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Abstract

Aging is associated with a progressive loss of function in all organs. Under normal conditions the
physiologic compensation for age-related deficits is sufficient, but during times of stress the
limitations of this reserve become evident. Explanations for this reduction in reserve include the
changes in the microcirculation that occur during the normal aging process. The microcirculation
is defined as the blood flow through arterioles, capillaries and venules, which are the smallest
vessels in the vasculature and are embedded within organs and tissues. Optimal strategies to
maintain the microvasculature following surgery and other stressors must use multifactorial
approaches. Using skin as the model organ, we will review the anatomical and functional changes
in the microcirculation with aging, and some of the available clinical strategies to potentially
mitigate the effect of these changes on important clinical outcomes.
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l. Introduction

Aging is associated with a progressive loss of functional reserve in all organs including the
skin (Braverman, 2000), central nervous system (Wahl and Schilling, 1993), cardiovascular
(Goldspink, 2005), pulmonary (Lowery et al., 2013), and renal (Bohler et al., 1993) systems.
Under normal conditions the physiologic compensation for age-related deficits is sufficient,
but during times of stress the limitations of physiologic reserve become evident. Underlying
this reduction in global organ reserve are the changes in the microcirculation that occur
during the aging process (Montagna and Carlisle, 1990). The microcirculation is defined as
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the blood flow through arterioles, capillaries and venules, which are the smallest vessels in
the vasculature and are embedded within organs and tissues. The microcirculation provides
tissue perfusion, fluid homeostasis, and delivery of oxygen and other nutrients. It also
controls temperature and the inflammatory response. Age-associated delays in
microvascular responses to stressors lead to impairments in processes that are pivotal for
wound healing, such as temperature regulation and tissue perfusion. Optimal healing
strategies following surgery and other stressors must therefore use multifactorial approaches
to address changes in the microcirculation in the older host (Bentov and Reed, 2014).
Potential strategies include maintaining euthermia and euvolemia, better use of existing
vessels to optimize vasodilation (e.g., physical activity, pneumatic compression, or
pharmacologic mediators) (Husmann et al., 2008; Krcma et al., 2009), optimization of
inflammatory and other cellular responses (e.g., stem cells) (Jadlowiec et al., 2012;
Roubelakis et al., 2014), and strategies to address deficiencies in growth factors and sex
steroids (Jadlowiec et al., 2012; Makrantonaki and Zouboulis, 2009; Scalia, 2013). We will
review the anatomical and functional changes in the microcirculation with aging and some
of the available strategies to potentially mitigate the effect of these changes on important
clinical outcomes. When examining microcirculatory function and dysfunction, the
cutaneous microcirculation is considered not only accessible but also representative of other
organ systems (Holowatz et al., 2008). Accordingly, for the purposes of this review, we will
utilize skin as the model for age-related changes in the microcirculation, and wound healing
as a clinical outcome.

Il. Age-related anatomical and functional changes in the microcirculation

It has long been appreciated that blood flow to the skin, the largest organ in the body, is
reduced by 40% between the ages of 20 to 70 years (Tsuchida, 1993). This likely reflects
changes in the microcirculation. Anatomically (following the direction of blood flow), the
microcirculation is composed of arterioles, capillaries and venules. These blood vessels are
lined by endothelial cells that regulate the exchange of water, nutrients, and waste products
between blood and the tissues. Arterioles and venules are surrounded by smooth muscle that
can contract (vasoconstriction) or relax (vasodilation) to regulate blood flow and pressure.
Avrterioles are 10-100um in diameter, innervated and surrounded by smooth muscle cells.
Avrterioles carry the blood to the capillaries, which are 5-8 pm in diameter, not innervated
and not invested by smooth muscle cells. Capillaries form the vascular bed largely
responsible for the distribution of nutrients and exchange of waste products. Some
capillaries are surrounded by pericytes (Rouget cells), which are a mesenchymal-type cell
that has contractile properties and can also provide structural support to the capillaries
(Armulik et al., 2011). Blood flows out of the capillaries into the venules that are 10-200pum
in diameter and are surrounded by smooth muscle cells, but to lesser extent than arterioles.
Some authors also include the lymphatic capillaries and collecting ducts, but these structures
will not be discussed in this review. The following sections will highlight age-related
changes in microvascular anatomy and physiology.
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Il a. Impaired microvascular reactivity

Not all vessels are perfused under conditions of normal metabolic demand (Chade, 2013).
Consequently, non-perfused microvasculature represents a reserve that may be recruited
under conditions of stress (Levy et al., 2008). Accessing this reserve is more difficult in
aged organs due to impairments in the dynamic control of blood flow (Jackson et al., 2010).
Reduction of arteriolar reactivity in the aged reflects changes in multiple mechanisms. For
example, acetylcholine-induced endothelium-dependent vasodilatation declines with
advancing age (although vasodilatation in response to bradykinin, substance P and
isoproterenol is preserved) (DeSouza et al., 2002). Aging is also associated with deficits in
endothelial nitric oxide availability (Feher et al., 2014) and nitric oxide synthase-dependent
vasodilation of arterioles (Mayhan et al., 2008). Replacement of low estrogen levels in aged
female rats can restore impairments of vasodilation (Kang et al., 2011). Reactive oxygen
species signaling increases with age (Donato et al., 2007) and can impair endothelium-
dependent vasodilation (Sindler et al., 2013). The availability of collateral circulation also
declines in the aging vasculature. For example, collateral circulation via pial anastomoses
after middle cerebral artery occlusion is reduced in an aged animal model (Yamaguchi et al.,
1988).

Vasoconstrictive responses are also delayed with age. Cutaneous vasoconstriction in
response to low body temperature is dependent on adrenergic stimulation by norepinephrine,
which is impaired in aging (Thompson and Kenney, 2004). Interestingly, despite the
limitation in dynamic responses, age is associated with chronic vasoconstriction mediated by
local activation of Rho-kinase signaling (Thompson and Kenney, 2004). This form of
vascular dysregulation is thought to contribute to additional age-related pathologies
including hypertension and erectile dysfunction (Nunes et al., 2010).

Il b. Increased vascular stiffness

Medial degeneration and deposition of extracellular matrix, fats, cholesterol and other
substances results in a hardening of arteries that is often referred to as arteriosclerosis. The
accumulation of hyaline materials (plasma proteins including C3, lipoproteins, intercellular
connective tissue and cellular debris) is exacerbated by diseases more common with aging,
such as hypertension or diabetes mellitus (Sawabe, 2010). Most studies of age-related
changes in the arterioles focus on cerebral and renal arterioles (rather than skin), as sclerosis
in these organs results in significant clinical deficits (cerebral hemorrhage, infarctions and
nephrosclerosis). It is uncertain whether sclerosis of the venules (phelebosclerosis) is an age-
related process since the prevalence of phelebosclerosis is increased with aging, but no
correlation exists between age and the degree of phelebosclerosis (Leu et al., 1991).

Il c. Decreased vascular density and impaired vascular organization

Angiogenesis (the formation of new microvasculature from existing vessels) is impaired in
aged tissues (Rivard et al., 1999; Shimada et al., 2004) leading to a reduction in the number
and density of blood vessels in most organs, including the skin. A decrease in microvascular
density has been implicated in age-related nephropathy (Kang et al., 2001) and in
neurodegeneration (Brown and Thore, 2011). In a mouse model of femoral artery ligation,
an age-dependent diminished recovery of flow was observed. The decreased flow recovery
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was due to a reduction in collateral number and diameter (collateral rarefaction) (Faber et
al., 2011). The importance of collateral rarefaction as a therapeutic target in older humans
remains to be elucidated (Epstein et al., 2012). Aging is also associated with disorganized
branching geometry of the arterioles and capillaries. The lack of microvascular organization
is seen in skin (Li et al., 2006), human retinal vasculature (Stanton et al., 1995) and skeletal
muscle (Frontera et al., 2000; Russell et al., 2003). It is likely, but not proven, that decreased
vascular density and increased vessel disorganization contributes to age-related deficits in
diffusive transport capacity of the skin vasculature.

lll. Interventions that influence the aging microcirculation

The importance of a well-functioning microcirculation is underscored during stress
conditions (trauma, surgery, shock states etc.), which are accompanied by loss of vascular
integrity, organ dysfunction, and even death (Hinshaw, 1996). There are a range of
interventions that can optimize the microcirculation to better respond to these stresses. As an
example, smoking cessation is commonly accepted as a lifestyle change that reduces post-
operative respiratory complications, but also decreases the risk of surgical site infection
(Wong et al., 2012). The latter benefit likely represents improvement in the cutaneous
microcirculation. Other strategies aimed at improving microcirculatory function include:
increasing physical activity, use of pneumatic compression, optimization of inflammatory
responses, and addressing deficiencies in growth factors, sex steroids, or the extracellular
matrix. Measures that support the microcirculation also encompass clinical strategies that
are usually provided in the acute care setting: judicious use of fluids, circulatory support
with inotropes and vasopressors, maintenance of normal body temperature, and optimization
of pain control. The following sections will review interventions, including lifestyle
modifications, clinical practice and experimental approaches, that impact the
microcirculation in aging.

lll. a. Lifestyle changes

Lifestyle habits influence numerous aspects of microvascular structure and function (Payne
and Bearden, 2006). Adherence to a healthier lifestyle at age 70 to 90 years old is associated
with a more than 50% lower rate of all-causes and cause-specific mortality (Knoops et al.,
2004).

lll. a. 1. Smoking cessation—Smoking accelerates telomere shortening with age
(\Valdes et al., 2005), potentially due to an increase in oxidative stress (Donohue, 2006).
Remarkably, the aged are less likely to be provided with smoking cessation advice and
support (Buckland and Connolly, 2005). Clinical assessment of skin wrinkling/aging in an
aged cohort revealed that smoking one pack/day is equivalent to a decade of chronological
aging (Leung and Harvey, 2002). Smoking has a profound effect on the microcirculation by
causing endothelial cell dysfunction, decreasing endothelial-dependent vasodilation and
reduced blood flow due to activation of circulating leukocytes and platelet aggregation
(Lehr, 2000). Smoking cessation rapidly restores (within four weeks) some of the effects on
the microcirculation as well as reduces the incidence of surgical site infection (Sorensen,
2012).
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lll a. 2. Physical activity—Despite the documented reduction in mortality and
improvement of quality of life caused by physical activity, the molecular and cellular
changes in the microvasculature that occur during physical activity are still being elucidated
(Schiattarella et al., 2014). Regular physical activity can, in part, abrogate age-induced
endothelial dysfunction (Taddei et al., 2000). Aerobic training is associated with higher
nitric oxide generation in older subjects, which improves microcirculatory endothelial-
dependent function (Franzoni et al., 2004). Increased cutaneous blood flow was observed in
a group of aged male individuals who exercised regularly for over a decade when compared
to sedentary matched controls (Wang et al., 2001). Even a short, but regular, training
schedule was shown to improve healing in experiments where aged mice exercised daily for
8 days (Keylock et al., 2008), and aged humans exercised 3 times per week for one month,
prior to cutaneous wounding (Emery et al., 2005).

lll. b. Clinical interventions

Il b. 1. Maintenance of normal body temperature—Age is an independent risk
factor for development of hypothermia (Frank et al., 1992). Mild hypothermia is associated
with vasoconstriction as measured by skin temperature and subcutaneous tissue oxygen
tension (Sheffield et al., 1996). Compensatory thermoregulatory responses are decreased in
the aged (Hajat et al., 2007), mostly due to altered regulation of skin blood flow in the
setting of a reduced microcirculation (Holowatz et al., 2010). For the same reason,
rewarming of the older adult takes longer than the time required to rewarm young adults
(Carli et al., 1986). During surgery and anesthesia, the initial decrease in core temperature
results from the redistribution of heat to the peripheral microcirculation. External
prewarming in the preoperative area might prevent redistribution of core heat (de Brito
Poveda et al., 2013). Combined strategies that use multiple modalities (prewarming with use
of warmed fluids and forced-air warming devices), are more effective in the aged (Moola
and Lockwood, 2011). The importance of maintenance of body temperature during surgery
is highlighted by the observation that maintaining normothermia during surgery results in a
3-fold risk reduction in surgical wound infection (Kurz et al., 1996).

Il b. 2. Judicious use of fluids—Assessing intravascular volume status is challenging
in the aged (McGee et al., 1999). The consequences of extreme intravascular volume have
deleterious effects; both hypovolemia (Arkilic et al., 2003) and excessive fluid
administration (Brandstrup et al., 2003) are associated with microcirculatory impairments.
Patients received more fluids and accumulated more collagen in their surgical incisions
(Hartmann et al., 1992) when fluid administration was guided by markers of
microcirculatory function (subcutaneous oxygen tension) rather than clinical criteria.
However, increased fluid administration was not associated with reduced surgical wound
infection rate (Kabon et al., 2005) or consistent improvements in other clinical parameters
(Bundgaard-Nielsen et al., 2009). The need for more accurate determination of volume
status is underscored by studies that show judicious use of fluids improves outcomes more
in the older population than in the younger population (Spahn and Chassot, 2006).
Noninvasive assessment of microvascular blood flow may help to identify patients who will
benefit from fluid therapy (Pranskunas et al., 2013). Regardless of the method used to assess
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volume status, a strategy of administering fluids in a manner that optimizes the
microcirculation and maintains end organ perfusion is recommended.

Intravascular volume is also affected by anemia, which is common in the older population.
Over 8% of men and 6% of women greater than 65 years of age, and without severe
comorbidities, have anemia as defined by hemoglobin levels below 10g/dl (Endres et al.,
2009). Low hemoglobin in young healthy subjects does not reduce subcutaneous tissue
oxygenation (Hopf et al., 2000), but the hemoglobin level that optimizes the cutaneous
microcirculation in older patients remains to be determined.

[l b. 3. Pain control—Alleviating pain has a profound effect on the microvasculature. For
example, anesthesia causes vasodilation by direct effects on the peripheral microcirculation
(Kobayashi et al., 1990) and indirectly by central inhibition of vasoconstriction (Xiong et al.,
1996). Agents used to treat pain show a broad array of effects on the microcirculation.
Opioids induce the release of nitric oxide (Stefano et al., 1998), directly relax smooth
muscle cells (White et al., 1990), and activate the VEGF receptor (Singleton et al., 2006).
The effect of opioids on angiogenesis itself is still under investigation. Some suggest that
opioids inhibit angiogenesis (Lam et al., 2008), whereas other data indicates that opioids
might promote blood vessel formation (Faramarzi et al., 2009).

The response of the microcirculation to local anesthetic agents is not consistent. The first
known local anesthetic, cocaine (Calatayud and Gonzalez, 2003), induces vasoconstriction,
even at small doses, by inhibition of norepinephrine uptake (Lange et al., 1989). Modern
local anesthetics (lidocaine (Johns et al., 1985) and bupivacaine (Johns et al., 1986)) have a
dose dependent biphasic effect: low concentrations cause vasoconstriction of arterioles,
while high concentrations cause vasodilation. Local anesthetics can be detrimental to
angiogenesis by an anti-proliferative effect on mesenchymal cells (Lucchinetti et al., 2012).
However, local anesthetics may have an overall positive influence on the microcirculation
by reducing the stress response associated with pain (Bamigboye and Hofmeyr, 2009). Intra-
articular lidocaine, used for pain management after knee surgery, increased subcutaneous
tissue oxygen tension indicating improved microvascular flow (Akca et al., 1999). Human
studies suggest that the dose-dependent properties of local anesthetics may be more
pronounced in older tissues as a result of age-related decreases in hepatic blood flow and
clearance (Nation et al., 1977).

Il b. 4. Inotropes and vasopressors—Norepinephrine and epinephrine induce
vasoconstriction (Jensen et al., 1985) and have effects on subsequent biological processes
that influence the integrity of the microcirculation. For example, the microcirculation to the
skeletal musculature and skin is impaired in patients suffering from end stage congestive
heart failure due to high circulating levels of catecholamines, which increase afterload. This
impairment is partially reversed by infusion of inotropic agents that increase cardiac output
(Nanas et al., 2008). Monitoring blood pressure is not sufficient to evaluate flow in the
microcirculation. In sepsis, it has been shown that maintaining systemic blood pressure with
vasopressors did not result in improvement in microcirculatory parameters (for example,
lactate levels, tissue dysoxia and regional intestinal capnography) (Spronk et al., 2004).
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Interestingly, early microcirculatory perfusion indices did predict survival in humans with
severe sepsis and septic shock (Trzeciak et al., 2007).

[ll. Experimental Interventions

[ll c. 1. Pneumatic compression—Age is an important risk factor for developing
venous thromboembolism (Rosendaal, 1999) due to deficits in the microvascular responses
and changes in circulating mediators that affect coagulation. Guidelines for older adults
advise that intermittent pneumatic compression should be started before surgery and
continue until fully ambulatory (Aronow, 2004). Intermittent pneumatic compression of the
foot in the dependent position improves microcirculatory function, as measured by laser
Doppler flux and transcutaneous oxygen tension (Abu-Own et al., 1993). Several
mechanisms are proposed to mediate the effects of pneumatic compression on the
microcirculation. In a study of patients suffering from claudication, pneumatic compression
resulted in transient suspension of peripheral sympathetic autoregulation and enhanced
release of nitric oxide, which results in increased blood flow (Delis and Knaggs, 2005). In a
mouse model of arterial ligation, two weeks of treatment with intermittent pneumatic leg
compression enhanced blood flow to collateral-dependent tissues (Roseguini et al., 2012). A
single session of pneumatic compression was sufficient to regulate transcription of genes
associated with inflammation and vascular remodeling in older humans (Sheldon et al.,
2012)

Il c. 2. Sex hormones—The lower incidence of cardiovascular disease in premenopausal
women, relative to age-matched men, suggests a significant role for female gonadal
hormones in the regulation of the vasculature (Mendelsohn and Karas, 2005). The finding of
sex-specific differences in microvascular flow and vasodilatory capacity are observed even
in newborn preterm infants (Stark et al., 2008). In an experimental model of hepatic
ischemia/reperfusion, microvascular injury was more pronounced in male rats than in female
rats. Treatment of the male rats with estrogen before ischemia reversed some of the
deleterious effects on the microcirculation (Burkhardt et al., 2008). Menopause is associated
with abnormal endothelial function, which can be reversed by long-term estrogen (but not
progesterone) administration (Campisi et al., 2002). The effect of testosterone is unclear as it
can improve (Worboys et al., 2001) or worsen (Hutchison et al., 1997) endothelial
dysfunction.

Il c. 3. Growth factors—Angiogenesis and microvascular function are dependent on cell
proliferation, migration and regulation of the extracellular matrix. These processes are
modulated by a number of growth factors; for example, transforming growth factor-beta
(Beck et al., 1993), vascular endothelial growth factor (Gavin et al., 2006), platelet-derived
growth factor (Andrae et al., 2008), insulin-like growth factor-1 (Thum et al., 2007) and
basic fibroblast growth factor (Lederman et al., 2002). Age-related deficiencies in
angiogenesis are due, in part, to decreased availability of some of these angiogenic growth
factors in the extracellular milieu (Arthur et al., 1998). Clinical trials of growth factors for
therapeutic angiogenesis continue to be evaluated (Ferrara and Kerbel, 2005), but have been
largely disappointing (Barrientos et al., 2008). One exception is topical platelet-derived
growth factor, which accelerates cutaneous wound closure (Saba et al., 2002) in part by
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enhancing nitric oxide mediated vasodilation (Maejima et al., 2011). Further studies are
needed to determine the optimal combination of angiogenic and other growth factors that are
needed to improve the microcirculation and subsequent healing of wounds in older persons.

IV d. Stem Cells and Extracellular Matrix

It has been nearly 2 decades since stem cell therapies were first proposed to support the
microcirculation by providing precursors that can promote angiogenesis in ischemic tissues.
Initially, endothelial progenitor cells were isolated from human peripheral blood and shown
to differentiate into mature endothelial cells (Asahara et al., 1997). These findings led to
studies that evaluated implanted bone marrow cells to attain therapeutic angiogenesis in
patients suffering from limb ischemia (Tateishi-Yuyama et al., 2002). However, aging is
also associated with deficits in the regulatory networks of mesenchymal stromal cells,
underscoring the complexity of interventions to enhance angiogenesis in aged tissues
(Lepperdinger, 2011). Subsequent clinical trials have been slow to evolve due to insufficient
data showing consistent benefit (Moazzami et al., 2011), and concerns that activation of this
cascade could promote neoplastic processes (Quante et al., 2011).

Age-related changes in the millieu surrounding the microvasculature reflect deficits in
cellular biosynthesis as well as the expression of growth factors, cytokines, extracellular
matrix, and matrix metalloproteinases (Ambati et al., 2003; Bentov and Reed, 2014; Gurtner
et al., 2008). As an example, matrix metalloproteinases promote cell proliferation and vessel
ingrowth by degrading the existing extracellular matrix. Metalloproteinases activity is
balanced, in part, by endogenous tissue inhibitors of metalloproteinases. Aged tissues are
associated with a tendency toward overexpression of metalloproteinases activity (Ashcroft et
al., 1997b) and reduced levels of tissue inhibitors of metalloproteinases (Ashcroft et al.,
1997a), but these changes are tissue specific. Any approaches to enhance the
microcirculation in aged tissues will require attention to this dysregulation of
metalloproteinase expression and activity (Gargioli et al., 2008).

Conclusion

Aging is associated with dramatic changes in the anatomy and function of the
microcirculation. The microcirculation plays a seminal role in tissue hemostasis and the
response to stress and injury. Age-associated deficits in microvascular anatomy and function
contribute to deficits in tissue healing in the older population. A wide spectrum of clinical
interventions is already utilized, and additional therapies are under investigation, to reverse
deficits in the microvascular response to stress in the older host. Successful approaches will
undoubtedly require a multi-faceted strategy that addresses age-related changes in vessel
density, organization, and physiology in order to optimize the microcirculation in aging.
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The microcirculation consists of arterioles, capillaries and venules. Age-related changes in

microvascular anatomy and physiology are noted in the figure.
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