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Ischemic stroke represents a leading cause of morbidity and mortality in the developed
world. This disabling and sometimes fatal event puts an ever increasing burden on the fam-
ily members and medical professionals who care for stroke victims. Preclinical ischemic
stroke research has predominantly utilized young adult, healthy animals, a clear discrepancy
when considering the clinical population affected by stroke. A broad spectrum of risk factors
such as age, obesity, diabetes, and hypertension has been associated with an increased
stroke risk. The effect of these comorbidities on both stroke pathophysiology and outcome
has not been emphasized and has been recognized as a shortcoming of preclinical studies.
By addressing these conditions in experimental models of ischemic stroke, it may be pos-
sible to more accurately represent the clinical scenario and improve therapeutic translation
from bench-to-bedside. In this work, we review many of the risk factors associated with in-
creased stroke risk, particularly as each risk factor relates to inflammation. Additionally, we
explore potential animal models that could be utilized in identifying the contribution of these
risk factors to stroke outcome. By investigating the risk factors for stroke and how these
may alter stroke pathophysiology, the present discrepancies between preclinical studies
and the clinical reality can be reconciled in an effort to improve therapeutic development
and translation from bench-to-bedside.
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IntRoductIon

Stroke is the second largest contributor

to mortality worldwide and the primary cause

of disability among the elderly in Western Eu-

rope and the United States [1,2]. Among the

various types of stroke, ischemic stroke is the

most prominent and accounts for the most

long-term disability [3]. This review will deal

only with preclinical models of ischemic

stroke. It is widely accepted that age is the

greatest risk factor for stroke. The process of

aging results in a large number of inflamma-

tory changes. It is predicted that the number

of people in the United States past the age of

65 will double within the next 30 years [4].

Thus, the need for new treatments and thera-

peutic options for stroke is a pressing concern

as the population ages. Current available ther-

apeutics are limited to thrombolytics such as

recombinant tissue plasminogen activator (r-

tPA†) and mechanical means of thromboly-

sis [5]. Although r-tPA drastically improves

patient outcome when used within the sug-

gested time period, only a small percentage

of presenting patients are candidates to re-

ceive r-tPA due to an extensive list of con-

traindications. As such, a large medical need

remains unmet for the vast majority of pa-

tients afflicted with ischemic stroke.  

As more than 100 potential therapeutic

agents have progressed from pre-clinical

studies with young animals to unsuccessful

clinical trials, the need for improved pre-

clinical models is clear [7]. These failures

call into question the validity of the models

being used to represent ischemic stroke. An

area of specific concern is how the age and

health of the animals used in these experi-

ments replicates disease pathogenesis and

pathophysiology observed in the clinic. Pre-

viously, stroke work was done principally

with young adult, healthy animals despite

the fact that the people most susceptible to

stroke are older and are often overweight,

diabetic, and hypertensive [8]. Recent rec-

ommendations from the Stroke Therapy Ac-

ademic and Industry Roundtable (STAIR)

encourage research to be performed with

healthy, young adult, male animals first and

then proceed to aged, diabetic, hypertensive,

and female animals [9]. Currently, these rec-

ommendations have not been broadly im-

plemented. In the following sections,

physiologic changes associated with aging,

obesity, diabetes, and hypertension will be

examined for their roles in predisposition to

stroke. It will be argued that more accurate

models are necessary to improve the appli-

cability of future research endeavors and to

adhere to the suggestions made by STAIR.

We identify potential models allowing for

investigation of ischemic stroke in relation

to a given comorbid condition and, in par-

ticular, identify pathophysiologic changes

associated with each respective disease state

that may represent therapeutic targets. By

better understanding pathologic alterations

induced by common comorbid conditions as

related to ischemic stroke, it is our hope that

therapeutics may more successfully move

from preclinical studies to accepted treat-

ments clinically.

We specifically focus on molecules as-

sociated with inflammatory processes and

cascades, as not only does inflammation rep-

resent a potentially promising therapeutic

target but is also heightened or altered in

aging and various comorbid conditions asso-

ciated with ischemic stroke. Pharmacologic

agents targeting inflammation have been de-

veloped and, in the case of minocycline, ap-

pear promising for the treatment of ischemic

stroke. Inflammation involves interplay be-

tween cellular and molecular components

that results in brain tissue loss. Leukocytes,

microglia, astrocytes, and neurons are but a

few cell types involved in inflammation re-

lated to stroke. On the molecular side, a

broad range of chemokines, cytokines, and

adhesion molecules play a role in infarct de-

velopment and subsequent deficits. The ac-

tivity of these components can be altered by

the presence of various disease states, aging,

and lifestyle factors [6]. These factors have

not been emphasized in most preclinical

models of ischemic stroke and may represent

a potential reason for the lack of successful

therapeutic translation from bench-to-bed-

side. This review addresses the importance

of considering other comorbid processes and

how they relate to stroke.

524 Lucke-Wold et al.: Preclinical models incorporating stroke risk factors



AGInG And StRoKE

Age: The Greatest Risk Factor

Age remains the greatest risk factor for

stroke, yet aging is rarely considered in pre-

clinical models of ischemic stroke. Despite

evidence demonstrating that ischemic

changes in young adult animals do not repli-

cate the pathophysiology of the aged brain,

young animals are still commonly utilized

[10,11]. Previous work has shown that aging

leads to worsened outcome following neu-

rologic injuries such as ischemic stroke.

Identifying changes in the normal aged brain

compared to the young adult brain may lead

to improved therapeutics for ischemic stroke

[12,13]. Changes associated with the aged

brain have been ascribed to the following

theories: genetic-based aging, cellular aging,

neuroendocrine aging, immunologic aging,

free-radical aging, and the network theory.

Much of the work leading to the develop-

ment of these theories has been completed

in both humans and animal models alike, in-

dicating the potential suitability of aged pre-

clinical models [14-17]. In the following

sections, we attempt to briefly discuss im-

plications of aging, how aging changes the

response to an injurious event, and the ben-

efits and limitations of aged animal models.

The Aged Brain: Fundamentally Different

Aging has been well documented to be

associated with an overall dysregulation of

the immune system hallmarked by a shift to-

ward a pro-inflammatory condition [17-20].

Age causes an increased secretion of tissue

necrosis factor-alpha (TNF-), a pro-in-

flammatory cytokine, and decreased inter-

leukin-10 (IL-10), an anti-inflammatory

cytokine [19]. These cytokines act on spe-

cific cells in the central nervous system. Nu-

merous cell types throughout the body can

release cytokines, and these cells can change

with age. The concept of “inflamm-aging”

(inflammation increasing with age) has been

attributed to chronic macrophage stimula-

tion [18]. Despite the mechanistic details

being unclear, aging clearly results in in-

flammatory variations that are especially ob-

vious in the brain. Some of these variations

are due to genetics, lifestyle, and the envi-
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Figure 1. Aging and Stroke. A schematic diagram of the factors contributing to the aging

process and how aging alters both the function and structure of the brain. These changes

contribute to an altered and generally more deleterious response to injury when compared

to the young adult brain.



ronment as seen in Figure 1. These alter-

ations in inflammation are common to age-

related diseases and serve to prime the

central nervous system. This often leads to

an exaggerated response and worsened out-

come following a systemic challenge

[17,19]. Consistent with the link between

age-related diseases and inflammatory

changes are recent findings in humans and

animals alike in which inflammation has

been linked to cognitive impairment and al-

tered brain structure and metabolism [21].

In fact, high levels of interleukin-6 (IL-6), a

pro-inflammatory cytokine, have been de-

scribed as exhibiting a strong correlation

with morbidity and mortality in the aged

population. Some discrepancy does exist as

even “healthy” centenarians possess a highly

elevated IL-6 level [18]. Cell-specific

changes in the CNS mediate how the brain

responds to and alters the immune system

following injury. These cell-specific changes

and the brain’s global response to injury will

be discussed below.

Age and Cell-Specific Changes

Astrocytes

With increased awareness of the role of

glia in neurologic injury and the neurovas-

cular unit, modulation of astrocytes and their

associated functions have been identified as

a potential target for ischemic stroke. Astro-

cytes are implicated in many functions as-

sociated with injury pathophysiology such

as buffering of potassium ions and main-

taining the integrity of the blood-brain bar-

rier (BBB) [22]. Despite increased

understanding of astrocyte functions pre-

and post-injury, the effect of age on astro-

cyte function is not entirely clear. Inflam-

matory cytokines do, however, alter

astrocyte ability to respond to injury. Recent

studies have shown that astrocytes do ex-

press markers consistent with senescence in

both aged humans and rodents. These mark-

ers include increases in glial fibrillary acidic

protein (GFAP), cytokine release, and pro-

tein aggregates thought to induce cellular

death [23]. Therefore, it is evident that as-

trocyte function changes with aging and

may influence both normal homeostatic

mechanisms as well as the response to in-

jury. It will be important for future work to

elucidate how age-related inflammatory cy-

tokines modify astrocytes. 

Endothelial Cells: A Source of 

Inflammatory Regulators

Since stroke is a vascular disease, it is

important to understand the effect of aging

on the vasculature system. One of the pri-

mary components of the vasculature system

is endothelial cells. Studies in aged rats that

were designed to correspond to a 70- to 75-

year-old human have revealed a marked in-

crease in pro-inflammatory cytokine

expression. This increase in cytokines from

endothelial cells may be responsible for al-

tering vascular function and increasing per-

meability in the CNS. Key cytokines

identified include TNF-, interleukin-1

(IL-1), IL-6, interleukin-17 (IL-17), and in-

terleukin-6R (IL-6R). Aging was also as-

sociated with decreased expression of

endothelial nitric oxide synthase (eNOS)

and increased production of inducible nitric

oxide synthase (iNOS), factors that clearly

alter vascular function [24].

Microglial Cells

Microglia, the resident immune cells of

the central nervous system (CNS), undergo

significant functional changes with aging

ranging from altered iron storage to cytokine

production and accumulation of lipofuscin

[25]. These age-related altercations are ex-

emplified by morphologic changes and are

likely involved in the transition of microglia

from a neuroprotective phenotype in the

young brain to a neurotoxic and destructive

form in the aged brain. The destructive form

of microglia is known to secrete increased

amounts of IL-6 and TNF-α in the aged

brain [26,27]. Interestingly, microglial

senescence occurring during the aging

process may mediate the transition from pro-

tective to deleterious effects. This transition

is consistent with findings of senescent mi-

croglia in close proximity to degenerating

neural cells [20,26]. Furthermore, recent

work by Baker and colleagues demonstrated

that increasing removal of senescent cells re-
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sults in delayed acquisition of age-related

disorders. Microglial senescence may per-

haps be a promising therapeutic target for

many neurodegenerative conditions [12].

Microglia in aged subjects possess altered

surface markers such as major histocompat-

ibility complex II (MHCII) and ED1. How

exactly age-associated changes are induced

in microglia remains to be elucidated, but it

is clear that microglia in the aged brain are

basally activated and respond differently to

stimuli such as lipopolysaccharide (LPS)

and Nogo B [20,28-30].

Neuron-Microglia Interaction

One method of regulating microglial ac-

tivation in the healthy, young adult brain is

through neuron-microglia communication.

Disruptions in this signaling mechanism may

explain the age-associated shift of microglia

from a protective to a destructive phenotype

[35]. Neurons can communicate and regulate

microglia in multiple ways with ligand-re-

ceptor binding via the CD200-CD200R and

CX3CL1-CX3CR1 pathways. CD 200, when

bound to its receptor (CD200R), is com-

monly expressed on cells of the myeloid lin-

eage such as microglia. This binding results

in microglia being maintained in the quies-

cent state. As previous works have demon-

strated, targeting CD200-CD200R interaction

represents a potential therapeutic target to

modulate microglial activation with age. In

fact, Cox and colleagues have demonstrated

that administration of CD200 fusion protein

(CD200fc) restores microglia from a quies-

cent state and results in improved long-term

potentiation (LTP) in aged animals [36].

Fractalkine (CX3CL1), a protein expressed

by neurons, has been identified as playing a

role in neuroimmune modulation by binding

to the corresponding receptor, CX3CR1, on

microglia. Consistent with the shift to a pro-

inflammatory state seen in the aged brain,

fractalkine levels are reduced in the aged rat

hippocampus as early as 12 months of age.

By correcting this fractalkine deficiency ex-

ogenously, hippocampal progenitor cell pro-

liferation and neurogenesis is largely restored.

This further illustrates the ability to modulate

inflammation for neurologic benefit [37].

Global Changes in Neural Proliferation

and Architecture

The aged brain exhibits decreased neu-

rogenesis in the subventricular zone (SVZ)

and subgranular layer of the hippocampus in

comparison to young adult animals. Proteins

such as ubiquitin and GFAP are altered in

the aged brain and may play a role in age-

associated effects [31,32]. It is currently un-

known whether diminished regenerative

capabilities are the product of stem cell im-

pairment or, rather, changes in the sur-

rounding environment due to age [15].

Besides changes in neurogenesis, the struc-

ture of neuron spines is altered as well. The

aged brain is characterized by a loss up to

nearly 50 percent of thin spines. No change

in mushroom or stubby spine quantity has

been noted [33]. Experiments assessing

changes in the hypothalamus have gone as

far as implicating the G protein-coupled re-

ceptor and cytoskeletal-associated protein,

GIT2, as a critical regulator of the aging

process [34].

Responding to Injury: Role of Brain
Aging

Age not only affects risk, but also has a

profound impact on recovery [15]. Follow-

ing injury, aged animals exhibit a rapid de-

velopment of the glial scar and an increased

release of associated signaling molecules.

The rapid progression demonstrates a dys-

regulated cellular and inflammatory re-

sponse [13]. This altered response is likely a

product of physiologic differences pre-

stroke and also an associated increase in ox-

idative stress. The inflammation predisposes

to a more deleterious response after injury

[37-39]. The contribution of each of these

factors and the role aging plays in the patho-

physiologic differences is expanded upon

below.

Disruption of the Blood-Brain Barrier

Aging has been associated with dimin-

ished BBB integrity following ischemic

stroke [40,41]. The precise mechanism lead-

ing to this altered permeability is unclear,

but an increase in matrix metalloproteinase-

9 (MMP-9) has been associated with in-
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creased permeability. Similarly, claudin-5, a

protein integral in BBB structure, is de-

creased in the aged brain following injury

[41]. A disrupted BBB allows an influx of

inflammatory cells that are responsible for

most of the damage seen following stroke.

Modulating BBB integrity therefore repre-

sents a promising therapeutic target because

BBB disruption precedes neuronal damage

and often correlates with the extent of injury

[40].

Cell Survival and Degradation

The altered response to injury exhibited

by the aged brain results in diminished cell

survival and the potential for changes in

other key cellular processes such as au-

tophagy. Work in various neural injury mod-

els utilizing aged rodents has demonstrated

an increase in apoptotic cell death attributed

to inflammatory processes and heightened

oxidative stress [42,43]. Besides apoptosis,

cellular autophagy represents another path-

way for degradation. The pathway remains

under investigation with respect to aging and

deleterious injuries. It might represent yet

another potential therapeutic target [44].

Inflammation

Following injury, inflammatory re-

sponses differ between young adult and aged

subjects. In ischemic stroke, suppressor of

cytokine signaling 3 (SOCS3) is elevated in

aged animals in the subacute period. It miti-

gates the effects of an elevated phosphory-

lated signal transducer and activator of

transcription 3 (pSTAT3) [45]. This is con-

sistent with other reports in aged animals. On

the other hand, microglia are activated more

quickly following ischemic stroke and con-

tribute to the release of deleterious cytokines

and reactive oxygen species [13]. Other stud-

ies of inflammatory diseases utilized young

and aged animals to investigate microglial

phenotype and demonstrated age-dependent

differences. Specifically, microglia ex-

pressed a pro-inflammatory phenotype char-

acterized by ED1 and IL-1 in older rats but

not young adult rats in an adjuvant arthritis

model [46]. IL-1 is involved in cell prolif-

eration, differentiation, and apoptosis.

Oxidative Stress

Oxidative stress has long been recog-

nized as a potential contribution to the aging

process and associated pathologies, but the

precise origin of oxidative stress has not

been entirely clear. In addition to the

changes in metabolism and energy produc-

tion discussed previously, recent studies

demonstrate an association between aging

and NADPH oxidase (NOX). NOX is a key

enzyme in producing reactive oxygen

species. NOXs and their associated subunits

appear to vary with the aging process. Sim-

ilarly, lifestyle choices such as diet may in-

fluence the production of reactive oxygen

species in the aged population [47]. A pro-

posed neuroprotective agent apocynin, a

NOX2 inhibitor, demonstrates contrasting

effects in young adult and aged animals.

While protective in young adult animals,

apocynin worsened outcome from ischemic

stroke in aged animals. This further proves

the importance of utilizing aged animals in

preclinical studies [48]. 

Preclinical Models of Aging

Assessing the role of aging in preclinical

models of ischemic stroke has been accom-

plished using both in vitro and in vivo mod-

els. While neither model system has resulted

in the successful translation of therapeutics

from bench-to-bedside, preclinical studies

using aged rats have demonstrated findings

in opposition to similar studies in young

adult animals. Aging is one of many compo-

nents that may lead to improved models. 

The primary in vivo models for study-

ing the effects of the aging process on is-

chemic stroke employ aged rats. These

studies generally report the use of animals

as disparate as 12 to 28 months old. How-

ever, female rats typically undergo repro-

ductive senescence around 9 months of age.

Therefore, 9 months of age can been equated

to a period similar to the late 40s or early 50s

in humans. Studying animals around 18

months of age may equate to a similar pe-

riod in humans of 75+ years old. In humans,

this is the period of greatest stroke risk. Uti-

lizing aged animals, 18 to 20 months of age,

typically requires the establishment of an
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aging colony either by the investigator or the

animal supplier.

An alternative to aging animals in the

traditional fashion described above is made

possible by the development and selection

of Senescence-Accelerated Mouse (SAM)

strains. These mice originate from inbred

strains suffering from early onset of age-re-

lated diseases and demonstrate other patho-

logic features consistent with aging such as

dysregulation of the immune system. The

SAMP10 strain in particular experiences

both histologic (loss of spines, synapses, and

neurons) and functional (impaired learning

and memory, depressive-like behavior)

changes. Notably, this strain exhibits many

of the pro-inflammatory characteristics ob-

served in the aged brain of both humans and

rodents.

Limitations

Despite the potential for clear benefit not

only in investigation of disease pathophysi-

ology but also therapeutic development, mod-

els of aging have some drawbacks that must

be considered. For example, due to per diem

costs for housing and caring for animals,

aging can be prohibitively expensive for

many groups. Despite the expense, research

with this model has been conducted success-

fully by groups in both North America and

Europe. Conversely, SAMs may represent a

quicker and more cost-efficient method of

studying the aged brain, but the question of

how well SAMs correlate with normal aging

remains to be answered. It will be important

for future work to investigate how closely

SAMs replicate the process of aging.

tHE MEtABoLIc SYndRoME And
StRoKE

Obesity: Inflammatory Mechanisms
Driving the Epidemic

The number of overweight and obese

people in the United States has doubled

within the past 30 years [49]. Obesity dra-

matically increases the risk for stroke, and

several groups have proposed mechanisms

to explain this phenomenon. The first mech-

anism is a decrease of the cytokine called

adiponectin. Low adiponectin levels can

cause an increase in inflammation, insulin

resistance, and vascular degradation [50].

Savopoulos and colleagues showed that the

cytokine resistin is altered with obesity. Re-

sistin causes endothelial dysfunction by aug-

menting the release of endothelin-1 [51].

Endothelin-1 constricts blood vessels and

links obesity to hypertension. Still further,

the Hishinuma group has shown that vis-

ceral fat increases TNF-α as shown in Figure

2. TNF-α acts on pathways that initiate ap-

propriate responses to inflammation and

some others that causes apoptosis [52].

TNF-α in association with lymphotoxin in-

duces macrophages to adhere to endothelial

cells and exit the blood vessel by diapedesis.

These macrophages engulf pathogens and
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Figure 2. obesity and Stroke. Obesity causes a decrease in adiponectin and an in-

crease in resistin and TNF-alpha. These molecular changes predispose the body to in-

creased inflammation. The inflammation leads to increased stroke risk.



release inflammatory cytokines following an

ischemic injury. Furthermore, a phenome-

non known as the obesity paradox has been

reported during vascular surgery. Obesity

decreases the risk of post-operative stroke

compared to the risk seen in non-obese in-

dividuals [53]. Further work has shown that

even though obesity elevates the risk for

stroke in the general population, it increases

survival rates following stroke. Two pre-

vailing theories about this paradox are an ex-

cess nutrient reserve available in obese and

overweight individuals following stroke as

well as an upregulation of TNF-α receptors

in adipose tissue following infarct [54]. The

activation of TNF-α receptors might in-

crease the likelihood of stroke in obese in-

dividuals but it also provides greater

neuroprotection following stroke. This oc-

curs because TNF-α is known to activate

apoptotic pathways through tissue necrosis

factor receptor 1 (TNFR1) and neuroprotec-

tive pathways through tissue necrosis factor

receptor 2 (TNFR2) [55]. 

Animal Models of Obesity

In order to elucidate the role of obesity

in stroke infarct damage, researchers have

sought to develop appropriate models of

obesity. Two primary forms of obesity exist

in the general public. The first is uncontrol-

lable genetic disorders such as leptin insen-

sitivity and the second is obesity caused by

poor diets. A model of the genetic form of

obesity is the obese Zucker rat. Zucker rats

are insensitive to satiety signals relayed to

the hypothalamus ventromedial nucleus and

also have deficient leptin receptors [56]. The

model has been used to gather important

data regarding the release of vasodilator and

vasoconstrictor hormones associated with

stroke development [57]. A model for the

diet-induced obesity uses high fat diets in

rats. Rats are fed these high-fat diets from 3

weeks of development onward. After these

animals become obese, transient middle

cerebral artery occlusion (tMCAO) is in-

duced through a fibrin clot. Infarct damage

is increased in these animals compared with

non-obese controls [58]. This elevated level

of damage is due to neurovascular matrix

degradation and BBB disruption mediated

by increases in MMP-9 [59]. Furthermore,

matrix metalloproteinase 2 (MMP-2) is up-

regulated and causes degradation of type IV

collagen, which is then replaced by inap-

propriate collagen type I deposits [60]. Since

obesity is associated with many vascular dis-

orders, it will be important in the future to

investigate how other stroke risk factors

such as age, diabetes, and hypertension in-

teract with obesity. 

Diabetes: A Growing International
Problem

Diabetes mellitus type 2 has become the

most common serious metabolic disorder not

only in the United States but across the world

[61]. One research group estimates that 171

million people across the globe were in-

flicted with diabetes mellitus in the year

2000 and that number is projected to double

by 2030 [62].The most recognizable aspect

of type 2 diabetes mellitus is the uncontrolled

levels of hyperglycemia. Hyperglycemia can

stimulate the formation of advanced glyco-

sylated end-products (AGEs). In the clinical

setting, diabetes mellitus is diagnosed as a

fasting plasma-glucose of 110 mg/dL or

more, or a random plasma-glucose of 200

mg/dL or more [63]. The pathophysiology of

diabetes mellitus, however, is more complex

than a simple elevation in serum glucose lev-

els. Clinical manifestations also include gly-

cosuria, polydipsia, polyuria, and renal

failure from AGEs. Perhaps the most inter-

esting aspect of the disease is the starvation

of body tissues despite the fact that glucose

remains abundant in the blood stream. This

phenomenon is due to peripheral cells being

either completely or partially resistant to the

effects of insulin [63]. The body shifts from

primarily receiving energy from glucose to

receiving energy from lipids. Consequen-

tially, this leads to ketone buildup in the body

and a lowered pH level [61].

Causes of Diabetes: An Unknown 
Conglomeration of Many Factors

A few theories have been proposed re-

garding the causes of diabetes. In reality, lit-

tle is known about the causes, and like many
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other diseases, it is likely multifactorial.

Many clinicians point to certain habits, such

as sedentary lifestyle and high calorie and

fat intake, as the main culprit of diabetes

[61]. Interventions focusing on weight loss,

diet modifications, and regular physical ex-

ercise of at least 150 minutes per week re-

duce the incidence of diabetes in at-risk

patients. These activities also reduce hemo-

globin A1C levels in type 2 diabetics [64].

Genetic links have likewise been recog-

nized. Researchers discovered at least 36

genes associated with diabetes [65]. A high

concordance level among identical twins

shows that type II diabetes is heritable [66]. 

Diabetes: Role in Chronic Inflammation
and Ischemic Stroke Risk/Outcome

Additionally, many groups began to

focus on the influence of inflammation and

innate immunity in diabetes. It is uncertain

at this point if inflammation occurs prior to

or after the onset of diabetes. Specific cy-

tokines such as TNF-α, IL-6, and C-reactive

protein (CRP) are elevated in type 2 diabetic

patients in comparison to non-diabetic con-

trols [67]. TNF-α and IL-6 cause generalized

systemic responses such as fever and in-

creased vascular permeability while CRP is

a key player in complement mediated im-

munity. CRP is the foundational block of the

classical pathway. CQ binds to the pathogen,

and CR and CS cleave C4 and C2 to make

the convertase C4bC2a. The convertase then

marks the pathogen for phagocytosis by

cleaving C4 to C4b and C4a, which allows

C4b to become membrane bound. Another

innate immune response is driven by toll-

like receptors (TLR). TLRs are activated by

LPS or lipoteichoic acid on cell membranes

or by DNA or RNA in endosomes. TLRs

trigger nucleus specific changes that often

lead to increased release of acute phase re-

actants [68]. These acute phase reactants are

beneficial in situations in which the body’s

immune system is compromised with an in-

fection or after an acute trauma. Over a

longer period of time, these reactants be-

come destructive to the systemic vascular

system and cause damage to tissues through-

out the body [67]. This destruction of the

vascular system contributes to other diseases

and injuries such as hypertension, cere-

brovascular diseases, renal disease, and is-

chemic stroke [69,70]. The damage is

mediated through numerous pro-inflamma-

tory pathways. The signaling produces en-

hanced oxidative stress and the toxic

build-up of degraded cells, proteins, and

molecules [69]. 

Although the role of inflammation in

diabetes is still under investigation, it is im-

portant to consider which pathways may be

targeted therapeutically. For example, TNF-

α induces pathways that lead to increased in-

sulin resistance throughout the body [71].

Insulin resistance is a strong risk factor for

ischemic stroke [69]. Targeting TNF-α path-

ways may therefore be useful for preventing

strokes in diabetic patients. Ultimately, any

inflammatory trauma to the vascular system

will have a large effect on the vasculature of

the brain. If the inflammatory changes of di-

abetes can be controlled, it might greatly re-

duce the incidence of stroke in this

population. 

Diabetes in Animal Models

Many well-established rat models are

used in type 2 diabetes research. This sec-

tion will address three of the most prominent

models as mentioned in Figure 3. The Israeli

sand rat model focuses on the dietary factors

of diabetes mellitus. As mentioned previ-

ously, an increased caloric intake can inten-

sify the occurrence of diabetes mellitus type

2. When the normal vegetarian diet is

changed to a specific high-calorie laboratory

diet, the rats eventually develop obesity, glu-

cose intolerance, and hyperinsulinemia [72].

With time, the rat’s intact pancreatic islet

cells begin to degrade and die, thus leading

to overt diabetes [73,74]. Essentially, this

model relies on nutritional means to develop

diabetes mellitus type 2 in the animals. The

model is beneficial because it mimics the ex-

cessive calorie and glucose levels found in

the human population. One limitation is that

it does not address the genetic factors of di-

abetes. Many genetic factors have been

identified in the human population and lead

to activation of different pathways. These
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pathways present different therapeutic inter-

vention opportunities. Therefore, genetic

factors of diabetes are essential in the de-

velopment of a proper diabetic model. 

The Otsuka Long-Evans Tokushima

fatty (OLETF) rat is one example of a dia-

betic model that incorporates genetic fac-

tors. This rat model is developed by

selective breeding from an outbred rat

colony of Long-Evan rats. Although selec-

tive breeding is used, it is important to note

that this is not a transgenic population. At 16

weeks of age, the OLETF rats’ differentiat-

ing characteristics are thoroughly devel-

oped. This rat model demonstrates the

following physical manifestations: glucose

intolerance, hyperinsulinemia, mild obesity,

and polyphagia [74]. The combination of

polyphagia, obesity, and impaired glucose

intolerance is a more accurate syndrome of

the Western diabetic population. The

polyphagia is assumed to be partially ex-

plained by a null allele coding for the chole-

cystokinin A receptor [72]. A problem with

this model is that the diabetic characteristics

are induced by breeding instead of the ac-

tual pathophysiology of diabetes mellitus.

Using such models explains why current

treatments of diabetes mellitus focus only on

eliminating physical manifestations of dia-

betes instead of treating the underlying

cause of the disease.

Another interesting model combines the

use of a lesion in the ventromedial hypothal-

amus region of the brain and a high-fat/high-

sucrose diet. This is known as the

ventromedial hypothalamus lesion (VMH) di-

etary obese rat model [75]. The lesion itself is

thought to cause the development of hyper-

phagia, obesity, decreased glucose metabo-

lism, defective regulation of insulin, and

increased hepatic lipogenesis [74]. As already

discussed, the high-fat and high-sucrose diet is

a key factor in exacerbating the lesion’s ef-

fects. Within 3 weeks, these rats are found to

have fasting hyperinsulinemia, hypertriglyc-

eridemia, and impaired glucose tolerance [75].

Although this model is beneficial in studying

the effects of the lesion and the diet on dia-

betes, it again does not accurately portray the
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Figure 3. Rat Models of diabetes type II. Three well-known models of diabetes include

the Israeli Sand Rat, Otsuka Long-Evans Tokushima Fatty Rat, and Ventromedial Hypo-

thalamus Lesion (VMH) Dietary Obese Rat. Each of these models represents different

characteristics of diabetes such as obesity, glucose intolerance, hyperinsulinemia,

polyphagia, and hepatic lipogenesis. 



entire pathophysiology of diabetes. Some di-

abetic pathways are highlighted while others

are completely ignored. It is clear that these

models do not accurately represent the patho-

physiology of diabetes. A more comprehen-

sive model will be necessary to elucidate the

mechanisms of diabetes and how these altered

pathways increase risk for stroke. Fan and col-

leagues studied stroke in a streptozotocin dia-

betic rat model. The model they used is

limited because it represents type I diabetes

mellitus and hemorrhagic stroke instead of the

more common type II diabetes and ischemic

stroke. Furthermore, this study focused only

on tPA activity instead of investigating other

mechanisms and pathways [76]. 

Hypertension and Stroke: Increasing
Prevalence in the United States 

Two broad classifications of hyperten-

sion include primary hypertension and sec-

ondary hypertension. Primary hypertension

is not caused by an independent disease such

as athersclerosis, but it can lead to higher

risk for vascular and heart problems and pre-

dispose individuals to disease. The preva-

lence of primary hypertension is increasing

in the United States due to the rise of obesity

rates [77]. Three subcategories for primary

hypertension are systolic and diastolic hy-

pertension (SDH), isolated systolic hyper-

tension (ISH), and isolated diastolic

hypertension (IDH). SDH and ISH are risk

factors for ischemic stroke as shown in Fig-

ure 4 [78].

Hypertension as a Contributing Factor
in Stroke Outcome: An Inflammatory
Process

Hypertension causes an increase in cell

adhesion molecules, vascular adhesion mol-

ecules, and selectins. Subsequently, these
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Figure 4. Hypertension and Stroke. Primary hypertension, specifically systolic and dias-

tolic (SDH) and isolated systsolic (ISH), increases inflammation and the risk for stroke. Im-

proved treatments for all classifications of hypertension are necessary to manage the

increasing rate in the population.



molecules induce inflammatory responses

by increasing the affinity of binding between

immune cells and damaged tissue. The mol-

ecules also increase the build-up of athero-

sclerotic plaques in blood vessels through

similar binding mechanisms. If a cerebral

vessel becomes completely occluded, an is-

chemic event ensues leading to a cascade of

inflammatory responses and still further im-

mune cell binding [79]. Many of these re-

sponses are time-specific and depend on

precise pathway activation. For example, In-

terleukin-6 (IL-6) and MMP-9 can paradox-

ically lead to either neuroprotection or

neurotoxicity depending on the specific pe-

riod of observation [80]. IL-6 also causes a

systemic fever useful for disrupting

pathogen viability. It is therefore necessary

to use models that relate well with human

pathology and to observe changes at multi-

ple time points post-ischemia. 

Hypertension in Animal Models

Since hypertension is the largest factor

in predicting stroke severity, it is essential

that models of stroke incorporate the issue

of hypertension [81]. It was proposed that 9

percent to 16 percent of ischemic strokes

could be avoided if hypertension were kept

under control in the general population [82].

A model that addresses the issue of hyper-

tension and stroke is known as the sponta-

neous hypertensive rats-stroke prone

(SHR-SP). These rats have spontaneous in-

creases in blood pressure, and upward of 80

percent develop stroke when placed on nor-

mal diets [83]. Not surprisingly, some

groups have found that diets high in sodium

chloride accelerate the time to first infarct in

these animals [84]. A primary reason why

this model works well is that it allows re-

searchers to investigate how inflammation

changes from a baseline state of hyperten-

sion to a post-ischemic state. Inflammation

triggered by the sheer on an atherosclerotic

vessel facilitates an increase in oxidative

stress and the activation of the ubiquitin-pro-

teasome system. Initially this leads to small

vessel remodeling, but as long as the pres-

sure remains elevated, these changes even-

tually result in occlusion and infarct [85].

Since this process is progressive, it also al-

lows for measurement of time-specific

changes.  Unfortunately this model also has

some limitations since the animals die be-

fore 1 year of age [86]. Since age is the

biggest risk factor for stroke, it is important

to consider how hypertension changes with

age. The majority of people past the age of

65 will eventually develop hypertension due

to age-related arterial changes [87]. It will

therefore be beneficial for future models to

use animals that develop hypertension later

in their lives similar to when most humans

develop it.

concLuSIon And FutuRE 
dIREctIonS

Although it has been challenging to find

therapeutics that translate successfully from

bench-to-bedside, animal models are still a

valuable and promising tool for therapeutic

development. Animals experience several of

the same physiological changes that humans

encounter. With the use of transgenic ani-

mals and careful breeding, it is possible to

simulate the majority of risk factors seen in

complex human diseases [88]. Age, obesity,

diabetes, and hypertension were examined

in this review as they relate to stroke risk

and inflammation. The models that represent

these individual risk factors have been used

successfully in relation to other disease

states and furthermore have provided helpful

insights into important components of

stroke.  The question that remains is how all

of these risk factors fit together. In order to

answer this question, it will be necessary to

design a more comprehensive model that in-

corporates most of these risk factors. 

In human diagnosis, the factors of obe-

sity, dyslipidemia, glucose intolerance, and

hypertension have all been linked into a sin-

gle metabolic syndrome. Until recently,

these factors were viewed as separate com-

ponents and risk elements. Since they often

occur together in individual patients, re-

searchers and clinicians were encouraged to

propose the idea of the metabolic syndrome

[89]. Some cardiovascular researchers have

adopted the idea of the metabolic syndrome
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and now use a transgenic rat model

SHR/NDcp, which spontaneously develops

obesity, hypertension, hypderlipidemia, and

insulin resistance [90]. If such a model could

be adapted to stroke research, it may offer a

more comprehensive approach necessary to

isolate the important pathways. Another pos-

sibility is to use the high-fat diet mentioned

in the obesity section but initiate it at a later

time point in development. This high-fat diet

has been deemed the western diet in animal

research and has consistently resulted in the

development of the metabolic syndrome

[58]. The results from this comprehensive

model can then be compared with previous

work in the other models. Other models

have been used to isolate key inflammatory

pathways important in stroke morbidity and

mortality. A good starting point for using the

more comprehensive model would be to

look at common pathways consistently

showing changes in most of the previous

less-sophisticated models.

When looking through the literature, a

few inflammatory pathways appear to be ac-

tivated consistently post-ischemia and

would be worth investigating with this com-

prehensive model. For example, some of the

cytokines released post-ischemia such as IL-

6, oncostatin M, and ciliary neurotrophic

factor bind to the gp130 receptor [91]. These

cytokines cause increased inflammation and

the recruitment of immune cells. Not sur-

prisingly, these same cytokines are altered

by age and the factors of the metabolic syn-

drome [45,92]. Once the gp130 receptor is

activated, it induces downstream Janus ki-

nase 2 (JAK2) phosphorylation of the tyro-

sine residue on STAT3. STAT3 is unique in

its capacity to activate different genes in dif-

ferent cell types [93]. Another pathway that

looks promising is TNF-α’s activation of se-

cretory phospholipase A2 IIA (sPLA2 IIA).

sPLA2 IIA activation leads to a destruction

of phosphatidylcholine in membranes and

also to an increase in inflammation-depen-

dent infarct size [94]. The cytokine TNF- α

specifically causes endothelial widening and

diapedesis of macrophages. As mentioned

previously, TNF-α levels are altered by obe-

sity, age, and other factors of the metabolic

syndrome. Finally, protein kinase C (PKC)

is a well-known modulator of inflammatory

pathways. PKC has 12 different isoforms,

many of which are altered by the metabolic

syndrome and age [95,96]. These responses

can sometimes work against each other de-

pending on which isoform of PKC is active.

PKCδ is associated with neurotoxicity

where PKCε initiates neuroprotection [97]. 

Although much remains to be discov-

ered about stroke, the use of a comprehen-

sive animal model has been a useful tool for

translational research in other disease states

and may prove useful for ischemic stroke re-

search as well. It will allow investigators to

highlight neurotoxic and neuroprotective

pathways and discover how they function

with consideration to age and the metabolic

syndrome. With increased therapeutic op-

tions, it may be possible to increase survival

and recovery following an ischemic event. 
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