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Abstract

Diabetic retinopathy is the fourth most common cause of blindness in adults. Current therapies,
including anti-VEGF therapy, have partial efficacy in arresting the progression of proliferative
diabetic retinopathy and diabetic macular edema. This review provides an overview of a novel,
innovative approach to viewing diabetic retinopathy as the result of an inflammatory cycle that
affects the bone marrow (BM) and the central and sympathetic nervous systems. Diabetes
associated inflammation may be the result of BM neuropathy which skews haematopoiesis
towards generation of increased inflammatory cells but also reduced production of endothelial
progenitor cells responsible for maintaining healthy endothelial function and renewal. The
resulting systemic inflammation further impacts the hypothalamus, promoting insulin resistance
and diabetes, and initiates an inflammatory cascade that adversely impacts both macrovascular and
microvascular complications, including diabetic retinopathy (DR). This review examines the idea
of using anti-inflammatory agents that cross not only the blood-retinal barrier to enter the retina
but also have the capability to target the central nervous system and cross the blood-brain barrier
to reduce neuroinflammation. This neuroinflammation in key sympathetic centers serves to not

© 2012 Published by Elsevier Ltd.

Correspondence to: M.B. Grant, Department of Pharmacology and Therapeutics, College of Medicine, PO Box 100267, 1600 SW
Archer Road, Gainesville, FL, 32610-0267 USA. grantma@ufl.edu, Phone: +1 (352) 846-0978, Fax: +1 (352) 392-9696.
Contributions

MKR and MBG conceived the case series. ADB, AS and QL generated data for figures. ADB edited the manuscript. MBG provided
follow-up and outcomes. LCS modeled the data. DC provided dietary counseling. SC edited the manuscript and generated data for
figure. SLC edited the manuscript and generated data for figure. YD and MBG contributed to the writing of the paper.

None of the authors have any competing interests.
No ethical or Institutional Review Board (IRB) approval was required for this study.

All authors have completed the Unified Competing Interest form at http://www.icmje.org/coi_disclosure.pdf (available on request
from the corresponding author) and declare: no support from any organisation for the submitted work; no financial relationships with
any organisations that might have an interest in the submitted work in the previous three years, no other relationships or activities that
could appear to have influenced the submitted work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://www.icmje.org/coi_disclosure.pdf

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Douglas et al. Page 2

only perpetuate BM pathology but promote insulin resistance which is characteristic of type 2
diabetic patients (T2D) but is also seen in T1D. A case series of morbidly obese T2D patients with
retinopathy and neuropathy treated with minocycline, a well-tolerated antibiotic that crosses both
the blood-retina and blood-brain barrier is presented. Our results indicates that minocycine shows
promise for improving visual acuity, reducing pain from peripheral neuropathy, promoting weight
loss and improving blood pressure control and we postulate that these observed beneficial effects
are due to a reduction of chronic inflammation.

Keywords

diabetic retinopathy; inflammation; bone marrow; central nervous system; therapeutic approaches
to diabetic retinopathy; neuroinflammation

1. Introduction

Among Americans of working age, diabetic retinopathy (DR) is the leading cause of
blindness (Insitute, 2004) and ranks as the fourth most common source of vision loss in
older adults (Diabetes_Group, 2000). Within the last decade, an estimated 937,000
Americans aged 40 and over have been classified as blind, with another 2.4 million suffering
from low vision (Congdon et al., 2004). In 2004, retinopathy affected 3.4 percent of the US
population or over 4 million individuals, with 0.75 percent or nearly 900,000 people,
suffering from vision-threatening retinopathy (Kempen et al., 2004). Moreover, the number
of individuals in the US with blindness or low vision is estimated to nearly double by 2020,
due largely to the aging population. However, some specific groups face far higher risks of
DR. A 2004 study estimated that nearly half of all American Hispanics suffered from some
form of DR, with Hispanics of Mexican ancestry at particular risk (Varma et al., 2004).
Diabetes is continuing to rise at an alarming rate world-wide as developing countries adopt
the Western lifestyle and diet characterized by low physical activity and ingestion of foods
rich in fat, refined carbohydrates and animal protein. China is no exception; the Handan Eye
Study indicates in China 21.1 million adults (30 years or older) had diabetes in 2009, and of
those adults, nearly 43% had developed DR and more than half of the DR cases had
progressed to vision-threatening status (Wang et al., 2009).

These statistics are congruent with studies in the United States and Europe, indicating that
some form of retinopathy affects 40 percent of the adult population with diabetes (Kempen
et al., 2004) or 138 million people worldwide of the estimated 346 million already
diagnosed with T2D alone (WHO, 2011). Despite recent advances in drug therapeutics and
lifestyle management, the prevalence of T2D is estimated to nearly double by 2030 (WHO,
2011), and, with it, the prevalence of DR.

Pharmacotherapy using anti-vascular endothelial growth factor (VEGF) has shown some
efficacy in addressing DR in patients with proliferative diabetic retinopathy or macular
edema. In trials pertaining to PDR, treatment with bevacizumab has resulted in decreasing
leakage in neovascular lesions. Mirshahi et al. conducted a large clinical studies in
individuals with bilateral PDR with high-risk characteristics (Mirshahi et al., 2008). Eyes
received scatter laser treatment according to the ETDRS protocol and one eye also received
1.25 mg bevacizumab injection while the other eye received sham injection. 90% of the
intervention eyes had complete regression of neovascularization versus 25% in the sham
group; however, after initial beneficial response, there was no difference in the two groups
after 4 months. Clinical trials of bevacizumab for treatment of PDR show increased risk of
TRD following a rapid retinal neovascular regression (Arevalo et al., 2008; Moradian et al.,
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2008). Moreover, anti-VEGF therapy does little to address the underlying causes that
contribute to the occlusion and degeneration of retinal capillaries (Kern, 2007).

Recent research has identified chronic inflammation resulting from diabetes as a potential
cause of damage to the retina via pro-inflammatory proteins, including cyclooxygenase-2
(COX-2), interleukin-1 (IL-1), and tumor necrosis factor-alpha (TNF-a) (Joussen et al.,
2004; Kern, 2007). Still other studies have implicated changes to bone marrow-derived cells
(BMDC), cells particularly adversely influenced by hyperglycaemia and unable to function
to deemed to promote revascularisation and remodelling. Moreover, hyperglycaemia
contributes to the production of pro-inflammatory cells (Loomans et al., 2009). Furthermore,
studies have consistently established causal links between diet-induced obesity (DIO), a pro-
inflammatory response and hypothalamic inflammation (Choi et al., 2010; De Souza et al.,
2005; Thaler et al.). This review focuses on the links between the bone marrow, the central
nervous system (CNS), diabetes and DR and provides an innovative, mechanistic persective
to the pathogenesis of DR, particularly in light of the promising results from our case series
showing the efficacy of an anti-inflammatory therapy in addressing aspects of diabetes. By
suggesting a novel approach to treating T2D and DR targeting the CNS, this strategy
improved visual acuity and symptoms associated with painful diabetic neuropathy. It may be
determined that use of minocycline may serve to treat all vascular complications.

2. Mechanism implicated in the pathophysiology of retinopathy

Epidemiological and prospective data have revealed that the stressors of the diabetic
vasculature persist beyond the point when good glycaemic control had been achieved
(Diabetes_Group, 2000) and is referred to as ‘metabolic memory’. The first suggestion of
this phenomenon came from a study by Engerman and Kern in the 1980s. Alloxan-induced
diabetic dogs were divided into three groups according to glycaemic control: poor control
for five years, good control for five years, and poor control for two-and-a-half years
followed by good control for two-and-a-half years. Retinopathy developed in the latter
group, despite subsequent sustained good glycaemic control having been achieved
(Engerman and Kern, 1987).

More recently, studies by Kowluru and coworkers have shown that hyperglycaemia-induced
elevations in inflammatory mediators in retinal microvascular cells resist reversal after re-
institution of normal glucose conditions (Kowluru et al., 2010).

The standard parameter of glycaemic control, hemoglobin A1C is an advanced glycation
endproduct (AGE). This particular cross-link formation of AGEs serves as an excellent tool
to evaluate glucose control. Similar chemical changes in extracellular matrices (ECM) lead
to pathological thickening of vascular basement membranes, including those of the retinal
capillaries. (Bailey, 2001; Gardiner et al., 2003). Accumulation of AGES has many
deleterious effects on basement membrane physiology and cellular function (Boyd-White
and Williams, 1996; Monnier et al., 1986; Wells-Knecht et al., 1995). For example, retinal
vascular endothelial cells and pericytes are co-dependent on complex, two-way
communication via paracrine growth factors secreted into their shared basement to ensure
continued survival of both cell types. AGE formation on this basement membrane alters
retinal vascular cell function and compromises cell survival by cross-linking or otherwise
inactivating vital heparin-binding growth factors and integrin-recognition domains (Paul and
Bailey, 1999).

Accelerated death of endothelial cells, pericytes and microvascular smooth muscle cells is
known to occur in diabetic retinopathy (Mizutani et al., 1996; Stitt et al., 1994). This is
believed due to the AGE-modification of basement membrane removing key survival factors
from the matrix (Stitt et al., 2004). The accumulation of AGEs and associated cross-links on
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the arginine and lysine residues of ECM is a recognized phenomenon during diabetes (Fu et
al., 1994).

Significantly, this hyperglycaemic damage targets endothelial cells as well as pericytes. The
death of both cell types is a hallmark of diabetic retinopathy and leads to the formation of
naked basement membrane tubes. These non-perfused, degenerated tubes/capillaries can be
recognized histologically as “acellular capillaries’ in diabetic patients, dogs, rats and mice
(Engerman and Kern, 1995; Joussen et al., 2004; Kern and Engerman, 19963, b; Mizutani et
al., 1996; Tang et al., 2003), Figure 1. In turn, acellular capillaries result in lesions that
produce irreversible retinal ischemia through their inability to support blood flow. This
vessel destruction leading to retinal ischemia and increased expression of angiogenic growth
factors ultimately triggers retinal neovascularization. While all these histological features are
well established, the mechanisms underlying diabetes-induced retinal cell injury and death
are incompletely understood. Degeneration of retinal capillaries is recognized to play an
important role in the pathogenesis of DR (Davis et al., 1997), with many investigators
believing that the resulting retinal ischemia stimulates pre-retinal neovascularization. Acute
ischemia/reperfusion of the retina also has been recognized to cause formation of these
acellular capillaries, even in non-diabetic rats and mice (Zheng et al., 2005).

Endothelial progenitor cells (EPCs) play a role in maintenance of the normal vasculature
(Figure 2) and defects in EPCs may contribute to capillary degeneration. In Figure 2, a
trypsin digested rat retina was stained with CD133, CD14 and lectin. EPCs are present in the
vasculature in the diabetic retina and typically appear at the bifurcations of the retinal
capillaries and are seen as clusters as well as single cells.

The collective evidence indicates that the loss of retinal microvascular cells, a critical early
step in diabetic retinopathy, may not only be due to increased cell death but also to altered
repair mechanisms. In the retina, a defect in EPCs could prevent reparation of endothelial
injury early on, leading to acellular capillary lesions and retinal ischemia.

As we show in Figure 3, CD34" cells are dysfunctional in diabetics and have inability to
home to areas of injury to orchestrate the repair process. In Figure 3, a model of ischemia
reperfusion (I/R) injury that demonstrates a key feature of diabetic retinopathy, acellular
capillaries, was used to examine the function of CD34" cells. Mouse eyes were subjected to
I/R injury and CD34" were injected into the vitreous after injury. For this study we isolated
CD34" cells from diabetic patients with vascular complications or age- and gender-matched
controls. Immunofluorescence studies show that control cells but not diabetic cells home to
areas of injury.

This defect in migration is due in part to a diabetes-associated reduction in phosphorylation
and intracellular redistribution of vasodilator-stimulated phosphoprotein (VASP), a critical
actin motor protein required for cell migration that also controls vasodilation and platelet
aggregation (Li Calzi et al., 2008). The effect of the chemokine stromal derived
factor-1(SDF-1) on VASP redistribution is markedly reduced in diabetics (Figure 4) whereas
VASP redistributes to filopodia-like structures following SDF-1 treatment in controls. Thus,
SDF-1 promotes cytoskeletal changes through site- and cell type-specific VASP
phosphorylation in healthy CD34* cell but in diabetes, blunted responses to this factor and
other growth factors may lead to reduced vascular repair and tissue perfusion.

Endothelial injury, acellular capillaries and subsequent retinal ischemia result in the
compensatory release of chemokines and growth factors such as VEGF, SDF-1, and
monocyte chemoattractant protein-1 (MCP-1 or CCL2) by the ischemia injured retina.
Studies have already revealed correlations between the vitreous levels of SDF-1, MCP-1 and
VEGF and the degree of macular edema and retinopathy in patients with DR (Butler et al.,
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2005). However, many additional factors have been shown to be increased in the vitreous of
diabetics including IGF-1 (Grant et al., 1986); IL1B, IL6, IL8, CCL2, and EDN1 (Zhou et
al., 2012) and these factors likely impact also DR outcomes.

Restoration of EPC function would result in repair of areas of capillary injury (acellular
capillaries). This would prevent the development of ischemia and the subsequent
‘compensatory’ retinal expression of chemokines and growth factors that accumulate in the
vitreous. Central to understanding the role of EPCs in vascular repair is an understanding of
how BMDC become endothelial cells.

3. Microvascular disease and bone marrow

In animal studies EPC-enriched haematopoietic stem cells (HSCs), injected into the eyes of
mice, promoted revascularisation, selectively targeting retinal astrocytes, cells that serve as a
template for both developmental and injury-associated retinal angiogenesis (Otani et al.,
2002). Furthermore, BMDC contribute to vascularisation, providing reparative functions
throughout the body, from tissue perfusion during wound healing to promoting
endothelialisation of the ischaemic retina (Grant et al., 2002).

3.1 Bone marrow, vasculature endothelium and its repair

In the embryonic blood island, a central HSC is surrounded by haematopoietic and
endothelial precursors (Flamme and Risau, 1992). This physical association between
endothelial precursors and HSCs, as well as the realisation that these cells share antigenic
determinants such as FIk-1/KDR/VEGFR2, Tie-2, and CD34 (Flamme and Risau, 1992;
Weiss and Orkin, 1996), suggested that these cells are derived from a common precursor,
the haemangioblast. Since HSCs isolated from the peripheral circulation are able to provide
sustained haematopoietic function (Brugger et al., 1995), it was reasonable that circulating
cells may also function as EPCs.

In fact, Asahara et al. demonstrated that cells isolated on the basis of the expression of the
haematopoietic stem cell marker CD34 not only express CD31, FIk-1, and E-selectin after 7
days in culture, but also express endothelial NOS, produce nitric oxide, and home to areas of
angiogenesis /n vivo (Asahara et al., 1997). Their results were confirmed by Shi et al. (1998)
with CD34" cells that were 95% pure. Other investigators have demonstrated that the
number of circulating CD34™ cells and potentially their ability to direct endothelial repair is
increased by treatment with HMG CoA reductase inhibitors (Dimmeler et al., 2001) as well
as with erythropoietin (Bahlmann et al., 2004). In addition, injection of healthy nondiabetic
CD34" cells into diabetic mice accelerates revascularisation of ischaemic limbs (Schatteman
et al., 2000) and wound healing (Sivan-Loukianova et al., 2003). Only a subset of CD34*
cells, those expressing VEGFR-2 and CD133 (Peichev et al., 2000), likely represent
circulating cells capable of differentiating into endothelial cells. CD34" cells, as well as the
resultant colonies and/or cells that express endothelial markers as a result of culturing
peripheral mononuclear cells under the appropriate conditions, are typically identified and
called EPCs.

Interestingly, HMG CoA reductase inhibitors (Dimmeler et al., 2001; Llevadot et al., 2001)
and erythropoietin (Bahlmann et al., 2004) not only increase the number of CD34" in
circulation but also have been shown to enhance EPC chemotactic activity and enhance their
ability to form capillary tubes on matrigel.

3.2. Bone marrow and nervous system

Communication between the bone marrow, CNS, and peripheral nervous system is critical in
order to affect rapid immune responses and to sustain vascular health. Trans-synaptically
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connected neurons can be traced using pseudo rabies virus (PRV) expressing green
fluorescent protein and when PRV is injected into bone marrow of mice, green fluorescent
protein (gfp)* neurons can be detected in the brain (Card et al.). The sympathetic nervous
system (SNS) regulates the release of BM cells into the circulation (Mendez-Ferrer et al.,
2008).

3.3 Bone marrow neuropathy and DR

In models of both T2D and T1D, diabetes is associated with a reduced number of EPCs in
the circulation. Moreover, the circadian rhythmicity of release of EPCs from the BM is
altered, and the development of BM neuropathy is responsible for these events (Busik et al.,
2009). BM neuropathy precedes the development of DR (Busik et al., 2009), thus
connecting DR for the first time to peripheral nerve dysfunction in the BM. These concepts
represent a paradigm shift in the pathogenesis of DR. BM neuropathy is central to the loss of
protective vascular progenitors.

Previous studies showed a decrease in tyrosine hydroxylase (TH*) nerves in diabetic rats,
suggesting that diabetes is associated with loss of adrenergic neurotransmitters, secondary to
peripheral neuropathy affecting the BM (Katayama et al., 2006). Based on experiments with
chemically (6-OH-DA) sympathectomized adult mice and the a1-adrenergic antagonist
prazosin, Maestroni et al. established that regulated production of monocytes was under an
inhibitory noradrenergic tone (Maestroni et al., 1992), suggesting that loss of this
noradrenergic influence, as is seen in rodents with diabetic peripheral neuropathy, would
result in the generation of more monocytes (Rameshwar and Gascon, 1992), which is
exactly what we observe in diabetes.

HSCs reside in two basic places in the marrow: 1) adherent to stromal cells at the endosteal
bone surface (primitive HSCs such as LTR-HSCs) or 2) at the sinusoids where they are
adherent to endothelial cells (more mature HSC). BM stromal cells are derived from
mesenchymal stem cells and have a ‘fibroblast-like phenotype (Sorrell et al., 2009).
Neurotransmitters and neuropeptides stimulate BM stromal cells to produce cytokines/
factors that regulate HSC self-renewal, proliferation and differentiation (Takahashi et al.,
2003).

Acting on BM stromal cells, neuropeptides released by sensory neurons regulate anti-
inflammatory cytokine production by these cells, including interleukin-10 (IL-10). Thus, the
loss of key neuropeptides would result in loss of IL-10, contributing to a proinflammatory
BM environment in diabetes (Sakagami et al., 1993). Taken together, these findings suggest
that loss of neurotransmitters and neuropeptides promotes changes in the BM
microenvironment that leads to an increased numbers of monocytes and a phenotypic switch
of these cells to a more pathological phenotype.

4. Chronic inflammation and its impacts on DR

Metabolic and physiologic abnormalities in the retina stemming from diabetes suggest
inflammation plays a direct role in the development of DR (Kern, 2007). We observe an
increase in inflammatory cells throughout the retina of the diabetic as demonstrated by
CD45" immunohistochemistry of retinal cross sections compared to control mice (Figure 5).
One key component of the inflammatory process involves the attraction and adhesion of
leukocytes to the vascular wall. This process, leukostasis, is particularly increased in the
retinas of diabetic mice (Vincent and Mohr, 2007), while in rats leukostasis is associated
with retinal endothelial cell injury and death (Joussen et al., 2001). In Figure 6, we show flat
mounts of trypsin digested retinas from diabetic and control mice. The diabetic vasculature
shows the presence of CD133 cells with positive staining for the monocyte marker CD14.
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The choice of these phenotypic markers was based on CD133 being the earliest stem cell
marker expressed by circulating EPCs (Quirici et al., 2001) while it has been previously
reported that CD14 may serve as therapeutic alternative for diabetic patients with
compromised CD34 function (Awad et al., 2006). Also CD34 is often expressed by capillary
endothelium (Fina et al., 1990) and late differentiating EPCs (Thill et al., 2008; Yoder et al.,
2007), which would make it difficult to separate circulating EPCs from capillary
endothelium. Thus the use of CD133 as a selection marker for EPCs enabled us to easily
identify this distinct population of EPCs in the retinal vasculature.

Both T1D and T2D represent forms of chronic inflammation, triggered by metabolic surplus
that engages the same signaling pathways present in classic inflammation. (Hotamisligil,
2006) distinguishes this form of inflammation from the classic response to injury or immune
system challenge with the term ‘metaflammation’ for metabolically-triggered inflammation.
This chronic metaflammation is characterized by abnormal cytokine production, as well as
the activation of a network of inflammatory signaling pathways, in particular the IKK/NFxB
pathway that, in non-diabetics, provides protection against insulin resistance (Ye, 2008).
Moreover, diabetes is associated with an altered inflammatory response (Chang et al., 1996;
Graves et al., 2005; Hotamisligil et al., 1993; Hu et al., 2004; Lalla et al., 2007; Liu et al.,
2006; Naguib et al., 2004; Pickup, 2004; Pradhan et al., 2001; Yan et al., 2009). Diabetics
demonstrate increased serum levels of inflammatory markers, including C-reactive protein
(CRP) and Interleukin-6 (IL-6), as well as pro-inflammatory cytokines such as TNF-a
(Shoelson et al., 2006).

4.1 Diet-induced obesity, inflammation and DR pathogenesis

The first definitive link between obesity, T2D and chronic inflammation emerged from
studies revealing the over-expression of TNF-a. in the adipose tissue of obese mice
(Hotamisligil et al., 1993). A proinflammatory cytokine, TNF-a, is similarly over-expressed
in both the adipose and muscle tissue of obese humans (Hotamisligil et al., 1995; Kern and
Engerman, 1995). Strikingly, (Hotamisligil et al., 1993) and (Feinstein et al., 1993) both
induced insulin resistance via TNF-a in rats /7 vivoand in vitro by (Kanety et al., 1995).
Moreover, after initiation of a high-fat diet (HFD), the endothelium expresses cell adhesion
molecules to bind leukocytes. In contrast, circulating leukocytes in healthy, non-obese
patients do not adhere to the endothelium (Blake and Ridker, 2002). Over the past decade,
studies have consistently documented the impact of an HFD and of diet-induced obesity
(DIO) on the expression of proinflammatory cytokines and, perhaps more importantly, on
inflammatory responsive proteins in the hypothalamus (De Souza et al., 2005; Posey et al.,
2009).

Central to the pathogenesis of DR is increased oxidative stress and subsequent activation of
inflammatory pathways including TNF-a, IL-1a and NFk- activation (Kowluru and Chan,
2007). Inflammatory cytokines increase iNOS and the resulting pathologically high levels of
nitric oxide (NO) diffuse to adjacent tissues where they can adversely impact retinal tissues
(Caldwell et al., 2005). Receptors for cytokines are found on multiple cell types in the retina
including endothelial cells, neuronal cells, Miller cells, microglia, and astrocytes. Both
circulating cytokines, entering the retina via disruption of retinal vasculature, and cytokines
released by cells within the retina (neurons, microglia, and astrocytes) contribute to the
inflammatory process. While the role of brain inflammation in T2D is well established, T1D
is also associated with increased expression of pro-inflammatory factors, Interleukin 1 beta
(IL-1pB), Interleukin 2 (IL-2), IL-6, TNF-a, receptor for advanced glycation end products
(RAGE), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB),
compared to age matched control brains (Gebicke-Haerter et al., 2001; Sima et al., 2009). In
addition, TNF-a and IL-1p can induce COX-2 activity in perivascular macrophages of the
blood brain barrier (BBB) and generate prostaglandin E2, which enters the brain and
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stimulates PVN neurons regulating ACTH release and sympathetic drive (Beishuizen and
Thijs, 2003). Increased expression of JAM-1 induces leukocytes accumulation in the
microvasculature which leads to enhancement of cell transmigration across tight junctions
and increased production of cytokines (Persidsky et al., 2006).

4.2 Hypothalamic inflammation

In DIO, the earliest markers of hypothalamic inflammation are present a mere eight weeks
after beginning a HFD (Calegari et al.) and, in rodent models, within 24 hours of HFD
feeding (Thaler et al.). This inflammation is marked by activation, recruitment and
proliferation of microglia, immune cells of the brain that act similarly to macrophages
(Sofroniew, 2009). This hypothalamic inflammation results in disruption of pancreatic p-cell
function and a dysfunctional increase in insulin secretion.

Neuroinflammation also plays a role in T1D. Vargus et a/induced diabetes using
streptozotocin (STZ) and showed increased expressions of Ang Il, ICAM-1, LFA-1 and
CD8 positive cells in diverse zones of cerebrum and cerebellum of diabetic rats (week 8).
Treatment of diabetic animals with losartan or enalapril reduced the expression of those
molecules. These authors concluded that the presence of Ang Il1-mediated brain
inflammatory events in diabetes is probably mediated by AT1 receptors. These results are
consistent with our observations that activated microglia are present in increased numbers in
the paraventricular nucleus (PVN) of T1D mice compared to controls [Grant MB,
unpublished results].

4.3 Endocrine effects of hypothalamic inflammation

Various hypothalamic nuclei regulate satiety and metabolic and fluid homeostasis (Masuo et
al.). Thus, hypothalamic inflammation causes resistance to both leptin (Enriori et al., 2007;
Ozcan et al., 2009) and insulin (De Souza et al., 2005; Posey et al., 2009), resulting in
further increases in adipose tissue and insulin resistance (Choi et al., 2010).

4.4 Insulin resistance in diabetes and DR

A typical Western diet can thus cause a cycle of increasing hypothalamic inflammation,
which leads to insulin (and leptin) resistance, leading to weight gain (Velloso et al., 2008).
Even independent of obesity, hypothalamic inflammation can impair insulin release from
cells, impair peripheral insulin action, and potentiate hypertension (Kang et al., 2009;
Purkayastha et al.), which is pertinent to T1D as well as T2D.

In T2D, patients enter into a vicious cycle where their insulin resistance increases adiposity,
which, in turn, also spurs more hypothalamic inflammation that increases insulin resistance.
Even if patients initiate low-fat, moderate carbohydrate diets, their insulin resistance can
make losing weight difficult and lessen the odds of patients remaining compliant with a
restricted intake of fats and carbohydrates (Fletcher et al., 2006). Decreased sensitivity to
insulin and resulting obesity can ultimately lead to T2D, which leads to still higher levels of
hypothalamic inflammation and insulin resistance (Shoelson et al., 2006). However, patients
who lost massive amounts of body mass following bariatric surgery showed lowered
amounts of hypothalamic inflammation after weight loss, as detected via fMRI (Ochner et
al.), as well as decreased concentrations of IL-6 (van de Sande-Lee et al., 2011).

Recently, there has been great excitement regarding the almost immediate improvement in
blood glucose (remission of T2D) in patients undergoing Roux-en-Y gastric bypass.
Pournaras et al/ showed that exclusion of glucose passage through the proximal small bowel
results in enhanced insulin and gut hormone responses in patients after gastric bypass
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(Pournaras et al.). Thus this strategy to restore metabolic control will likely favorably impact
CNS inflammation in T2D.

Obviously, significant weight loss, resulting in decreased adiposity and improved glucose
control, provides the ideal means for treating T2D. Unfortunately, some obese and morbidly
obese patients with T2D remain poor candidates for procedures like the Roux-en-Y gastric
bypass used in van de Sande-Lee et al. due to potentially high rates of complications or their
status as high risk cases for anaesthesia (van de Sande-Lee et al., 2011).

5. Interventions addressing DR

Hyperglycaemia is at the center of DR pathogenesis as large-scale T1D and T2D clinical
trials have been conducted worldwide and have demonstrated that early intensive glycaemic
control can reduce the incidence and progression of micro and macrovascular complications
(Association, 1998; Diabetes_Group, 2000). The benefits of tight control have been
documented in Type 1 in the Diabetes Control and Complication Trial (DCCT) study
(DCCT, 1993) and the United Kingdom Prospective Diabetes Study (UKPDS) (UKPDS,
1998) demonstrated that controlling blood glucose levels reduced the risk of diabetic
retinopathy and nephropathy in T2D.

The beneficial effects of intensive glycaemic control achieved by early intervention can
persist for several years, a phenomenon that first described as ‘metabolic memory’ by the
Diabetes Control and Complications Trial and Epidemiology of Diabetes Interventions and
Complications (DCCT/EDIC) collaboration (Group., 2003).

While prevention of hyperglycaemia is the cornerstone of prevention of DR, once DR
occurs, the impact of tight control remains important. As mentioned above, tight glucose
control equally benefits patients with T1D or T2D while the strategies to achieve this in T1D
includes insulin pumps and continuous glucose sensors, the judicious use of multiple agents
from the armamentarium of drugs available make this equally possible in T2D. The key role
of diet and exercise is equally effective and important for both T1D and T2D. However,
tight control is not possible in all patients, thus supplemental strategies are needed to prevent
progression of this disease and to treat it. Several therapeutic approaches show promise in
addressing DR by decreasing systemic inflammation, with the full range best covered in
Kern’s 2007 review (Kern, 2007). However, given this article’s focus on the links between
BM, the CNS and inflammation, this review will here focus only on those interventions that
touch on the BM and CNS inflammation.

5.1 Interventions addressing inflammation

Four pharmacologic interventions have displayed some efficacy in reducing inflammatory
response in patients, thus improving DR in human and animal studies. Of these four, the
first, intravitreal corticosteroids, treat DR locally, in a manner similar to current anti-VEGF
therapy. The second, aldose reductase inhibitors, have demonstrated inconsistent outcomes
across animal and human studies. The third, aspirin and salicylates, shows some efficacy,
albeit with side effects. Minocycline, an antibiotic with anti-inflammtory properties, is
currently proving successful in animal studies (Yune et al., 2007) and, most recently, in our
case series of obese, diabetic patients with DR.

5.2 Corticosteroids

Known to exert profound anti-inflammatory effects on a variety of conditions,
corticosteroids have proven effective as a localized therapy for inflammation in DR.
Intravitreal injections show promise in reversing or preventing vascular permeability in DR
(Dubey, 2006; Felinski and Antonetti, 2005). Currently, glucocorticoids prove particularly
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useful in preserving the BBB in the treatment of brain tumors and show similar effects on
retinal vasculature, making them a promising treatment option for aspects of DR
management.

5.3 Aldose reductase inhibitors

The polyol pathway enzyme, aldose reductase, inhibits expression of ICAM-1, COX-2, and
leukostasis via inhibition of pro-inflammatory NF-xB activity (Ramana et al., 2004). As a
result, aldose reductase inhibitors have been extensively studied for their inhibition of aldose
reductase under hyperglycemic conditions (Kern, 2007). However, this class of drugs has
shown only mixed results, at best, in inhibiting DR in animal models (Kojima et al., 1985)
and, moreover, has proven unsuccessful in treating diabetic patients (Arauz-Pacheco et al.,
1992; Group, 1990). Currently, further studies remain to establish the possibility that aldose
reductase inhibitors provide beneficial effects due to their anti-inflammatory actions (Kern,
2007).

5.4 Aspirin and salicylates

Researchers beginning in the late nineteenth century discovered high doses of salicylates
dramatically lowered the glucose levels of diabetic patients (Ebstein, 1876), an effect
confirmed a quarter-century later in the impact of salicylates on reducing sugar secreted in
the urine of diabetics (Williamson, 1901). The effectiveness of salicylates in treating T2D
was rediscovered accidentally in the 1950s when a physician administered a high dose of
aspirin to treat arthritis associated with rheumatic fever and discovered his patient no longer
required daily insulin injections (Reid et al., 1957). When the patient’s joint symptoms
resolved, the aspirin was discontinued, and a subsequent glucose tolerance test showed
elevated blood glucose. Intrigued, Reid and his colleagues administered aspirin to a small
series of diabetics, whose blood glucose returned to normal, non-diabetic levels in every
patient (Reid et al., 1957). Unfortunately, follow-up studies focused on the mechanism of
salicylates in reducing insulin secretion with inconclusive results (Shoelson et al., 2006).

Only recently have studies begun to focus on the efficacy of salicylates in reducing
inflammation associated with the development of obesity and T2D. Aspirin, at a typical dose
of 650mg, inhibits NF-xB (Kopp and Ghosh, 1994), as well as leukocyte adhesion (Pierce et
al., 1996). Hundal et al. demonstrated that the same high dose of aspirin fomented
substantial reductions in fasting and postprandial glucose (Hundal et al., 2002). Moreover,
aspirin, initiated with onset of induced diabetes in dogs over a 5-year trial, significantly
inhibited retinal aneurysm and the formation of acellular capillaries but proved less
successful in diminishing pericyte ghosts and the frequency of micoraneurysms. Notably,
over the course of this trial, aspirin was administered at only 20mg/kg of body weight, a
level significantly lower than the 650mg that proved efficacious in earlier human studies but
judged to represent the maximum tolerable chronic dose to avoid severe side effects (Kern
and Engerman, 2001). However, the therapeutic benefits of aspirin in reducing or preventing
DR in T2D patients are currently offset by the effects of the requisite high dosage, including
gastrointestinal irritation and unacceptably high risks of bleeding (Hundal et al., 2002).

5.5 Minocycline

A second generation, chemically modified tetracycline, minocycline is commonly prescribed
for its antimicrobial action but also displays significant anti-inflammatory effects (Amin et
al., 1996; Yrjanheikki et al., 1999). Moreover, minocycline shows promise in decreasing the
microglial activation in the hypothalamus (Lai and Todd, 2006) that accompanies the
inflammatory cycle connecting the BMDC and CNS to insulin resistance and T2D
(Rothwell et al., 1999). Animal studies of the efficacy of minocycline in treating DR in mice
show that long-term administration of the drug successfully prevented retinal capillary
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degeneration in diabetic mice (Vincent and Mohr, 2007). Minocycline has been successfully
used to treat painful diabetic neuropathy (Dray, 2008). Moreover, minocycline’s ability to
decrease hypothalamic inflammation could provide a particularly effective strategy in
treating DR by improving patients’ blood glucose control.

5.5.1 Efficacy in humans—This potential efficacy was recently tested by our laboratory
through a case series of patients with obesity, insulin resistance, T2D, and DR. As an anti-
inflammatory agent, minocycline freely crosses the BBB, is neuro-protective and inhibits
microglial activation in the brain (Zhu et al., 2002). Minocycline also produces beneficial
effects in acute and chronic brain disorders, including stroke, traumatic brain injury and
neurodegenerative diseases (Kreuter et al., 2004; Sanchez et al., 2001; Tikka and
Koistinaho, 2001).

5.5.2 Case series: Minocycline improved visual acuity and neuropathic pain in
diabetic subjects—Nine T2D patients with either mild to moderate DR came from three
different settings: three patients from a diabetes and weight management clinic, three from a
weight management clinic at the University of Florida’s College of Medicine, and three
from clinician referrals at the University of Florida’s Shands Hospital. Notably, all nine
morbidly obese patients began the study with minocycline prescribed on a compassionate
basis, secondary to their inadequate response to weight management programs and the use
of multiple oral hypoglycaemic and anti-hypertensive agents. The short duration of the study
limited the interpretation of retinal changes; however all patients had mild to moderate non-
proliferative diabetic retinopathy at onset and also experienced blurred vision and reduced
visual acuity with episodes of hyperglycaemia. At the time of minocycline initiation, all nine
patients were also already taking atorvastatin (Lipitor®) or other HMG CoA reductase
inhibitors. All patients had a diagnosis of Type 2 diabetes for a minimum of ten years but
not more than 21 years. Patients also had body mass indices (BMI) between 37 and 60 kg/
m?2. An adult with a BMI between 25 and 29 kg/m? is classified as overweight, with obese
adults having a BMI greater than 30 kg/m2, and morbidly obese adults as having a BMI
greater than 40 kg/m?2. Consistent with links established by epidemiology studies, all
patients also had hypertension. All nine patients also experienced symptoms consistent with
peripheral neuropathy, confirmed on physical examination as decreased sensation to light
touch or pin prick, although no patients underwent nerve conduction studies to document
degree of neuropathy. Although the four patients with the highest initial BMIs had been
previously diagnosed with sleep apnea, all nine patients complained of sleep disturbances.
Hypertension was managed with either beta-blockers, centrally acting alpha-agonists, ACE
inhibitors or angiotensin receptor blockers, with a median blood pressure of 168 + 16/93 +
10 mmHg.

Patients were started on 100 mg twice daily of minocycline for ten months. Patients also
received counseling on continuing the high protein, moderate fat and low carbohydrate diet
—with carbohydrate intake limited to 30 grams or less at each meal—which they had been
on at the time of the initiation of glucose, months prior to initiating minocycline. Every
month, patients’ weight loss and blood pressure was recorded. Blood glucose control,
established via HbAlc levels, was measured every three months during the study’s ten
months.

All nine patients achieved consistent weight loss of an average of 37.9 £ 4.0 kg over a ten-
month period, decreasing their BMI by an average of 30 £ 7 %. Patients not in either a
diabetes or weight management clinic achieved the same weight loss as patients receiving
more aggressive counseling on diet, exercise, and behavioral modifications. Patients’” weight
loss was also accompanied by improvement in HbAlc, with a reduction of an average of 22
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+ 12%. All patients reported improved visual acuity during the study and improvement of
neuropathic pain of their extremities.

No patients reported adverse effects from minocycline. On the contrary, patients on
minocycline reported mild appetite suppression and earlier satiety. Following their weight
loss, all patients noted improved quality of sleep. Patients also reported improved mood and
increased ability to exercise, due in part to their substantial weight loss but also to
minocycline’s apparent effects in decreasing neuromuscular pain resulting from
inflammation (McMahon and Wells, 2004; Zhang et al., 2009). These same effects, coupled
with weight loss, resulted in patients’ subjective improvement of pain symptoms associated
with peripheral neuropathy.

6. Implications of anti-inflammatory strategies

All patients uniformly reported improved visual acuity. These results are likely due to
improved blood glucose and blood pressure control but may also be due to decreased retinal
and CNS inflammation. The mechanism(s) by which minocycline produces these dramatic
beneficial outcomes remains speculative at the present time. However, based on existing
evidence, we believe that its effects may, in part, be mediated by its anti-inflammatory
actions on the brain for three reasons. Firstly, other anti-inflammatory drugs have only
limited ability to penetrate the BBB, such as salicylate and doxycycline, exhibit limited
effects on diabetes and obesity although they are known to reduce plasma inflammatory
markers (Goldfine et al., 2008; Shoelson and Goldfine, 2009). Secondly, minocycline has
been shown to inhibit microglial activation and inhibition of brain inflammatory cytokines
(Homsi et al., 2010; Morgado et al.). Thirdly, activation of brain microglial cells and
increases in brain inflammation are observed in nutrition-associated obesity (Tapia-
Gonzalez et al.).

In the treatment of DR, especially for the thirty percent of patients who fail to respond to
anti-VEGF therapy, anti-inflammatory interventions show particular promise. With its long
history as a well-tolerated antibiotic and its minimal side effects, minocycline can
potentially ameliorate DR. At the same time, its use can potentially improve blood glucose
control, result in weight loss, and thus prevent complications of T2D before they occur.
Several questions remain to be resolved through a large-scale trial of minocycline in diabetic
patients with DR, including side effects that stem from its chronic use.

6.2 Conclusions and future directions

The future holds promise for use of single agents as well as combination therapy targeting
conventional as well as novel signaling pathways (Afzal et al., 2007; Kramerov et al., 2008).
Viewing DR as an expression of neuroinflammation, allows the use of agents such as
minocycline to simultaneous address micro and macrovascular complications.
Complications from diabetes include not only vascular complications but also Alzheimer’s
disease, which is correlated with diabetes (Arvanitakis et al., 2004a; Arvanitakis et al.,
2004b; Luchsinger et al., 2001). In a recent Dutch study, T2D doubled the risk of patients
for developing dementia, with patients receiving insulin having a four-fold risk, compared to
non-diabetics (Ott and Kivipelto, 1999).

This novel approach to treating DR via neuroinflammation counters the shortcomings of
existing treatments. While evidence shows that anti-inflammatory agents, such as
tetracycline, can prove efficacious in treating DR by reducing inflammation locally,
tetracycline’s inability to cross the BBB inhibits its ability to reduce neuroinflammation.
Given the low cost of minocycline and its potential to replace substantial pharmacologic
regimens, including insulin sensitisers, anti-hyperglycaemic agents, anti-hypertensive
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agents, and anti-VEGF therapies, this approach to treating DR via central inflammation
deserves further investigation.

In conclusion, conceptually we are proposing that BM neuropathy is central to the inciting
events of DR. The concepts proposed represent a paradigm shift in the pathogenesis of DR
(Figure 7). The BM is a rich source of reparative cells for the retina (Grant et al., 2002;
Otani et al., 2002). However, these key cellular components become dysfunctional in
diabetes. In combination with BM neuropathy that promotes the generation of an excess of
monocytes, the loss of reparative cells with the simultaneous increase in detrimental
inflammatory cells, such as monocytes, promote the development of endothelial
dysfunction.

The communication between the BM, CNS and peripheral nervous system is critical to
affect rapid immune responses and to sustain vascular health. The development of BM
neuropathy sets up systemic inflammation by shifting haematopoiesis towards the
generation of inflammatory cells. Importantly, BM neuropathy precedes the development of
DR, thus connecting DR for the first time to peripheral nerve dysfunction in the BM. The
altered bone marrow population can, in turn, perpetuate not only retina, but also CNS
inflammation. Inflammation in these key regions of the SNS that regulate the BM perpetuate
the dysfunction. Thus, strategies that lead to specific reduction of monocyte subpopulations
may represent an optimal strategy for DR management, as well as management of
generalized inflammation implicated in both microvascular and macrovascular disease in
diabetes.
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AGE advanced glycation end products
VEGF vascular endothelial growth factors
BBB blood-brain barrier

BM bone marrow

BMDC bone marrow-derived cell

CRP C-reactive protein

CNS central nervous system

COX-2 cyclooxygenase-2

DR diabetic retinopathy

DIO diet induced obesity

EPCs endothelial progenitor cells
HSCs haematopoietic stem cells

HFD high-fat diet

IL-1 interleukin-1
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IL-6 interleukin-6
IL-10 interleukin-10
MCP-1lor CCL2 monocyte chemoattractant protein-1
PRV pseudo rabies virus
SDF-1 stromal derived factor-1
TNF-a tumor necrosis factor alpha
TiD Type 1 diabetes
T2D Type 2 diabetes
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Figure 1. Acdllular capillaries

Trypsin digested image of diabetic rat retina showing acellular capillary (red arrow) which is
the result of loss of both pericytes and endothelial cells. Acellular capillaries are the
pathologic hallmark of diabetic retinopathy and their quantification is a useful way to assess
the extent of retinopathy.
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Figure2. EPC stainingin rat retina

(A) Representative trypsin digested rat retina stained with CD133 i) CD14 (ii) and lectin (iii)
showing presence of EPCs (white arrow) in the retinal vasculature of a diabetic rat. These
cells appeared at the bifurcations of the retinal capillaries (B) with occasional clusters (white
arrow) (C) or a single cell (D).
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Figure 3. Human peripheral blood CD34" cells from diabetic patients are dysfunctional in
vascular homing and association and cannot repair damaged retinal vessels

Mouse eyes subjected to ischemia/reperfusion insult underwent injection (into the vitreous)
with CD34" cells isolated from long-term diabetic patients or age- and gender-matched non-
diabetic controls. Two days after injection of the cells, the mouse eyes were harvested and
examined by immunofluorescent laser scanning confocal microscopy. (A) CD34" cells
(identified by green fluorescence) from diabetic patients are found near vessels (visualized
by red fluorescence), albeit in a random distribution (Zheng et al., 2007). (B) Most cells
from non-diabetic control patients are associated with vessels. The yellow color is the result
of co-localized fluorescence and indicates the CD34* cells are associating and possibly
some of the cells actually incorporating into vessel walls (Caballero et al., 2007). Images are
compressed z-series (approximately 30m total thickness). Scale bar=50m.
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Figure4. VASP redistribution isimpaired in diabetic EPCs

Immunofluorescence images of EPCs from normal (A, B) and diabetic (C, D) donors left
untreated (A, C) or treated with 100nM SDF-1 for 4 hours (B, D). Normal EPCs show a
dramatic VASP redistribution following treatment (A, B) while EPCs from a diabetic donor
do not show any response to SDF-1 (C, D).
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Figure5. Diabetic retina contains higher numbersof CD45%cells

Immunohistochemical analysis of CD45" cells in retinal cross sections from control (A) and
mice with one month of STZ-induced diabetes was performed. (C) Quantitation of the
number of CD45* cells/section is shown and demonstrates increased number in diabetic
compared to controls.
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Figure 6. Immature progenitorsare present in the diabetic retina

(A) Trypsin digested diabetic retinal vasculature (i) shows presence of CD133* cells in
diabetic vasculature (ii) with positive staining for CD14 marker (iii). Surprizingly, vehicle
control rat retina (iv) did not show CD133" cells (v) in 60% of the trypsin-digests although
monocytic CD14* expression were detected (vi). N=6 each vehicle control or diabetic
treatment. (B) Individual count of number of CD133* and CD14* cells showing two fold
increase in CD133* cells (p<0.001).
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Figure 7. Bone marrow-CNS connection in diabetes

Our hypothesis suggests a strong connection between the bone marrow and CNS and retina.
An imbalance in the bone marrow leads to too many monocytes being produced and too few
reparative endothelial progenitors. The inflammatory cells extravasate and promote local
activation of resident microglia in the retina and brain contributing to both CNS and retinal
pathology. Specific CNS centers that regulate the sympathetic nervous system (SNS) make
direct connections to the bone marrow while the bone marrow, via the cells it releases,
communicates back to these specific SNS centers. CNS inflammation may play a central
role, not only in disease process such as neurogenic hypertension and metabolic syndrome,
but also in perpetuating the inflammation that plays a critical role in the pathogenesis of
diabetic retinopathy. (BN = basal amygdala, GIC = granular insular cortex, MC = middle
commissure, PVN = paraventricular nucleus of hypothalamus)
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