in young skin
in a time-dependent manner. Interestingly, extended continuous
load induced NLRP3 inflammasome proteins, suggesting that
prolonged load may lead to excessive inflammatory response in
1schemic young skin. Taken together, these data demonstrate that
load/pressure triggers specific tissue response in skin, morpholog-
ical changes and rapid inflammatory response that may not be
entirely preventable. Furthermore, we provide evidence that aging
markedly influences response to load, underscoring its role in
development of PUs among elderly.

Keratinocytes play a major role in the inflammatory response, a
well-tuned tissue response that initiates wound healing process in
skin and other tissues [20,39-41]. Inflammasome proteins are
synthesized by keratinocytes [37,42], activated in psoriasis model
[23] and IL-1B is released from cells in response to the injury and
metabolic stress [43,44]. NLRP3 induces activation of caspase-1
via interactions with the adaptor protein ASC. Based on our
present findings showing presence of NLRP3, ASC and caspase-1
in control young skin, we conclude that human skin ex wvivo
constitutively expresses NLRP3 inflammasome proteins. Similarly,
human melanoma cells and central nervous system cells show
constitutive levels of inflammasome proteins [45-48]. The levels of
NLRP3 inflammasome proteins decrease with age, offering
possible explanation for decreased immune response in elderly
[49-51] further supporting the notion that NLRP3 is engaged in
the inflammasome signaling in skin. Our studies provide novel
findings on how aging and pressure/load regulate inflammasome
in skin.

We show that loading of young skin leads to increased levels of
NLRP3 and active form of inflammatory caspase-1 (12 kDa),
whereas levels of ASC do not change. It appears that initial
increase resolves quickly whereas prolonged load (4 hrs) leads to its
extended increase. This correlates with morphological changes
observed in young ischemic skin at 4 hrs, perhaps suggesting that
prolonged load extends inflammasome activation leading to tissue
damage. ASC did not show significant change, which is not
surprising since it serves as the adaptor protein that brings the
NLRP3 and caspase-1 together, which in turn, results in
inflammasome activation.

Surprisingly, much lower levels of inflammasome constituents
tested were found in aged skin. Loading of aged skin did not cause
additional changes in NLRP3 inflammasome proteins. This age-
mediated decrease in levels and failure to activate the NLRP3
inflammasome may represent important insights to the skin’s
innate inflammatory response to load. The mechanism by which
the inflammasome regulates wound healing and how aging affects
it are under current investigations. Based on our initial observa-
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Figure 2. Loading induces sub-epidermal separation and alters orientation of collagen fibers in aged individuals. H&E staining of
unloaded and loaded young (A) and aged (B) skin for 0.5, 1, 2 and 4 hrs (n=15 specimens per n=3 experimental replicates). Breaks in a near
proximity to basement membrane, as indicated by black arrows, are observed 4 hrs after loading in young and 2 and 4 hrs after loading in aged skin.
Inserts represent enlarged images of the areas indicated by black arrows. Magnification 20 x. Scale bar 100 um. Orientation of collagen fibers in a
dermis of unloaded and loaded young (C) and aged (D) skin. Quantification of collagen orientation in a plane of section indicates significantly higher
mean value in loaded aged skin after 2 and 4 hours of loading. Values are expressed as mean = SD (n=15 specimens per n=3 experimental
replicates). * Indicates p<<0.05 by paired Student t-test.

doi:10.1371/journal.pone.0069223.g002
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Figure 3. Aged skin has significantly lower levels of IL-1 as compared to young skin regardless of loading, whereas loading
induces NLRP3 and caspase-1 protein levels in young human skin. IL-1§ levels in loaded and unloaded young and aged skin was determined
by Western blots (A). Quantification of these immunoblots by densitometry using B-actin as a control (n=3) (B) shows that loading decreased IL-1
expression in young skin. Levels of IL-1f in aged skin are negligible as compared to young skin regardless of load. Levels of NLRP3 inflammasome
proteins quantified by Western blot are significantly lower in aged skin as compared to young skin. Caspase-1(C), ASC (D) and NLRP3(E) protein
levels, quantified by densitometry using B-actin as a control (n=3), show that loading induced a significant increase in NLRP3 and caspase-1
expression in young skin 0.5 and 4 hrs upon loading, but not in aged skin. Values are expressed as mean = SEM. * Indicates p<<0.05 by Student t-test.

doi:10.1371/journal.pone.0069223.g003

tions presented here, coupled with common knowledge that PUs
are mostly developed in aged, immobilized individuals [52,53,54],
we conclude that the inflammasome complex may contribute to
pathogenesis of PU.

Inflammatory cytokine IL-1f undergoes maturation and release
after cleavage by active caspase-1 [55]. Using METS system we
showed that both aging and loading decrease IL-1p levels at every
time points studied, suggesting involvement of active IL-1B in
pathogenesis of DTI. Decreased levels of IL-1p in aged skin may
be due to an altered inflammatory response and dysfunctional
inflammasome activation. These findings are consistent with our
data showing that the NLRP3 inflammasome protein levels are
low in aged skin, regardless if the skin was loaded or not. One can
argue that aging may lead to defective IL-1B processing, whereas
loading may lead to abolition or delayed IL-1B activation. In
young loaded skin the inflammasome protein levels were high but
IL-1B levels were low after load, which may suggest that load

mLRP3g @ Caspase-1 g 0 ASC

Inflammasome g
\/
& IL-1 [32\

|

DEEP TISSUE INJURY

v

PRESSURE ULCER

Figure 4. Diagram summarizes effects of load and aging in
development of deep tissue injury and pressure ulcers.
doi:10.1371/journal.pone.0069223.g004
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disrupts the interactions between the inflammasome proteins and
inhibits processing of IL-1B even if inflammasome proteins are
present. It has been shown, in other systems for instance, that IL-
1B can undergo caspase-1 independent activation [56-58] and
that caspase-1 inhibitors are not able to interfere with the whole
spectrum of IL-1 B production [59]. This could explain why the
levels of inflammasome proteins remained high in young loaded
skin but levels of mature IL-18 (17 kDa) was low. On the other
hand, one should keep in mind that reports from studies showed
elevated levels of IL1, TNF, MMP’s and defensins in human PU
[8-15], which appears to be in contrast to the findings described
here of decreased IL-1 B production in aged skin after loading.
The ability to quickly respond to external injury, such as load,
should not be interpreted as inability to mount an inflammatory
response. In addition, this discrepancy can originate from
difference in bacterial presence, which will be included in our
future experiments, since presence of infection is one of the
frequent problems in PU [60].

In addition to providing new evidence of inflammasome role in
development of DTI and underscoring the role of aging in this
process, we also describe a model to study initial tissue response to
load, early changes that may lead to D'TT and further to PU skin
response to load. There are number of experimental models that
study how mechanical forces affect wound healing [61], though
their primary focus was to examine how various devices, such as
vacuum-assisted closure or shock-waves, may accelerate wound
healing [62,63,64,65]. However, models that utilize application of
compressive load to skin to study development of DTT are very
scarce. Current animal models include use of magnetic devices
[15,66] or spinal cord injury models [67]. Although important
knowledge was gained from these studies, the correlation to
human condition is limited, mostly because of anatomical
difference between rodents and humans and limitations in precise
control of the applied load/pressure. Conversely, early tissue
changes leading to the development of PU cannot be captured
directly from patients because by the time of specimen collection
the PU has already advanced. Here we describe a novel
experimental model that utilizes METS to apply confined
compressive load to human ischemic skin ex vivo and describe
age-specific response to it. This model does not include vascular
supply that represents both limitation and advantage. Although it
cannot measure cellular infiltrate and its role in repair, the
advantage is that it resembles profound ischemic conditions.
Therefore, the development of the model that utilizes human skin,
applies confined compressive load that reflects actual pressure on
skin in sacral area of a patient in reclining position and controls the
loading time represents very useful and relevant new experimental
approach to study mechanisms of DTI/PU development and
complements both animal models and patients’ biopsies approach-
es.

It has been shown i witro that small loads cause structural
changes to the dermis [68,69]. Histological changes observed in
patients suffering from different stages of PUs [68,69] showed that
the earliest signs of damage appear in the upper dermis.
Subepidermal separation and subepidermal bullae occurring
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without epidermal damage were also found [68], which is strikingly
similar to the morphological changes we detected, supporting the
value of the model. We report that a continuous load of 300 kPa
leads to subepidermal separation in ex vivo human skin upon loading
for 4 hrs in both, aged and young ischemic skin, suggesting that
tissue damage may not be entirely preventable. Changes occur more
rapidly in aged skin and alterations in collagen fibers orientation are
feature of aged skin. Thinning of dermis, reduced collagen
production, increased MMP-1 and slow proliferation of fibroblast
in aged skin [70-74] are contributing factors. Our findings suggest
that compressive load further affects tissue collagen fiber orienta-
tion. This added damage to the matrix may contribute to additional
decrease in stiffness of dermis, making skin more susceptible to PU
development with age, supporting clinical observations of high
incidence of PU in elderly [52,53].

Taken together, although external load/pressure is viewed as
one of the key factors in the development of DTI/PU, observed
decrease in NLRP3 inflammasome proteins in aged skin may
indicate diminished innate immune response in skin due to aging,
providing an explanation why PU develop more frequently in
elderly. These findings coupled with the changes in skin

References

1. Bansal C, Scott R, Stewart D, Cockerell CJ (2005) Decubitus ulcers: a review of
the literature. Int J] Dermatol 44: 805-810.

2. Baumgarten M, Margolis DJ, Localio AR, Kagan SH, Lowe RA, et al. (2006)
Pressure ulcers among elderly patients early in the hospital stay. J Gerontol A Biol
Sci Med Sci 61: 749-754.

3. Ankrom MA, Bennett RG, Sprigle S, Langemo D, Black JM, et al. (2005)
Pressure-related deep tissue injury under intact skin and the current pressure
ulcer staging systems. Adv Skin Wound Care 18: 35-42.

4. Lyder CH (2003) Pressure ulcer prevention and management. JAMA 289: 223
226.

5. Ducker A (2002) Pressure ulcers: assessment, prevention, and compliance. Case
Manager 13: 61-64; quiz 65.

6. Beckrich K, Aronovitch SA (1999) Hospital-acquired pressure ulcers: a
comparison of costs in medical vs. surgical patients. Nurs Econ 17: 263-271.

7. Services UDoHaH (2004) Guidance to Surveyors for Long Term Care Facilities.

8. Barone EJ, Yager DR, Pozez AL, Olutoye OO, Crossland MC, et al. (1998)
Interleukin-lalpha and collagenase activity are clevated in chronic wounds. Plast
Reconstr Surg 102: 1023-1027; discussion 1028-1029.

9. Taverna D, Nanney LB, Pollins AC, Sindona G, Caprioli R (2011) Multiplexed
molecular descriptors of pressure ulcers defined by imaging mass spectrometry.
Wound Repair Regen 19: 734-744.

10. Ladwig GP, Robson MC, Liu R, Kuhn MA, Muir DF, et al. (2002) Ratios of
activated matrix metalloproteinase-9 to tissue inhibitor of matrix metalloprotei-
nase-1 in wound fluids are inversely correlated with healing of pressure ulcers.
Wound Repair Regen 10: 26-37.

11. Bosboom EM, Bouten C'V, Oomens CW, van Straaten HW, Baaijens FP, et al.
(2001) Quantification and localisation of damage in rat muscles after controlled
loading; a new approach to study the aetiology of pressure sores. Med Eng Phys
23: 195-200.

12. Sisco M, Liu WR, Kryger ZB, Mustoe TA (2007) Reduced up-regulation of
cytoprotective genes in rat cutaneous tissue during the second cycle of ischemia-
reperfusion. Wound Repair Regen 15: 203-212.

13. Salcido R, Popescu A, Ahn C (2007) Animal models in pressure ulcer research.
J Spinal Cord Med 30: 107-116.

14. Goldstein B, Sanders J (1998) Skin response to repetitive mechanical stress: a
new experimental model in pig. Arch Phys Med Rehabil 79: 265-272.

15. de la Garza-Rodea AS, Knaan-Shanzer S, van Bekkum DW (2011) Pressure
ulcers: description of a new model and use of mesenchymal stem cells for repair.
Dermatology 223: 266-284.

16. Bonomo SR, Davidson JD, Tyrone JW, Lin X, Mustoe TA (2000) Enhancement
of wound healing by hyperbaric oxygen and transforming growth factor beta3 in
a new chronic wound model in aged rabbits. Arch Surg 135: 1148-1153.

17. Bronneberg D, Spiekstra SW, Cornelissen LH, Oomens CW, Gibbs S, et al.
(2007) Cytokine and chemokine release upon prolonged mechanical loading of
the epidermis. Exp Dermatol 16: 567-573.

18. Cornelissen LH, Bronneberg D, Bader DL, Baaijens FP, Oomens CW (2009)
The transport profile of cytokines in epidermal equivalents subjected to
mechanical loading. Ann Biomed Eng 37: 1007-1018.

19. Freedberg IM, Tomic-Canic M, Komine M, Blumenberg M (2001) Keratins
and the Keratinocyte Activation Cycle. J Invest Dermatol 116: 633-640.

20. Vukelic S, Stojadinovic O, Pastar I, Rabach M, Krzyzanowska A, et al. (2011)
Cortisol synthesis in epidermis is induced by IL-1 and tissue injury. J Biol Chem
286 10265-10275.

PLOS ONE | www.plosone.org

Static Load and Inflammasome in Aged Skin

morphology, collagen orientation and molecular composition of
skin underscore the role of aging and compressive load in the
pathogenesis of DTI. Our findings may provide important new
insights for development of treatment strategies for patients with
DTI that may be helpful for future preventions of PU formation
among individuals at risk.

Acknowledgments

We would like to acknowledge Dr. Hillstrom and the Leon Root Motion
Analysis Laboratory (Hospital for Special Surgery, New York, NY) for
assistance with pressure measurements, Dr R.B. Jetter and Dr A. Labruna
for providing skin specimens from reduction surgeries and all the members
of Tomic-Canic laboratory for technical assistance and overall support.

Author Contributions

Conceived and designed the experiments: OS PAT RWK MT-C.
Performed the experiments: OS JM AS JWB PAT MT-C. Analyzed the
data: OS JM AS JWB JPdARV RWK MT-C. Contributed reagents/
materials/analysis tools: PAT RWK WDD MT-C. Wrote the paper: OS
JM JWB WDD RWK MT-C. Wrote IRB protocol and obtained approval:
OS MT-C.

21. Contassot E, Beer H, French L (2012) Interleukin-1, inflammasomes,
autoinflammation and the skin. Swiss Med Wkly 142: 0.

22. Feldmeyer L, Werner S, French LE, Beer HD (2010) Interleukin-1, inflamma-
somes and the skin. Eur J Cell Biol 89: 638-644.

23. Dombrowski Y, Peric M, Koglin S, Kammerbauer C, Goss C, et al. (2011)
Cytosolic DNA triggers inflammasome activation in keratinocytes in psoriatic
lesions. Sci Transl Med 3: 82ra38.

24. Martinon F, Tschopp J (2007) Inflammatory caspases and inflammasomes:
master switches of inflammation. Cell Death Differ 14: 10-22.

25. Rajamaki K, Lappalainen J, Oorni K, Valimaki E, Matikainen S, et al. (2010)
Cholesterol crystals activate the NLRP3 inflammasome in human macrophages:
a novel link between cholesterol metabolism and inflammation. PLoS One 5:
e11765.

26. Salskov-Iversen ML, Johansen C, Kragballe K, Iversen L (2011) Caspase-5
expression is upregulated in lesional psoriatic skin. J Invest Dermatol 131: 670~
676.

27. Torzilli PA, Bhargava M, Chen CT (2011) Mechanical Loading of Articular
Cartilage Reduces IL-1-Induced Enzyme Expression. Cartilage 2: 364-373.

28. Torzilli PA, Grigiene R, Huang C, Friedman SM, Doty SB, et al. (1997)
Characterization of cartilage metabolic response to static and dynamic stress
using a mechanical explant test system. J Biomech 30: 1-9.

29. Brophy RH, Gamradt SC, Ellis SJ, Barnes RP, Rodeo SA, et al. (2009) Effect of
turf toe on foot contact pressures in professional American football players. Foot
Ankle Int 30: 405-409.

30. Vukelic S, Stojadinovic O, Pastar I, Vouthounis C, Krzyzanowska A, et al.
(2010) Farnesyl pyrophosphate inhibits epithelialization and wound healing
through the glucocorticoid receptor. J Biol Chem 285: 1980-1988.

31. Tomic-Canic M, Mamber SW, Stojadinovic O, Lee B, Radoja N, et al. (2007)
Streptolysin O enhances keratinocyte migration and proliferation and promotes
skin organ culture wound healing in vitro. Wound Repair Regen 15: 71-79.

32. Pastar L, Stojadinovic O, Krzyzanowska A, Barrientos S, Stuelten C, et al. (2010)
Attenuation of TGFbeta Signaling Pathway in Chronic Venous Ulcers. Mol
Med 16: 92-101

33. Noorlander ML, Melis P, Jonker A, Van Noorden CJ (2002) A quantitative
method to determine the orientation of collagen fibers in the dermis. J Histochem
Cytochem 50: 1469-1474.

34. Nola GT, Vistnes LM (1980) Differential response of skin and muscle in the
experimental production of pressure sores. Plast Reconstr Surg 66: 728-733.

35. Kosiak M (1959) Etiology and pathology of ischemic ulcers. Arch Phys Med
Rehabil 40: 62-69.

36. Smith AM, Malone JA (1990) Preventing pressure ulcers in institutionalized
elders: assessing the effects of small, unscheduled shifts in body position.
Decubitus 3: 20-24.

37. Feldmeyer L, Keller M, Niklaus G, Hohl D, Werner S, et al. (2007) The
inflammasome mediates UVB-induced activation and secretion of interleukin-
Ibeta by keratinocytes. Curr Biol 17: 1140-1145.

38. Sjogren F, Anderson C (2009) Sterile trauma to normal human dermis
invariably induces IL1beta, IL6 and IL8 in an innate response to “danger”. Acta
Derm Venereol 89: 459-465.

39. Tomic-Canic M, Komine M, Freedberg IM, Blumenberg M (1998) Epidermal
signal transduction and transcription factor activation in activated keratinocytes.
J Dermatol Sci 17: 167-181.

August 2013 | Volume 8 | Issue 8 | e69223



40.

41.

42,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Tomic-Canic M, Magnus SA, Oscar MA (2004) Epidermal repair and the
chronic wound. In: David T . Rovee, Maibach HI, editors. The epidermis in
wound healing. Boca Raton: CRC Press LLC. pp. 25-57.

Suter MM, Schulze K, Bergman W, Welle M, Roosje P, et al. (2009) The
keratinocyte in epidermal renewal and defence. Vet Dermatol 20: 515-532.
Sollberger G, Strittmatter GE, Kistowska M, French LE, Beer HD (2012)
Caspase-4 is required for activation of inflammasomes. J Immunol 188: 1992
2000.

. Dinarello CA (2006) Interleukin 1 and interleukin 18 as mediators of

inflammation and the aging process. Am J Clin Nutr 83: 447S-4558S.

. Nakamura Y, Franchi L, Kambe N, Meng G, Strober W, et al. (2012) Critical

role for mast cells in interleukin-1beta-driven skin inflammation associated with
an activating mutation in the nlrp3 protein. Immunity 37: 85-95.

. Kopfnagel V, Wittmann M, Werfel T (2011) Human keratinocytes express

AIM2 and respond to dsDNA with IL-1beta secretion. Exp Dermatol 20: 1027~
1029.

de Rivero Vaccari JP, Lotocki G, Marcillo AE, Dietrich WD, Keane RW (2008)
A molecular platform in neurons regulates inflammation after spinal cord injury.
J Neurosci 28: 3404-3414.

de Rivero Vaccari JP, Lotocki G, Alonso OF, Bramlett HM, Dietrich WD, et al.
(2009) Therapeutic neutralization of the NLRPI inflammasome reduces the
innate immune response and improves histopathology after traumatic brain
injury. J Cereb Blood Flow Metab 29: 1251-1261.

Abulafia DP, de Rivero Vaccari JP, Lozano JD, Lotocki G, Keane RW, et al.
(2009) Inhibition of the inflammasome complex reduces the inflammatory
response after thromboembolic stroke in mice. J Cereb Blood Flow Metab 29:
534-544.

Youm YH, Kanneganti TD, Vandanmagsar B, Zhu X, Ravussin A, et al. (2012)
The NLRP3 Inflammasome Promotes Age-Related Thymic Demise and
Immunosenescence. Cell Rep 1: 56-68.

Kauppinen A, Niskanen H, Suuronen T, Kinnunen K, Salminen A, et al. (2012)
Oxidative stress activates NLRP3 inflammasomes in ARPE-19 cells-Implications
for age-related macular degeneration (AMD). Immunol Lett 147: 29-33.
Salminen A, Ojala J, Kaarniranta K, Kauppinen A (2012) Mitochondrial
dysfunction and oxidative stress activate inflammasomes: impact on the aging
process and age-related diseases. Cell Mol Life Sci 69: 2999-3013.

Brem H, Tomic - Canic M, Taranovskaya A, Ehlich HP, Baskin-Bay E, et
al. (2003) Healing of Elderly Patients with Diabetic Foot Ulcers, Venous
Stasis Ulcers, and Pressure Ulcers. Surgical Technology International: 161
167.

Foglia E, Restelli U, Napoletano AM, Coclite D, Porazzi E, et al. (2012) Pressure
ulcers management: an economic evaluation. J Prev Med Hyg 53: 30-36.
Linder-Ganz E, Scheinowitz M, Yizhar Z, Margulies SS, Gefen A (2007) How
do normals move during prolonged wheelchair-sitting? Technol Health Care 15:
195-202.

Dinarello CA (1997) Interleukin-1. Cytokine Growth Factor Rev 8: 253-265.
Guma M, Ronacher L, Liu-Bryan R, Takai S, Karin M, et al. (2009) Caspase 1-
independent activation of interleukin-1beta in neutrophil-predominant inflam-
mation. Arthritis Rheum 60: 3642-3650.

PLOS ONE | www.plosone.org

57.

58.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Static Load and Inflammasome in Aged Skin

Nagarajan UM, Sikes JD, Yeruva L, Prantner D (2012) Significant role of IL-1
signaling, but limited role of inflammasome activation, in oviduct pathology
during Chlamydia muridarum genital infection. J Immunol 188: 2866-2875.
Pelegrin P, Barroso-Gutierrez C, Surprenant A (2008) P2X7 receptor
differentially couples to distinct release pathways for IL-lbeta in mouse
macrophage. ] Immunol 180: 7147-7157.

. Joosten LA, Netea MG, Fantuzzi G, Koenders MI, Helsen MM, et al. (2009)

Inflammatory arthritis in caspase 1 gene-deficient mice: contribution of
proteinase 3 to caspase 1-independent production of bioactive interleukin-1beta.
Arthritis Rheum 60: 3651-3662.

Braga IA, Pirett CC, Ribas RM, Filho PP, Filho AD (2013) Bacterial
colonization of pressure ulcers: assessment of risk for bloodstream infection
and impact on patient outcomes. ] Hosp Infect 83: 314-320.

Agha R, Ogawa R, Pietramaggiori G, Orgill DP (2011) A review of the role of
mechanical forces in cutaneous wound healing. J Surg Res 171: 700-708.
Qureshi AA, Ross KM, Ogawa R, Orgill DP (2011) Shock wave therapy in
wound healing. Plast Reconstr Surg 128: 721e-727e.

Ichioka S, Watanabe H, Sekiya N, Shibata M, Nakatsuka T (2008) A technique
to visualize wound bed microcirculation and the acute effect of negative
pressure. Wound Repair Regen 16: 460-465.

Derrick KL, Norbury K, Kieswetter K, Skaf J, McNulty AK (2008)
Comparative analysis of global gene expression profiles between diabetic rat
wounds treated with vacuum-assisted closure therapy, moist wound healing or
gauze under suction. Int Wound J 5: 615-624.

Orgill DP, Bayer LR (2011) Update on negative-pressure wound therapy. Plast
Reconstr Surg 127 Suppl 1: 105S-1158S.

Demiot C, Sarrazy V, Javellaud J, Gourloi L, Botelle L, et al. (2011)
Erythropoietin restores C-fiber function and prevents pressure ulcer formation
in diabetic mice. J Invest Dermatol 131: 2316-2322.

Lin F, Pandya A, Cichowski A, Modi M, Reprogle B, et al. (2010) Deep tissue
injury rat model for pressure ulcer research on spinal cord injury. J Tissue
Viability 19: 67-76.

Witkowski JA, Parish LC (1982) Histopathology of the decubitus ulcer. J Am
Acad Dermatol 6: 1014-1021.

Edsberg LE (2007) Pressure ulcer tissue histology: an appraisal of current
knowledge. Ostomy Wound Manage 53: 40-49.

Oikarinen A (1994) Aging of the skin connective tissue: how to measure the
biochemical and mechanical properties of aging dermis. Photodermatol
Photoimmunol Photomed 10: 47-52.

Waller JM, Maibach HI (2006) Age and skin structure and function, a
quantitative approach (II): protein, glycosaminoglycan, water, and lipid content
and structure. Skin Res Technol 12: 145-154.

Uitto J (1986) Connective tissue biochemistry of the aging dermis. Age-related
alterations in collagen and elastin. Dermatol Clin 4: 433-446.

Khorramizadeh MR, Tredget EE, Telasky C, Shen Q, Ghahary A (1999) Aging
differentially modulates the expression of collagen and collagenase in dermal
fibroblasts. Mol Cell Biochem 194: 99-108.

Quan T, He T, Shao Y, Lin L, Kang S, et al. (2006) Elevated cysteine-rich 61
mediates aberrant collagen homeostasis in chronologically aged and photoaged
human skin. Am J Pathol 169: 482-490.

August 2013 | Volume 8 | Issue 8 | e69223



