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Introduction

Initially, skin was thought of as a simple barrier to protect
the internal organs from the outside world, but now it is
understood to be incredibly more complex than that. Skin
serves multiple functions including the regulation of
water loss, thermoregulation, protection from ultraviolet
(UV) radiation and entry of microorganisms, and is an
integral part of the immune system [1]. Skin ages via two
processes: intrinsic aging and extrinsic aging. Intrinsic
aging is seen in sun-protected areas of skin and is subject
to the same generalized aging conditions as any other cell
or organ system. Extrinsic aging occurs in sun-exposed
areas and is the cumulative effect of intrinsic aging plus
the environmental exposure to the aging process. The
biggest extrinsic factor affecting skin aging is UV radiation
encountered from sun exposure, which is also termed
photoaging [2]. As skin ages, it becomes progressively
atrophied, dry, and rough, with alterations in pigmenta-
tion, decreased turgor, and increased wrinkling. This leads
to a progressive loss of function, leaving the aged skin
with a decreased ability to regulate homeostasis and more
vulnerable to the environment [3].

Traumatic injuries are the fifth leading cause of death
for persons over the age of 65 in the USA, and it is
estimated that there will be well over 50 million people
over the age of 65 by the year 2030 [4, 5]. Understanding
the impact of aging on skin wound healing will be vital in
dealing with this growing population in the future.
Wound healing is a complex process involving multiple
concurrent stages, dozens of cell types, and hundreds of
mediators. As research on wound repair progresses, there
is an increased understanding of how each of these com-
ponents changes over time within an individual wound,
between different wound conditions, and from wounds of
differently aged individuals. Many studies dating back
almost a century show that wounds from older indi-
viduals do not heal as well as those from younger indivi-
duals [6]. More recent studies have provided information
on how aging affects the individual components of wound
healing including the inflammatory response, deposition

of the wound matrix, and angiogenesis [7-9]. In short, the
age of an individual has as profound an effect on the
process of wound healing as nearly any other identifiable
condition or disease may have.

Age-Related Changes in the Components
of Skin

Before addressing the issue of how aging affects the
wound-healing process, the changes in the milieu in
which this wound-healing process occurs must be exam-
ined. Skin is a multilayered organ, with each layer’s con-
stituents optimized for its function. The outermost layer
is the epidermis and is largely composed of squamous
epithelial cells called keratinocytes and a smaller popula-
tion of pigment-producing cells called melanocytes. The
epidermis functions as a barrier against moisture loss and
water entry. With age, the thickness of the epidermis does
not change although the density of melanocytes decreases
and the dermal-epidermal junction becomes flattened,
giving the appearance of atrophy and cellular hetero-
geneity [10].

The dermis is composed of multiple cell types, struc-
tures, and fibers. Surrounding the hair follicles, sweat
glands, and other intradermal glands are various fibers
collectively referred to as the extracellular matrix (ECM).
The ECM is composed of types I and III collagen, elastin,
and glycosaminoglycans. The dermis is divided into two
layers, the superficial papillary dermis and the deep retic-
ular dermis. The papillary dermis maintains contact with
the epidermis through the formation of papillary ridges.
It is these ridges that become flattened with age, resulting
in decreased surface contact and the previously men-
tioned appearance of atrophy, as well as decreased resis-
tance to shear forces with lateral tension in the elderly skin
[10, 11]. There is also a decrease in the cellular component
of the dermis including fibroblasts, mast cells, macro-
phages, and other immunologically important cells in-
cluding Langerhans’ cells in the epidermis and dendritic
cells in the dermis [9, 10].
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The primary structural proteins in the dermis are
collagen, fibronectin, and elastic fibers. Interestingly,
while there is a decrease in both the number and diameter
of elastin fibers in the papillary dermis with age, in the
reticular dermis the opposite is true with an increase in
the number and diameter of the elastin fibers [10]. Fibro-
nectin has several functions including regulation of in-
flammation, cell adhesion, and migration, and is closely
associated with fibroblast production of collagen [12]. In
isolated cell culture, some studies show an increase in
fibronectin synthesis with age, but other in vivo studies
show an age-related decrease in fibronectin expression
with reduced levels of collagen [12, 13]. Collagen, the
major protein found in the dermis, may be reduced in
quantity with aging skin, but there still exists some con-
troversy on this point, as some studies show a decrease
with age, others describe an increase in collagen with age,
and yet others show no change in collagen content with
age [12, 14-16]. While there is controversy on the quanti-
ty, there is certainly a change in the quality of the collagen
in aged skin. Collagen in young skin is typically described
as rope-like bundles of dense collagen I fibers, arranged in
a lattice or basket weave pattern. In aged skin, the collagen
is coarser, with individual bundles being primarily
straight, loosely woven fibers, and with an increase in
density of the collagen network [10-12].

Dermal appendages including hair follicles and sweat
glands are affected by the aging process as well. Hair
follicle numbers are diminished with age, but their struc-
ture is largely unchanged save for a small decrease in the
number of surrounding melanocytes [17]. Sebaceous
glands, which produce a waxy substance that coats hair
shafts and reduces water evaporation, also decline with
age [18]. Sweat glands are also reduced in number and
function with age [19].

The microvascular blood flow to skin is decreased
with aging as well. There is as much as a 40% reduction
in cutaneous blood flow at 70 years of age compared to
the skin of a 20-year-old individual [20]. There is also
thinning of blood vessel walls and basement membranes,
with decreased numbers of perivascular cells, which may
promote extravasation of plasma into the interstitial
spaces [21]. Lymphatic drainage in the elderly is also
reduced, leading to greater edema and increasing the
likelihood for ulcers [22].

In short, aging skin has decreased potential for repli-
cation and migration at baseline. There is a decrease in the
ECM components and its architecture, resulting in de-
creased tensile strength. There is a reduction in dermal
skin appendages including sweat glands and hair follicles
[17, 18]. There is also a reduction in the nutrient supply in

the form of decreased microcirculation. Lastly, there is
a greater tendency toward fluid accumulation due to
increased permeability of the vasculature coupled with a
decrease in lymphatic drainage. © Table 85.1 below lists
the age-related changes in human skin.

Normal Wound Healing

Generally, wound healing is thought of as occurring in
three or four overlapping phases (© Fig. 85.1) [23]. The
first phase, which is not always included, is hemostasis.
After a wound has occurred, the body will attempt to stop
bleeding by constricting vasculature, depositing platelets,
and activating the clotting cascade. Endothelial cells nor-
mally line blood vessels, shielding platelets, and clotting
factors from exposure to underlying collagen and base-
ment membrane, and secrete inhibitors of platelet aggre-
gation and clotting factors [24]. Once exposed to these
normally hidden tissues, platelets are activated and aggre-
gate via a combination of factors including ADP,
von Willebrands factor (VWE), collagen, and thrombox-
ane [25]. Following activation, they secrete cytosolic pro-
teins and alpha-granules, which contain numerous
mediators of clotting and inflammation including trans-
forming growth factor (TGF)-B, TGF-a, platelet derived
growth factor (PDGF), CD-40 ligand, and P-selectin
[12, 25]. This leads to the release of fibrin, intracellular
granules, and exposure of normally covered extracellular
domains, all of which act as potent stimulators for inflam-
matory cells.

@ Table 85.1
Summary of the changes occurring in human skin with age

Clinical Histological

Atrophy Flattening of the dermal-
epidermal junction

Drying 1 Turnover time

Roughness | Fibroblasts, mast cells, and

macrophages

Alterations in
pigmentation

Sagging
Wrinkling

| Collagen content

Disorganized collagen and elastin

| Microcirculation

Benign and malignant
tumors

| Skin appendages

| Lymphatic drainage

1, increased; |, decreased
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@ Figure 85.1
The four overlapping phases of wound healing

Stages of wound healing

> Remodeling >

Vessel regression, collagen remodeling

Proliferation

Reepithelialization, angiogenesis, fibrogenesis

> Inflammation >

Neutrophils, macrophages, lymphocytes

The second phase of wound healing, the inflammatory
phase, occurs from the time of injury through 1 week.
This phase is dominated by inflammatory cells beginning
with neutrophils which fight invading pathogens and
degrade damaged tissues. Macrophages follow, removing
debris and apoptotic cells, and coordinating the interac-
tion of other cell types. Many studies have examined the
inflammatory phase of wound healing in great detail.
Early studies characterizing the inflammatory cell inva-
sion show the sequential infiltration of neutrophils,
macrophages, and lymphocytes in the healing wound
[26]. Subsequent studies reveal that although the first
leukocyte to arrive in the wound is the neutrophil, it
is not a necessary component for wound healing to
occur [27]. Unlike neutrophils, the macrophage is a
critical mediator of tissue repair [28]. Macrophages
are recruited to wounds within a few days of injury by
various chemoattractants, including chemokines [29, 30].
Macrophages perform dual functions in the wound. Not
only do they engulf and phagocytose wound debris,
providing a clean bed for migrating proliferative cells to
lay down new matrix and blood vessels; they also produce
some of the angiogenic and fibrogenic growth factors
that recruit and promote the cells involved in the growth
phase of repair [31-33]. Finally, as neutrophil and macro-
phage populations decline in the wound, T lymphocytes
become the dominant leukocyte in the later stages of
inflammation [34].

It should be noted that the overall role of inflamma-
tion in wound healing is not completely understood.

Inflammation is not seen as necessary and in some cases
may actually be detrimental in some forms of wound
healing. Fetal wound healing, which is typically scarless
through the first two trimesters, has a significant reduc-
tion in neutrophils and macrophages in both number and
function [35]. Additionally, when inflammation is in-
duced in fetal wounds the skin heals with scars [36].
Intestinal healing in the fetus also occurs in the absence
of inflammation but still forms scars [37]. Inflammation
has been shown to be entirely dispensable in some sys-
tems, such as the fetus, calling into question the true
function of each cellular element.

The proliferative phase is dominated by the replace-
ment of missing tissues and occurs from shortly after
injury through 3 weeks. Keratinocytes, fibroblasts, and
endothelial cells proliferate and migrate in the wound
laying down new collagen, ECM, blood vessels, and
epithelial covering. The final stage of wound healing,
remodeling, begins at 2 weeks. During remodeling, the
excessive blood vessels initially laid down to support
inflammation now regress toward normal vascular densi-
ty, immature collagen is resorbed and replaced with ma-
ture collagen, and tissue is continually modified to
approximate normal structure.

Age-Related Alterations in Hemostasis

As stated previously, following injury, collagen is exposed
and platelets adhere to the newly exposed collagen.
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During aging, platelet adherence to collagen is enhanced
which may be one mechanism that facilitates activation
of platelets in the elderly [38]. There is also an increase in
the platelet release of alpha-granules containing TGF-a,
TGF-B, and PDGF with age [39]. Not only are platelets
affected by aging, but the clotting cascade is also altered
by the aging process. Some of the changes in coagulation
that are documented include elevated serum concentrations
of activated clotting factors, fibrin breakdown products
including d-dimers, and inhibitors of clot destroying
enzymes like plasminogen activator inhibitor-1. There are
also complimentary decreases in the activity of coagulation
inhibitors such as antithrombin III and activated protein
C [13, 40-42]. With this tendency toward increased coag-
ulation comes an increase in some of the inflammatory
mediators, but also a decrease in the some of the stimu-
lants for chemotaxis [13, 43, 44]. This presents a mixed
composition for inflammation, with some aspects increased
and others decreased. These changes are summarized in
© Table 85.2 below.

Age-Related Alterations in the
Inflammatory Phase

There are many conflicting studies regarding changes seen
during the inflammatory phase of wound healing in the
aged skin. There are reports of acute inflammatory
reactions being slower and less intense in aging skin,
equivalent in young and old skin, and faster and more
intense in older skin [45-47]. Complicating matters,
some aspects of wound healing appear to be enhanced
while others are markedly decreased.

There is plenty of evidence to suggest that neutrophil
functions are impaired by aging, but their role in wound
healing is controversial [48]. Neutrophils isolated from
elderly humans have a decreased respiratory burst,
diminished capability to phagocytose, and diminished

@ Table 85.2
Summary of age-related changes in hemostasis

1 Platelet adherence to
collagen

| Inhibitors of coagulation

1 Platelet aggregation 1 Inhibitors of clot lysis

inhibitors

1 Release of alpha-granules | 1 Concentrations of active

clotting factors

1 Concentrations of active
clotting factors

1, increased; |, decreased

chemotactic ability [49-51]. However, studies demon-
strate no difference in wound debridement, cellularity,
or connective tissue formation in the wounds of control
and neutropenic animals [27]. Although neutrophils may
play a role as a first line of defense against bacterial
invasion, they do not appear to play a role in the prolif-
erative phase of repair. More recent studies confirm that
the role of neutrophils in uncontaminated wounds is
probably minimal or even perhaps detrimental [52, 53].
The macrophage however, seems to be required for
wound healing to occur normally and age-related changes
in this cell type are likely to be important to healing
outcomes [28].

In one series of experiments, the role of macrophages
in young, middle aged, and elderly mice was deciphered.
Middle aged and elderly mice showed a delay in wound
closure compared to young mice. When young mice
received intraperitoneal (ip) injections of rabbit antima-
crophage serum, their healing was delayed, similar to that
of untreated aged mice. Wound repair was accelerated in
aged mice that received ip injections of macrophages
harvested from young mice but not from old mice [54,
55]. There are many possible explanations for these effects
including decreased numbers, diminished chemotaxis, or
impaired cytokine production in the elderly macro-
phages. Whether macrophage populations are diminished
with age is uncertain. Some studies suggest that hemato-
poetic stem cells do have a limited life span; there is a
marked hypocellularity in the bone marrow of elderly
humans; and CD68 positive cells (markers of macrophage
populations) are decreased with age, but others demon-
strate the opposite with increased macrophage population
in the bone marrow and similar numbers and composition
of macrophages in young and old mice [56—60]. Macro-
phage invasion into wounds is decreased in middle aged
and elderly skin in some studies but not in others [8, 9].

The ability of macrophages to phagocytose is dimin-
ished with age. In one study, macrophages obtained from
elderly mice ingested fewer particles than macrophages
obtained from young mice [9]. Many other studies cor-
roborate this general understanding that macrophage
phagocytosis is impaired in aging skin [9, 61, 62]. The
mechanisms to explain this decrease in macrophage
function are not clear however. Glucose utilization in
macrophages is decreased with age; several cell surface
receptors required for macrophage activation and recog-
nition are decreased including MHC class II. However,
the Fcy receptor, which is critical for macrophage phago-
cytosis, does not show a decrease in number or function
[9, 12, 63]. Several of the signal transduction pathways in
macrophages obtained from aged individuals including
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the MAP kinases ERK, p38, and JNK are deleteriously
affected and may partially explain the discrepancy [64].

The ability of the macrophage to coordinate the arrival
and interaction of other cells participating in the wound
repair process is also diminished with age. The produc-
tion of interleukin(IL)-1 and IL-6 is decreased in the
aging macrophage, along with the production of VEGE
and TNF-a [12, 15, 64, 65]. As is the case with much
of the above information, conflicting reports showing
increases in each of these cytokines are reported in the
literature [12, 58, 64]. Despite the conflicting data, the
following can be said of the aging macrophage with a fair
degree of validity: phagocytic activity, cytokine (including
TNF-o, VEGE, and FGF-2) and chemokine (includ-
ing MIP-1a. and CCL5) production, infiltration, and
antigen presentation are all decreased [15, 58, 62, 63, 66].
As these are all vital components of the wound healing
process, the age-related functional deficits displayed by
macrophages probably contribute significantly to the
healing impairment seen in aging skin. Many of these
deficits involve cytokines that have influence beyond the
inflammatory stage of wound healing and extend into the
proliferative phase as well. These deficits during the pro-
liferative phase lead to identifiable changes in wound
healing and are summarized in © Table 85.3.

Age-Related Changes During the
Proliferative Phase

Many age-related alterations in wound healing are de-
scribed. Clinical and laboratory studies describe delays
in re-epithelialization, decreases in collagen synthesis, and
organization in wounds of aged humans and rats [67-70].
Additional studies establish decreases in wound-breaking
strength and increases in wound disruption [71, 72].
Results from excisional wound studies on mice continue to
confirm prior reports describing age-related delays in re-
epithelialization [15, 69]. In one study (© Fig. 85.2), aged

0 Table 85.3
Summary of age-related changes during the inflammatory
phase of healing

| Macrophage function | Neutrophil function

1 Secretion of
inflammatory mediators

| Vascular permeability

| Secretion of growth
factors

| Infiltration of macrophages
and lymphocytes

1, increased; |, decreased

mice show a significant delay in terms of time to complete
closure, as well as the portion of the wound bed re-
epithelialized [15]. This study correlates with other stud-
ies showing delayed epithelialization in aged humans and
mice [12, 69, 73].

Many studies show that the proliferative capacity of
keratinocytes decreases with age [74, 75]. Others show
that there is a decline in the rate of normal keratinocyte
turnover in aged skin [76]. Additional studies describe a
decrease in keratinocyte migration in aged skin as well.
Hypoxia is a potent stimulus for keratinocytes from
young persons to migrate, but the opposite effect is seen
in keratinocytes from aged individuals [77]. This decrease
in hypoxia associated keratinocyte migration in aged skin
is partially related to a decrease in MMP production.
MMP-1 and MMP-9, which are both associated with
keratinocyte migration in wounds, are upregulated in
young keratinocytes but downregulated in aged keratino-
cytes [77, 78]. Combining these results with prior studies,
there is an implication that there is a baseline decrease in
the proliferation and migration of keratinocytes in aged
skin. Once an injury occurs, the normal keratinocyte
response to proliferate and to migrate across the wound
is impaired. This impairment results in a delay of wound
closure, increasing the chance for infection or chronic
wound development. The mechanism behind this im-
pairment is still not fully understood, but may be partially
related to decreases in keratinocyte proliferation capacity,

@ Figure 85.2

Representation of the time course of excisional wound
re-epithelialization in young and aged mice. Young mice
have smaller wound areas across all healing times and
reach complete closure before aged mice (Swift et al. [15])
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and migration capacity, and may be mediated through
age-related decreases in specific cytokine production.

Not only are keratinocytes impaired by aging, but the
major proliferative cell in the dermis, the fibroblast, dis-
plays significant age-related impairments as well. It is
generally accepted that there is a decrease in number,
size, and proliferation of fibroblasts in skin with age
[12, 61, 79]. Some studies show a decrease in the
in vitro life span of fibroblasts from aged human donors
[80]. Others document a decrease in migration and pro-
liferation of explanted rat fibroblasts with age [81]. Many
studies evaluating the migratory deficiencies of aged
fibroblasts demonstrate a decline in motility for fibro-
blasts independent of chemotactic stimulus and a decline
in fibronectin associated migration [12, 82, 83]. These
functional declines are due to multiple factors. Injection
of senescent fibroblast mRNA into young fibroblasts
impairs their ability to synthesize DNA [84]. Synthetic
machinery is also decreased, with aged fibroblasts tending
to have poorly developed endoplasmic reticulum [85].
Additionally, a great number of studies examine the de-
creased responsiveness of fibroblasts to a wide variety of
cell signaling molecules and cytokines.

Human fibroblasts have an age-associated decrease in
mitogenic response to epidermal growth factor (EGF),
insulin, dexamethsone, and transferrin [86]. They also
show decreased responsiveness to FGF-7, also known as
keratinocyte growth factor (KGF) [87]. Fibroblasts also
require higher concentrations of PDGF to stimulate pro-
liferation in aged individuals [12]. TGF-B1 responses are
also found to be diminished in fibroblasts derived from
aged individuals [88]. These studies suggest that fibro-
blasts may become desensitized to these stimuli with age.
For some of these decreased responses, possible mechan-
isms have been elucidated. For instance, one study shows
striking differences in EGF receptor (EGFR) number, af-
finity, and rate of EGF/EGFR internalization in early-
passage dermal fibroblasts derived from newborn versus
young adult versus old adult donors, and another shows a
decline in insulin receptor numbers in aged fibroblasts
[89]. TGF-B receptor types I and II are decreased in
hypoxic, but not normoxic conditions in aged fibroblasts
from human donors, and downstream phosphorylation is
also decreased [88]. Some of these receptors are not
only important for proliferation and migration of fibro-
blasts, but are also involved in the production of fibroblast
derived cytokines and fibrogenesis in fibroblasts.

Fibroblast growth factor receptor (FGFR) expression
is downregulated with age and the production of many
FGFs are also found to be decreased. Some of these
decreases include FGF-2, FGF-7, VEGE, and TGF-f1
[15, 90]. This reduction in synthetic ability of fibroblasts

is not limited to cytokines alone, as declines in fibronectin
and collagen production are also described. As stated
previously, conflicting studies exist regarding whether
there is a change in collagen production with aging
[12, 14-16]. Several studies show no age-related changes
in collagen production [12, 15, 69, 91]. Studies that show
an age associated increase in collagen production include
increased production in cultures of fibroblasts from rats
and pigs serially cultured to mimic aging and decreased
type I collagen mRNA production from TGF-f stimulated
human fibroblasts. Despite this conflicting information,
many studies demonstrate a clear decrease in collagen
production with age. Some of the studies showing this
decrease in production include an increase in the ratio of
immature type III collagen (with a decrease in the pro-
portion of mature type I collagen) with age; reduced
collagen production after age 30 in humans; delayed col-
lagen content (but ultimately similar final levels) in aged
mice; and reduced mRNA production of type I collagen
with age [8, 15, 92, 93]. © Tables 85.4 and © 85.5 describe
the age-related changes seen during the proliferative and
remodeling phases of wound healing.

Age-Related Changes During
Remodeling

During the remodeling phase of healing, both collagen

degradation and synthesis occur along with the

O Table 85.4
Summary of age-related changes seen during the prolif-
erative phase of healing

| Collagen deposition | Proliferation of

keratinocytes, fibroblasts

| Migration of
keratinocytes, fibroblasts

— Re-epithelialization

| Receptor numbers and
response

1, increased; |, decreased; —, delayed

O Table 85.5
Summary of age-related changes seen during wound
remodeling

— Wound strength 1 Collagen degradation

| TIMP | Wound strength

| Lysyl oxidase (LOX) crosslinking

1, increased; |, decreased; —, delayed
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maturation of collagen structure, and the dermal archi-
tecture moves closer to the original normal structure. In
aging, levels of collagen degradation in wounds appear to
increase. The enzymes that are most active in collagen
degradation are the matrix metalloproteinases (MMPs),
a family of proteases that have various functions includ-
ing, acting as intermediary signaling molecules, but are
primarily thought to be active as proteolytic degradation
enzymes. The MMPs are secreted by various cells includ-
ing keratinocytes and fibroblasts, and collectively are
known to degrade collagen, gelatin, and other ECM com-
ponents [78]. Tissue inhibitors of metalloproteinases
(TIMPs) are naturally occurring inhibitors of MMPs
and their presence helps balance the degree of collagen
synthesis and breakdown in wound healing. It should
come as no surprise that debate exists on whether
MMPs and TIMPs are increased or decreased with age
and evidence exists in favor of each [12, 44, 61, 70, 77, 78,
94, 95]. However, the preponderance of evidence currently
points toward increased MMP levels and decreased TIMP
levels in aging skin. As new research continues to examine
this process, this notion will likely evolve. Additionally,
alterations in protease balance are likely not to be uniform
and depending on the cell types, substrates, and wound
conditions being examined, it is quite possible that diver-
gent effects will be seen. It is possible that collagen degra-
dation by MMPs may be enhanced while receptor mediated
interactions with MMPs may be reduced. Divergent effects
may also occur over early wound time points versus later
wound time points as wound healing is incredibly dynamic
requiring appropriate increases and decreases in each ele-
ment at appropriate times.

The end result of the remodeling phase is a durable
dermis, one measure of which is the strength of the
wound. Studies demonstrate a decrease in tensile strength
in older individuals in a variety of settings including
intestinal anastomoses, cutaneous wounds, and abdomi-
nal incisions [71, 72]. Tensile strength of wounds is not
solely dependant on the amount of collagen present, but
also relies upon the degree of crosslinking of the collagen
fibers and the overall architecture. Collagen can be cross-
linked by two mechanisms. In enzymatic crosslinking,
collagen is crosslinked by a posttranslational modification
via the enzymatic activity of lysyl oxidase (LOX). This
enzyme crosslinks collagen in a specific pattern and main-
tains an association with the collagen fibrils preventing
nonspecific crosslinking [96]. Enzymatic crosslinking oc-
curs in normal and wounded skin and contributes to
improved collagen architecture and tissue strength. The
second method of collagen crosslinking is via a nonspe-
cific chemical modification by crosslink oxidation or non-
enzymatic glycosylation [97, 98].

Both enzymatic and nonspecific crosslinking are de-
scribed to be altered with aging. In regard to enzymatic
crosslinking, alterations in LOX activity are described with
aging. An age associated decrease in LOX activity in skin
from elderly monkeys has been described [99]. LOX mRNA
levels were also found to be decreased in skin from aged
rats in several studies [100, 101]. Despite this described
decrease in LOX activity, increases in collagen insolubility
were reported with higher intra and intermolecular cross-
linking in older subjects [96, 101, 102]. This apparent
disparity between decreased LOX activity and increased
collagen crosslinking may actually go hand in hand. As
previously stated, while LOX does crosslink collagen, it
also protects it from nonspecific crosslinking. Some studies
show that the specific LOX derived crosslinks decrease with
age and the nonspecific chemical and glycosylation cross-
links increase [96]. This increase in nonspecific collagen
crosslinks may explain some of the physical changes de-
scribed in elderly skin including coarse collagen structure,
stiffer ECM, and decreased chemotaxis of inflammatory
and proliferative cells such as endothelial cells.

Age-Related Changes in Angiogenesis

While some controversy exists as to whether wound an-
giogenesis is increased or decreased with age, the prepon-
derance of evidence points toward an overall decrease in
angiogenesis in aging skin [8, 13, 103, 104]. Many of the
previously described changes in cytokines, proliferation,
and structural proteins also affect angiogenesis. Studies on
both excisional wounds and subcutaneous implant models
in aged animals show a delay in wound capillary ingrowth
[105, 106]. This delay may be a function of impaired
migration because of the altered collagen crosslinking
mentioned above, cellular senescence of endothelial cells,
or may be due to decreases in growth factor expression.
Many studies have delineated the perturbations
caused by altered levels of growth factors. VEGE, PDGEF,
TGF-B1, and FGF have all been found to impact angio-
genesis through their influence on endothelial cell func-
tions and age associated impairments of these growth
factors can have profound effects on wound angiogenesis
[15, 107-109]. Senescent HUVEC cells fail to migrate in
response to FGF and the phosphorylation of FGF receptor-
1 substrates is impaired [107]. A decrease in capillary
density, along with a decrease in the production of the
pro-angiogenic stimuli FGF-2 and VEGF has been
demonstrated in excisional wounds from aged mice. In
addition, the in vivo response to a defined level of pro-
angiogenic stimulus, implanted subcutaneously, decreases
in aged animals [15]. Other studies demonstrate similar
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impairments including decreased perfusion and capillary
density with decreased VEGF levels in aged animals and a
concomitant increase in subsequent vascular density with
recombinant VEGF supplementation [110]. Other studies
show a reduction in sprouting of vessels in aged mice with
a rise to levels approaching that of young mice when
supplemented with IGF-1, VEGFE, TGF-B1, or bFGF [111].

An increase in anti-angiogenic factors, such as mem-
bers of the thrombospondin (TSP) family, is found in
wounds of aged animals, and may provide a second
layer of inhibition on endothelial functions beyond the
simple deficiency of stimulatory growth factors. TSP is
known to inhibit neovascularization through a variety of
mechanisms including limiting vessel density, inducing
apoptosis in endothelial cells, and decreasing the response
of endothelial cells to various stimulatory signals includ-
ing VEGF [112]. In one study, TSP-2 expression was
increased in fibroblasts from the wounds of aged mice;
TSP knockout mice have increased angiogenesis com-
pared to wild-type counterparts [7]. Several studies de-
scribe an increase in TSP levels with age [7, 13, 113].

SPARC (also termed osteonectin), is a multifunctional
glycoprotein that modulates cellular-ECM interaction,
inhibits cellular proliferation, and regulates the activity
of growth factors. SPARC can bind directly to VEGE
inhibit VEGF-receptor interaction, and prevent VEGEF-
induced phosphorylation of VEGF receptor-1 [114].
SPARC has been shown to inhibit the proliferative and
migratory effects of FGF and VEGF on endothelial cells
[115, 116]. SPARC expression increases with age in several
models both in vivo and in vitro [116, 117]. Specifically,
SPARC increases with age in human periodontal ligament
cells’ in murine wounds using a sponge implant model,
and in fibroblasts and endothelial cells obtained from the
skin of young and old human donors. This age-related
increase in SPARC could contribute to the decrease in
VEGF and angiogenesis that is observed in aging. The
regulation of SPARC itself is not completely understood,
although some studies show that TGF-B1 and PDGF
increase the expression of SPARC, while bFGF decreases
the expression of SPARC [118, 119]. While there are
probably many reasons for the decrease in VEGF expres-
sion and endothelial cell migration in aging skin and
wounds, the increase in inhibitors of angiogenesis like
TSP-1 and SPARC provide additional means of inhibi-
tion, beyond mere cellular senescence in wounds from
aged individuals.

Regardless of the underlying mechanism, endothelial
function and angiogenesis is impaired in aging skin
(© Table 85.6). Whether due to an age-related increase
in angiogenic inhibitors; a decrease in growth factors like

0 Table 85.6
Summary of age-related changes seen in angiogenesis

— Capillary
ingrowth

1 Inhibitors of
angiogenesis

| Migration and proliferation of
endothelial cells

| Angiogenic cytokines

— and | Vascular
density

1, increased; |, decreased; —, delayed

VEGE, EGEF, or FGE, a decrease in endothelial migration
and proliferation, or an impairment of downstream re-
ceptor signaling, the end result is that angiogenesis in
wounds from aged individuals is impaired. A significant
decrease in angiogenesis can often negatively impact heal-
ing. However, the influence of the age-related angiogenic
impairment on the healing capacity of any particular
wound probably varies due to individual wound conditions.

Conclusion

Even though angiogenesis and wound healing may be
delayed in an aged individual, if the person is otherwise
healthy, and the wound is in optimal condition, no func-
tional detriment might be observed. The wound will close,
no infection will set in, and the individual will be none the
wiser that it took a few extra hours to close, or that there
were fewer blood vessels, or that the strength of the skin
across the wound will take an extra few weeks to achieve
maximal strength. The real impact of the impairment in
wound healing and angiogenesis is not on the healthy
aged individual, but on the aged individual with baseline
impairments: a lower extremity laceration on an elderly
woman with peripheral vascular disease, or a man with
diabetes, for example. For these individuals who already
have a baseline deficiency in the maximal potential for
wound healing, a slight reduction in angiogenesis or a
slight delay in wound closure, cytokines, or growth factor
activity could mean the difference between an infection and
a clean wound, a chronic ulcer or a healthy scar.

References

1. Harrist T, et al. The skin. In: Rubin E and Faber ], (eds) Pathology.
Philadelphia: Lipincott-Raven, 1999, pp. 1236-1299.

2. Fisher GJ, et al. Pathophysiology of premature skin aging induced by
ultraviolet light. N Engl ] Med. 1997;337(20):1419-1428.



Impaired Wound Repair and Delayed Angiogenesis

905

14.

15.

17.

19.

20.

21.

22.

23.

24,

25.

26.

. Gilchrest BA, Garmyn M, Yaar M. Aging and photoaging affect gene

expression in cultured human keratinocytes. Arch Dermatol.
1994;130(1):82-86.

. Census Bureau US. Population projections program. Washington:

Population Division, U.S. Census Bureau, 2000.

. McMahon DJ, Schwab CW, Kauder D. Comorbidity and the elderly

trauma patient. World J Surg. 1996;20(8):1113-1119, discussion
1119-1120.

. DuNouy P. Cicatrization of wounds: The relation between the age of

the patient, the area of the wound, and the index of cicatrization.
J Exp Med. 1916;24(5):461-470.

. Agah A, et al. Thrombospondin 2 levels are increased in aged mice:

consequences for cutaneous wound healing and angiogenesis. Matrix
Biol. 2004;22(7):539-547.

. Ashcroft GS, Horan MA, Ferguson MW. Aging is associated with

reduced deposition of specific extracellular matrix components, an
upregulation of angiogenesis, and an altered inflammatory response
in a murine incisional wound healing model. J Invest Dermatol.
1997;108(4):430-437.

. Swift ME, et al. Age-related alterations in the inflammatory response

to dermal injury. J Invest Dermatol. 2001;117(5):1027-1035.
Kurban RS, Bhawan J. Histologic changes in skin associated with
aging. ] Dermatol Surg Oncol. 1990;16(10):908-914.

. Lavker RM. Structural alterations in exposed and unexposed aged

skin. J Invest Dermatol. 1979;73(1):59-66.

Ashcroft GS, Horan MA, Ferguson MW. The effects of ageing on
cutaneous wound healing in mammals. ] Anat. 1995;187:(Pt. 1): 1-26.
Reed MJ, Edelberg JM. Impaired angiogenesis in the aged. Sci Aging
Knowledge Environ. 2004;2004(7):pe7.

Clausen B. Influence of age on connective tissue. Hexosamine and
hydroxyproline in human aorta, myocardium, and skin. Lab Invest.
1962;11:229-234.

Swift ME, Kleinman HK, DiPietro LA. Impaired wound repair
and delayed angiogenesis in aged mice. Lab Invest. 1999;79(12):
1479-1487.

Vitellaro-Zuccarello L, Garbelli R, Rossi VD. Immunocytochemical
localization of collagen types I, III, IV, and fibronectin in the human
dermis. Modifications with ageing. Cell Tissue Res. 1992;
268(3):505-511.

Montagna W, Carlisle K. Structural changes in ageing skin. Br
J Dermatol. 1990;122:Suppl 35: 61-70.

Pochi PE, Strauss JS, Downing DT. Age-related changes in sebaceous
gland activity. J Invest Dermatol. 1979;73(1):108-111.

Silver A. The effect of age on human eccrine sweating. In:
Montagna W (ed) Advances in Biology of the Skin, Vol. 6. Oxford:
Pergamon, 1965, pp.129-149.

Tsuchida Y. The effect of aging and arteriosclerosis on human skin
blood flow. ] Dermatol Sci. 1993;5(3):175-181.

Braverman IM, Fonferko E. Studies in cutaneous aging: II. The
microvasculature. J Invest Dermatol. 1982;78(5):444—448.
Gniadecka M, Serup J, Sondergaard J. Age-related diurnal changes of
dermal oedema: evaluation by high-frequency ultrasound. Br J Der-
matol. 1994;131(6):849-855.

Witte MB, Barbul A. General principles of wound healing. Surg Clin
North Am. 1997;77(3):509-528.

Barnes MJ, et al. Platelet aggregation by basement membrane-
associated collagens. Thromb Res. 1980;18(3—4):375-388.

Davi GC Patrono, platelet activation and atherothrombosis. N Engl
] Med. 2007;357(24):2482-2494.

Ross R, Benditt EP. Wound healing and collagen formation. II. Fine
structure in experimental scurvy. J Cell Biol. 1962;12:533-551.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Simpson DM, Ross R. The neutrophilic leukocyte in wound repair
a study with antineutrophil serum. ] Clin Invest. 1972;51(8):
2009-2023.

Leibovich SJ, Ross R. The role of the macrophage in wound repair. A
study with hydrocortisone and antimacrophage serum. Am J Pathol.
1975;78(1):71-100.

DiPietro LA, et al. MIP-lalpha as a critical macrophage chemo-
attractant in murine wound repair. J Clin Invest. 1998;101(8):
1693-1698.

DiPietro LA, et al. Modulation of JE/MCP-1 expression in dermal
wound repair. Am J Pathol. 1995;146(4):868-875.

DiPietro LA. Wound healing: the role of the macrophage and other
immune cells. Shock. 1995;4(4):233-240.

Hunt TK, et al. Studies on inflammation and wound healing:
angiogenesis and collagen synthesis stimulated in vivo by
resident and activated wound macrophages. Surgery. 1984;96
(1):48-54.

Polverini PJ, et al. Activated macrophages induce vascular prolifera-
tion. Nature. 1977;269(5631):804—806.

Ross R, Odland G. Human wound repair. II. Inflammatory cells,
epithelial-mesenchymal interrelations, and fibrogenesis. J Cell Biol.
1968;39(1):152-168.

Dang C, et al. Fetal wound healing current perspectives. Clin Plast
Surg. 2003;30(1):13-23.

Frantz FW, et al. Biology of fetal repair: the presence of bacteria in
fetal wounds induces an adult-like healing response. J Pediatr Surg.
1993;28(3):428-433, discussion 433—4.

Meuli M, et al. Scar formation in the fetal alimentary tract. ] Pediatr
Surg. 1995;30(3):392-395.

Grigorova-Borsos AM, et al. Aging and diabetes increase the aggre-
gating potency of rat skin collagen towards normal platelets.
Thromb Haemost. 1988;60(1):75-78.

Yonezawa Y, Kondo H, Nomaguchi TA. Age-related changes in
serotonin content and its release reaction of rat platelets. Mech
Ageing Dev. 1989;47(1):65-75.

Bauer KA, et al. Aging-associated changes in indices of thrombin
generation and protein C activation in humans. Normative Aging
Study. J Clin Invest. 1987;80(6):1527-1534.

Hager K, et al. Blood coagulation factors in the elderly. Arch Ger-
ontol Geriatr. 1989;9(3):277-282.

Pieper CF, et al. Age, functional status, and racial differences in
plasma D-dimer levels in community-dwelling elderly persons.
J Gerontol A Biol Sci Med Sci. 2000;55(11):M649-M657.

Naldini A, et al. Thrombin regulates the expression of proangiogenic
cytokines via proteolytic activation of protease-activated receptor-1.
Gen Pharmacol. 2000;35(5):255-259.

Pepper MS. Role of the matrix metalloproteinase and plasminogen
activator-plasmin systems in angiogenesis. Arterioscler Thromb Vasc
Biol. 2001;21(7):1104-1117.

Cohen BJ, Cutler RG, Roth GS. Accelerated wound repair in old deer
mice (Peromyscus maniculatus) and white-footed mice (Peromyscus
leucopus). ] Gerontol. 1987;42(3):302-307.

Forscher BK, Cecil HC. Some effects of age on the biochemistry of
acute inflammation. Gerontologia. 1958;2(3):174-182.

Kligman AM. Perspectives and problems in cutaneous gerontology.
J Invest Dermatol. 1979;73(1):39—-46.

Fortin CF, et al. Aging and neutrophils: there is still much to do.
Rejuvenation Res. 2008;11(5):873-882.

Butcher SK, et al. Senescence in innate immune responses: reduced
neutrophil phagocytic capacity and CD16 expression in elderly
humans. J Leukoc Biol. 2001;70(6):881-886.



906

Impaired Wound Repair and Delayed Angiogenesis

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Di Lorenzo G, et al. Granulocyte and natural killer activity in the
elderly. Mech Ageing Dev. 1999;108(1):25-38.

Fortin CF, et al. Impairment of SHP-1 down-regulation in the lipid
rafts of human neutrophils under GM-CSF stimulation contributes
to their age-related, altered functions. ] Leukoc Biol. 2006;79
(5):1061-1072.

Dovi JV, He LK, DiPietro LA. Accelerated wound closure in neutro-
phil-depleted mice. ] Leukoc Biol. 2003;73(4):448-455.

Martin P, et al. Wound healing in the PU.I null mouse — tissue
repair is not dependent on inflammatory cells. Curr Biol. 2003;13
(13):1122-1128.

Cohen BJ, Danon D, Roth GS. Wound repair in mice as in-
fluenced by age and antimacrophage serum. J Gerontol. 1987;
42(3):295-301.

Danon D, Kowatch MA, Roth GS. Promotion of wound repair in old
mice by local injection of macrophages. Proc Natl Acad Sci USA.
1989;86(6):2018-2020.

Geiger H, Van Zant G. The aging of lympho-hematopoietic stem
cells. Nat Immunol. 2002;3(4):329-333.

Ogawa T, Kitagawa M, Hirokawa K. Age-related changes of human
bone marrow: a histometric estimation of proliferative cells, apopto-
tic cells, T cells, B cells and macrophages. Mech Ageing Dev. 2000;
117(1-3):57-68.

Sebastian C, et al. Macrophaging: a cellular and molecular review.
Immunobiology. 2005;210(2-4):121-126.

Wang CQ, et al. Effect of age on marrow macrophage number and
function. Aging (Milano). 1995;7(5):379-384.

Herrero C, et al. IFN-gamma-dependent transcription of MHC class
II TA is impaired in macrophages from aged mice. J Clin Invest.
2001;107(4):485-493.

Gosain A, DiPietro LA. Aging and wound healing. World ] Surg.
2004;28(3):321-326.

Plowden J, et al. Innate immunity in aging: impact on macrophage
function. Aging Cell. 2004;3(4):161-167.

Herrero C, et al. Immunosenescence of macrophages: reduced MHC
class IT gene expression. Exp Gerontol. 2002;37(2-3):389-394.
Gomez CR, et al. Innate immunity and aging. Exp Gerontol. 2008;43
(8):718-728.

Park JE, Barbul A. Understanding the role of immune regulation in
wound healing. Am J Surg. 2004;187(5A):11S-16S.

Donnini A, et al. Phenotype, antigen-presenting capacity, and mi-
gration of antigen-presenting cells in young and old age. Exp Ger-
ontol. 2002;37(8-9):1097-1112.

Butcher EO, Klingsberg J. Age, gonadectomy, and wound healing in
the palatal mucosa of the rat. Oral Surg Oral Med Oral Pathol.
1963;16:484-493.

Holm-Pedersen P, Viidik A. Tensile properties and morphology of
healing wounds in young and old rats. Scand J Plast Reconstr Surg
Hand Surg. 1972;6(1):24-35.

Holt DR, et al. Effect of age on wound healing in healthy human
beings. Surgery. 1992;112(2):293-297, discussion 297-298.

Tan EM, et al. Extracellular matrix gene expression by human ker-
atinocytes and fibroblasts from donors of varying ages. Trans Assoc
Am Physicians. 1993;106:168—178.

Mendoza CB, Jr., Postlethwait RW, Johnson WD. Veterans Adminis-
tration cooperative study of surgery for duodenal ulcer. II. Incidence
of wound disruption following operation. Arch Surg. 1970;
101(3):396-398.

Sussman MD. Aging of connective tissue: physical properties of
healing wounds in young and old rats. Am J Physiol. 1973;
224(5):1167-1171.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

Cox DA, et al. Wound healing in aged animals — effects of locally
applied transforming growth factor beta 2 in different model sys-
tems. EXS. 1992;61:287-295.

Gilchrest BA. In vitro assessment of keratinocyte aging. J Invest
Dermatol. 1983;81(1 Suppl):184s—189s.

Rheinwald JG, Green H. Serial cultivation of strains of human
epidermal keratinocytes: the formation of keratinizing colonies
from single cells. Cell. 1975;6(3):331-343.

Morris GM, Hamlet R, Hopewell JW. The cell kinetics of the epider-
mis and follicular epithelium of the rat: variations with age and body
site. Cell Tissue Kinet. 1989;22(3):213-222.

Xia YP, et al. Differential activation of migration by hypoxia in
keratinocytes isolated from donors of increasing age: implication
for chronic wounds in the elderly. J Invest Dermatol. 2001;
116(1):50-56.

Salo T, et al. Expression of matrix metalloproteinase-2 and -9 during
early human wound healing. Lab Invest. 1994;70(2):176-182.
Plisko A, Gilchrest BA. Growth factor responsiveness of cultured
human fibroblasts declines with age. J Gerontol. 1983;38(5):
513-518.

Schneider EL. Aging and cultured human skin fibroblasts. J Invest
Dermatol. 1979;73(1):15-18.

Lombard N, Masse R. Effect of in vivo aging on the growth of rat
fibroblastic cells from cutaneous explants. C R Seances Soc Biol Fil.
1987;181(3):267-273.

Albini A, et al. Decline of fibroblast chemotaxis with age of donor
and cell passage number. Coll Relat Res. 1988;8(1):23-37.

Pienta KJ, Coffey DS. Characterization of the subtypes of cell motili-
ty in ageing human skin fibroblasts. Mech Ageing Dev. 1990;56
(2):99-105.

Lumpkin CK, Jr., et al. Existence of high abundance antiproliferative
mrna’s in senescent human diploid fibroblasts. Science. 1986;
232(4748):393-395.

Pieraggi MT, et al. The fibroblast. Ann Pathol. 1985;5(2):65-76.
Phillips PD, Kaji K, Cristofalo VJ. Progressive loss of the proliferative
response of senescing WI-38 cells to platelet-derived growth factor,
epidermal growth factor, insulin, transferrin, and dexamethasone.
] Gerontol. 1984;39(1):11-17.

Stanulis-Praeger BM, Gilchrest BA. Growth factor responsiveness
declines during adulthood for human skin-derived cells. Mech Age-
ing Dev. 1986;35(2):185-198.

Mogford JE, et al. Effect of age and hypoxia on tgfbetal receptor
expression and signal transduction in human dermal fibroblasts:
impact on cell migration. J Cell Physiol. 2002;190(2):259-265.
Reenstra WR, Yaar M, Gilchrest BA. Effect of donor age on epider-
mal growth factor processing in man. Exp Cell Res. 1993;
209(1):118-122.

Komi-Kuramochi A, et al. Expression of fibroblast growth factors
and their receptors during full-thickness skin wound healing in
young and aged mice. ] Endocrinol. 2005;186(2):273-289.

Reed M]J, et al. TGF-beta 1 induces the expression of type I collagen
and SPARC, and enhances contraction of collagen gels, by fibroblasts
from young and aged donors. J Cell Physiol. 1994;158(1):169-179.
Furth JJ. The steady-state levels of type I collagen mrna are reduced
in senescent fibroblasts. ] Gerontol. 1991;46(3):B122-B124.

Lovell CR, et al. Type I and III collagen content and fibre distribution
in normal human skin during ageing. Br ] Dermatol. 1987;
117(4):419-428.

. Burke EM, et al. Altered transcriptional regulation of human inter-

stitial collagenase in cultured skin fibroblasts from older donors. Exp
Gerontol. 1994;29(1):37-53.



Impaired Wound Repair and Delayed Angiogenesis

907

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Hornebeck W. Down-regulation of tissue inhibitor of matrix
metalloprotease-1 (TIMP-1) in aged human skin contributes to
matrix degradation and impaired cell growth and survival. Pathol
Biol (Paris). 2003;51(10):569-573.

Szauter KM, et al. Lysyl oxidase in development, aging and pathol-
ogies of the skin. Pathol Biol (Paris). 2005;53(7):448-456.

Au 'V, Madison SA. Effects of singlet oxygen on the extracellular
matrix protein collagen: oxidation of the collagen crosslink histi-
dinohydroxylysinonorleucine and histidine. Arch Biochem Bio-
phys. 2000;384(1):133-142.

Ulrich P, Cerami A. Protein glycation, diabetes, and aging. Recent
Prog Horm Res. 2001;56:1-21.

Reiser KM, Hennessy SM, Last JA. Analysis of age-associated
changes in collagen crosslinking in the skin and lung in monkeys
and rats. Biochim Biophys Acta. 1987;926(3):339-348.

Quaglino D, et al. Extracellular matrix modifications in rat tissues
of different ages. Correlations between elastin and collagen type I
mrna expression and lysyl-oxidase activity. Matrix. 1993;
13(6):481-490.

Fornieri C, Quaglino D, Jr., Mori G. Correlations between age and
rat dermis modifications. Ultrastructural-morphometric evalua-
tions and lysyl oxidase activity. Aging (Milano). 1989;1(2):127-138.
Eyre DR, Paz MA, Gallop PM. Cross-linking in collagen and elastin.
Annu Rev Biochem. 1984;53:717-748.

Chang E, et al. Aging and survival of cutaneous microvasculature.
J Invest Dermatol. 2002;118(5):752-758.

Chung JH, Eun HC. Angiogenesis in skin aging and photoaging.
J Dermatol. 2007;34(9):593-600.

Pili R, et al. Altered angiogenesis underlying age-dependent
changes in tumor growth. J Natl Cancer Inst. 1994;86(17):
1303-1314.

Yamaura H, Matsuzawa T. Decrease in capillary growth during
aging. Exp Gerontol. 1980;15(2):145-150.

Garfinkel S, et al. FGF-1-dependent proliferative and migratory
responses are impaired in senescent human umbilical vein endo-
thelial cells and correlate with the inability to signal tyrosine phos-
phorylation of fibroblast growth factor receptor-1 substrates. J Cell
Biol. 1996;134(3):783-791.

Sarzani R, et al. Effects of hypertension and aging on platelet-
derived growth factor and platelet-derived growth factor receptor

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

expression in rat aorta and heart. Hypertension. 1991;18(Suppl 5):
11193-11199.

Reed MJ, et al. Neovascularization in aged mice: delayed angio-
genesis is coincident with decreased levels of transforming
growth factor betal and type I collagen. Am ] Pathol. 1998;
152(1):113-123.

Rivard A, et al. Age-dependent impairment of angiogenesis. Circu-
lation. 1999;99(1):111-120.

Arthur WT, et al. Growth factors reverse the impaired sprouting of
microvessels from aged mice. Microvasc Res. 1998;55(3):260-270.
Jimenez B, et al. Signals leading to apoptosis-dependent inhibition
of neovascularization by thrombospondin-1. Nat Med. 2000;
6(1):41-48.

Sadoun E, Reed MJ. Impaired angiogenesis in aging is associated
with alterations in vessel density, matrix composition, inflammato-
ry response, and growth factor expression. ] Histochem Cytochem.
2003;51(9):1119-1130.

Brekken RA, Sage EH. SPARC, a matricellular protein: at the cross-
roads of cell-matrix communication. Matrix Biol. 2001;
19(8):816-827.

Kupprion C, Motamed K, Sage EH. SPARC (BM-40, osteonectin)
inhibits the mitogenic effect of vascular endothelial growth factor
on microvascular endothelial cells. J Biol Chem. 1998;273(45):
29635-29640.

Reed MJ, et al. Enhanced angiogenesis characteristic of SPARC-null
mice disappears with age. J Cell Physiol. 2005;204(3):800-807.
Shiba H, et al. Effects of ageing on proliferative ability, and the
expressions of secreted protein, acidic and rich in cysteine (SPARC)
and osteoprotegerin (osteoclastogenesis inhibitory factor) in cul-
tures of human periodontal ligament cells. Mech Ageing Dev.
2000;117(1-3):69-77.

Shiba H, et al. Effects of basic fibroblast growth factor on prolifera-
tion, the expression of osteonectin (SPARC) and alkaline phospha-
tase, and calcification in cultures of human pulp cells. Dev Biol.
1995;170(2):457-466.

Chandrasekhar S, et al. Osteonectin/SPARC is a product of articular
chondrocytes/cartilage and is regulated by cytokines and growth
factors. Biochim Biophys Acta. 1994;1221(1):7-14.






	Impaired Wound Repair and Delayed Angiogenesis
	Introduction
	Age-Related Changes in the Components of Skin
	Normal Wound Healing
	Age-Related Alterations in Hemostasis
	Age-Related Alterations in the Inflammatory Phase
	Age-Related Changes During the Proliferative Phase
	Age-Related Changes During Remodeling
	Age-Related Changes in Angiogenesis
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


