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i. Abstract 
 Age-related macular degeneration (AMD) is the leading cause of 
blindness in the elderly.  Pharmacological treatments are not available for the 
majority of AMD patients, emphasizing the need for preventative care.  
Unfortunately, intervention trials have not yet identified any particular nutrient that 
can prevent or delay the onset of the early stages of disease.  However, 
epidemiological analyses of several cohorts have shown that people who 
consume low glycemic index (GI) diets have a reduced risk for the onset of early 
AMD, as well as progression through the stages of AMD, relative to those people 
consuming high GI diets.  The glycemic index (GI) measures the rise in blood 
glucose induced by a particular carbohydrate, relative to the rise in blood glucose 
evoked by carbohydrate from a standard food such as white bread.  Despite the 
consistency of the observation between GI and AMD risk, there is no biological 
data to confirm this association or explain its mechanism.   
 Using a dietary hydroquinone (HQ) model to induce early AMD in 17- and 
23.5-month-old C57BL/6 mice, we found that in mice fed either a high or low GI 
diet, AMD-like lesions were more prominent in the older mice.  Within each age 
group, AMD-like lesions were also more prominent in the higher GI-fed mice.  
These effects appeared to be independent of the presence of HQ, suggesting 
that the high GI-fed C57BL/6 mouse can be used as a model for early AMD.  In 
addition to these lesions, mice fed the higher GI diet also accumulated advanced 
glycation end-products (AGEs) in their retinas.   

AGEs are by-products of glucose metabolism that have been associated 
with a variety of chronic diseases such as AMD, diabetes, kidney disease, and 
cardiovascular disease.  We observed systemic accumulation of AGEs and 
protein carbonyls (another marker of oxidative stress) in a variety of tissues from 
mice fed the higher GI diet.  Our data suggest that AGE and carbonyl 
accumulation in these tissues may be due to insufficient proteolytic capacity.   
Tissues of higher GI-fed mice that showed greater accumulation of these 
modified proteins also showed relatively lower levels of proteasome activity.  
Confirming the systemic nature of the high GI stress, the accumulation of AGEs 
in tissues of higher GI-fed mice was also associated with higher fasting glucose 
and insulin levels, impaired glucose tolerance, and higher levels of glycated 
hemoglobin. 

Our data confirm human epidemiologic data and show that consumption of 
a higher GI diet increased the appearance of AMD-like lesions in mice.  The 
higher GI diet impaired glucose clearance, increased levels of glycated 
hemoglobin, and was associated with systemic accumulation of AGEs in tissue.  
Our model suggests that GI modulates AMD risk through the accumulation of 
AGEs in the retina.  Glycative-stress-induced changes in activity of the ubiquitin 
proteasome system may be one mechanistic link between dietary GI, AGE 
accumulation and tissue damage such as AMD-like lesions.  This link between 
dietary GI and disease is not only relevant to AMD, but may also apply to other 
chronic diseases which are associated with both high GI diets and AGE 
accumulation.   
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Chapter 1. Introduction 

1.1 General Statement of the Problem and its Significance 

 Age-related macular degeneration (AMD) afflicts nearly 7.2 million 

Americans, and current therapies to alleviate its ensuing vision loss are effective 

in less than 10% of these patients (1-9).  Numerous pharmacological treatments 

including antioxidants, anti-inflammatory and neurotrophic agents, and visual 

cycle modifiers are in the research pipeline, but few have yet successfully passed 

clinical testing to aid the remaining 90% of AMD patients (10, 11).  Such a lack of 

effective treatment is daunting, considering the estimation that over 15 million 

Americans will have AMD by the year 2050 (12, 13). 

Vision loss that accompanies AMD takes a significant toll on an 

individual’s physical, mental, and emotional well-being.  The abilities to read, 

write, and recognize faces are significantly reduced in AMD patients, along with 

the capacity to perform simple daily tasks.  Without clear vision, mobility is 

impaired, and consequently, AMD patients often experience a greater number of 

falls than those with preserved vision (14-20).  Furthermore, while many of these 

individuals may need and qualify for low-vision rehabilitative services, most do 

not have access to such services (21-23).  Not surprisingly, these physical 

limitations contribute to mental stress and anxiety, leading to more symptoms of 

depression among AMD patients than in elderly without vision loss (24-26).   

Several different assessment tools have been developed to characterize 

the social and emotional impact of vision loss.  Two such tools are the Quality of 

Well-Being Scale and the Profile of Mood States, which indicate that AMD 
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patients exhibit emotional distress similar to that experienced by those who suffer 

from chronic diseases such as arthritis, chronic obstructive pulmonary disease, 

and acquired immune deficiency syndrome (25).  One of the strongest 

contributors to this emotional distress is the fear of future vision loss.  Greater 

emotional stress was observed among patients with legal blindness in only one 

eye compared to the emotional stress experienced in those legally blind in both 

eyes (25, 27).  Another assessment of quality of life is the Time Trade-off Utility 

Value.  This value reflects the years of life that a patient is willing to give up, if 

only they are cured of their current debility (28).  Utility values reported by 

patients with mild AMD are comparable to those reported by cancer patients and 

those with HIV infections.  Patients with moderate forms of AMD report values 

similar to patients with tuberculosis and hip fractures, and advanced AMD 

patients report values that reflect the quality of life experienced by patients with 

advanced prostate cancer and bedridden stroke patients (29).   

 The physical, emotional, and mental burden of AMD on the individual is 

tremendous, and unfortunately this burden also extends to the greater 

community through strain on financial resources.  AMD impacts the public health 

system though direct costs for treatment as well as indirect costs such as the 

need for at-home healthcare and lost productivity in the work force (30).  Direct 

costs for AMD therapy in the US are estimated to be approximately 575 million 

dollars per year, a number which is only expected to increase if effective new 

therapies are developed (31).  Although the prevalence of AMD varies between 

countries, multinational studies have shown that the drain of this condition on the 
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public health care system is not unique to the US.  For both direct and indirect 

costs associated with bilateral neovascular AMD, these patients use 

approximately 5 times the national healthcare resources as age-matched 

controls with minimal vision loss.  In countries such as Germany and Canada, the 

costs are even greater (32).  In addition to these expenses, AMD patients with 

visual impairment are also less productive workers, and contribute less to the 

national economy, as reflected in the national gross domestic product (GDP).  

Visual impairment often results in a salary reduction, compared to those with 

healthy vision, and a substantial number of jobs are lost once AMD progresses 

into the advanced stages.  Although many advanced AMD patients are elderly, it 

is estimated that approximately 10% of people over the age of 65 are still in the 

work force.  Visual disturbances caused by neovascular AMD or geographic 

atrophy significantly impair the ability of the elderly (≥65 yrs) to work, resulting in 

a drop of the US GDP of about 8 billion dollars (29).   

This devastating impact of AMD on individual and community well-being 

has led to the investigation of preventative therapies such as vitamin 

supplementation, in addition to exploration of pharmaceutical treatments to delay 

the onset of AMD.  It has been estimated that the combination of vitamin 

supplementation with anti-inflammatory and photodynamic therapy may help 

reduce AMD-related visual impairment by 34%, relative to a reduction of only 

16% when vitamin supplementation is excluded from this combination (13).  

Many observational studies have been conducted to find which particular 

vitamins confer the most retinal benefit (33-60).  Thus far, the most effective 
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combination of micronutrients tested in an intervention study is a cocktail of 

vitamins C, E, beta-carotene, zinc and copper.  However, this mixture only 

helped to reduce the risk of AMD progression in those who have already 

developed the disease.  This supplement did not prevent the onset of disease.  A 

clinical trial is underway to investigate the roles of lutein, zeaxanthin and omega-

3 fatty acids in slowing down AMD progression, but this trial will not test the 

ability of these nutrients to delay AMD onset (11).  At the moment there is still a 

great need for therapies that will prevent or delay early AMD.  The impact of 

these therapies will be dramatic.  It estimated that reduction of risk for late-stage 

AMD in those with high-risk eyes would halve the rate of AMD-related blindness 

(61).  In addition to preserving vision, these therapies would not only preserve 

quality of life for millions of elderly, but will substantially alleviate public health 

costs (62).  

 

1.2 Statement of Hypothesis  

Epidemiological evidence suggests that risk for the onset of AMD is 

increased in those who consume high glycemic index (GI) diets (63, 64).  The GI 

is a relative measure of the rise in blood glucose triggered by carbohydrates in a 

particular food, compared to the rise in blood glucose evoked by carbohydrates 

of a standard food such as glucose or white bread (65).  Consumption of high GI 

diets is associated with poor glucose control in diabetics, as well as high serum 

levels of advanced glycation end products (AGEs) (66, 67).  AGEs are proteins 

that have been non-enzymatically modified by glucose and can be cytotoxic in 
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cells (66-76).  Accumulation of AGEs is associated with a number of chronic 

diseases, including AMD (77-91).  Abnormal protein accumulation, such as that 

of AGEs, is usually managed by cellular protein quality control pathways such as 

the ubiquitin proteasome system (UPS) (92).  It is possible that AGEs may 

accumulate due to a limited availability of glycated proteins for degradation or 

because proteolytic capacity of the UPS is insufficient under glycative stress (93, 

94). 

We will test the hypothesis that mice fed a low GI diet will have a limited 

accumulation of AGEs and develop fewer AMD-like lesions compared to mice fed 

a high GI diet.  We predict that preservation of an efficient UPS in the low GI-fed 

mice will help minimize AGE accumulation and therefore preserve retinal health.  

Elucidation of the mechanism underlying the relationship between GI and AMD 

will not only shed light on AMD pathogenesis, but will clarify the role of dietary GI 

in disease prevention. 
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Chapter 2. Review of the Literature 

2.1 Pathogenesis of Age-Related Macular Degeneration  

Age-related macular degeneration (AMD) is a chronic disease of the retina 

that can ultimately result in loss of central vision (1).  The retina lines the 

posterior section of the eye and contains a variety of cell types arranged in 

layers, (photoreceptors, amacrine cells, bipolar cells, horizontal cells, and 

ganglion cells) which convert incoming light into electrical signals that are sent 

along the optic nerve to the brain for visual perception (Figures 1, 2) (2).  This 

conversion process, phototransduction, occurs predominantly in the 

photoreceptors, of which there are two types, rods and cones.  Rods are 

distributed throughout the entire retina, and largely responsible for distinguishing 

dark from light.  Cones are concentrated in the central, foveal region of the retina, 

and responsible for color vision and visual acuity.  The foveal and peri-foveal 

regions comprise the macula.  In addition to maintaining visual acuity, this region 

is also responsible for phototransduction of light entering from the central field of 

view.  AMD pathology, which can result in a loss of visual acuity and central 

vision, is observed in the macula (1, 2).   

Posterior to the photoreceptors lie the retinal pigment epithelial (RPE) 

cells.  RPE cells facilitate transport of nutrients from the choroidal blood supply, 

which is posterior to the RPE, to photoreceptor outer segments (OS) (Figure 2) 

(3).  This is crucial since photoreceptors do not have their own blood supply.  In 

order to enter the RPE from the choroid, nutrients must cross Bruch’s membrane, 

a pentalaminar structure composed of several layers of elastic and collagen (4, 
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5).  The RPE cells also maintain retinal health by phagocytosing and digesting 

10% of photoreceptor outer segments that are shed each night (2).  The 

continual renewal of photoreceptors helps maintain retinal function in the 

presence of very high levels of stress in the form of light and oxygen (6).  

Damage to the RPE plays an important role in the development and progression 

of AMD (7).  Disruption of RPE basal infoldings (which may aid in RPE nutrient 

absorption) and thickening of Bruch’s membrane are thought to impair the flux of 

molecules into and out of the retina (8).  Without proper nutrition, phagocytosis of 

outer segments may become impaired, resulting in an accumulation of lipofuscin 

in the RPE.   

Lipofuscin is a lipid-based autofluorescent pigment that is one of the by-

products of incomplete photoreceptor degradation (9).  In addition to serving as 

an indicator of RPE dysfunction, this pigment also acts as a photosensitizer that 

produces reactive oxygen species.  Thus, accumulation of lipofuscin can be both 

a result and a cause of RPE cellular stress (10-12).  

 The combination of inadequate nutrition with the inability to properly 

degrade and dispose of cellular debris may also contribute to the formation of 

deposits in the RPE-Bruch’s membrane region.  Basal laminar deposits are those 

which accumulate in the RPE cell, between the RPE basement membrane and 

the RPE plasma membrane.  Basal linear deposits accumulate between the RPE 

basal lamina and the inner collagenous layer of Bruch’s membrane (13).  As the 

health of the RPE deteriorates, basal laminar and linear deposits accumulate, 
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and are thought to precede the formation of drusen, the clinical indicators for 

AMD diagnosis (14-17).    

Drusen are extracellular deposits composed of lipids, proteins, and 

inflammatory mediators that increase in size and number as the health of the 

macula worsens (18).  Clinicians diagnose patients with early AMD based upon 

the size, number and appearance (hard or soft) of drusen (14).  Early AMD is 

indicated by small (<63 μm) and/or a few medium-sized (<125 μm) drusen.  The 

accumulation of drusen and increased severity of pigment abnormalities increase 

risk for progression to the later stages of AMD (19, 20).  Late AMD can manifest 

in two forms, Geographic Atrophy (dry AMD) and Neovascular (wet) AMD.  

Geographic Atrophy is characterized by atrophy of RPE cells and degeneration 

of the choriocapillaris (the inner vascular layers of the choroid), which leads to 

death of photoreceptors (Figure 3A).  Neovascular AMD is a condition in which 

aberrant blood vessels develop from the choroid and penetrate into the sub-

retinal space, disrupting the structural and functional integrity of the RPE and the 

photoreceptors it supports (Figure 3B).  These vessels have a high risk of 

rupturing, which would result in bleeding in the macula.  Neovascular AMD is the 

most visually debilitating form of the disease, and arresting this vessel growth is 

the target of currently available drug therapies (21).  It is unclear how the extent 

of atrophy relates to risk for neovascularization (22).  

 

2.2 Risk Factors for AMD 
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 There are a variety of genetic and environmental factors that increase risk 

for AMD.  Genome-wide analysis studies have identified many inflammatory, 

extracellular matrix, and mitochondrial genes that may modulate AMD risk (23).  

For many of these genes, the relationship between a particular gene and risk for 

AMD can vary between studies depending upon the population studied, the 

individual single nucleotide polymorphism (SNP) under analysis, and the type of 

AMD for which risk is being assessed (24, 25).  However, variants of several 

genes have consistently shown to increase AMD risk. 

 The first genetic variant to be identified as a risk factor for AMD was the 

Y402H variant of the complement factor H (CFH) gene.  Mutations of this gene 

have been associated with increased risk for neovascular AMD in several 

different cohorts (26-30).  The CFH gene is located on the 1q31-32 chromosome, 

and its protein negatively regulates the alternative pathway of complement 

activation.  Inflammation is thought to play an important role in AMD pathology, 

and dysfunction of this protein may lead to an uncontrollable inflammatory 

response that contributes to retinal damage (31).  Other SNPs on the CFH gene 

such as rs12144939 and rs403846 have also been associated with small 

increases in risk for neovascular AMD (27).   

 In addition to CFH, two genes located on a different chromosome, 10q26, 

are also strongly associated with AMD risk.  High-temperature requirement factor 

A1 (HTRA1) is a gene that encodes for a serine protease that is hypothesized to 

be involved in maintenance of Bruch’s membrane (32, 33).  Another gene located 

on the 10q26 chromosome, Pleckstrin Homology Domain-containing Protein 
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Family A member 1/age-related maculopathy, LOC387715/ARMS2, encodes for 

a mitochondrial outer membrane protein that is expressed in the retina.  Because 

mitochondria are intimately involved in energy metabolism and regulation of 

oxidative stress, proper mitochondrial function is required for cellular 

homeostasis (34).  Dysfunction of the mitochondria has been demonstrated in 

several neurodegenerative diseases, and mitochondrial damage has been 

observed in AMD patients as well (35, 36).  Meta-analysis of populations from 

North America, Europe and Asia of the rs11200638 SNP on HTRA1, and the 

rs10409024 SNP on LOC387715/ARMS2 revealed that each of these gene 

variants is associated with nearly a 3-fold increase in risk for AMD (25, 33, 37-

40).  

The chromosomes on which the CFH, HTRA1, and LOC387715/ARMS2 

genes are located are thought to confer the most risk for AMD, but other genes 

involved in the complement pathway have also shown to modulate AMD risk, 

albeit to a smaller extent.  A SNP located on the CFH receptor 5 gene, 

rs10922153, and rs641153 on the complement factor B gene have been shown 

to increase risk for neovascular AMD (27).  Conversely, several genetic variants 

involved in complement activation appear to be protective against AMD. 

Rs2274700 on CFH, rs1409153 on CFH receptor 4, rs1750311 on CFH receptor 

5, rs2230199 on complement component 3, rs9332739 and rs547154 on 

complement component 2 and rs4151667 and rs641153 on complement factor B 

are associated with protective effects with regard to neovascular AMD risk in a 
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meta-analysis of 4 cohorts, confirming the importance of the complement 

pathway in AMD pathology (27, 41).   

Additional studies have linked variants in genes for apolipoprotein E, 

adenosine-triphosphate-binding transporter 4, toll-like receptor 4, and vascular 

endothelial growth factor to AMD risk, but the associations between these gene 

variants and AMD risk were not as strong as that of gene variants on 

chromosomes 1q31-32 and 10q26 (42-45).  Collectively, these genetic studies 

provide insight to help explain the early observation of increased risk for AMD 

among primary relatives of AMD patients.  Further research is needed to 

understand how individual SNPs affect one another and how these genetic 

variants are affected by other risk factors for AMD (23, 25).   

 Environmental factors also significantly influence risk for AMD.  The 

strongest non-genetic risk factor for AMD is smoking, which has been shown to 

increase risk up to 7-fold (46).  Age is also a significant risk factor (47, 48).   

Compared to those under the age of 40, it is estimated that in people aged 66-74 

there are 10% more cases of advanced AMD, and among people aged 70-74, 

there are 60% more cases of advanced AMD (47).  Women also have a higher 

risk for developing AMD (OR = 1.3), as do Caucasians compared to non-

Hispanic Blacks and Hispanics (27, 49-52).  However, there is a higher rate of 

AMD among Asians than Caucasians (52, 53).  Obesity is a significant risk factor 

for both forms of AMD and it has been shown that a 3% reduction in waist-hip 

ratio decreases risk for AMD by 29% (54-56).  Hypertension is thought to 

increase the risk for wet AMD due to increased strain on the vascular system, but 
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consistent epidemiological data supporting this theory is lacking (51, 57-60).  

Other potential risk factors such as iris color, height and hyperopia have not been 

consistently associated with AMD risk across different longitudinal studies (57, 

61, 62).  

Dietary analyses have identified additional modifiable risk factors for AMD.  

At first, most of these investigations focused on micronutrients, especially those 

that are thought to function as antioxidants (63).  Vitamins C and E were two of 

the first nutrients studied for the potential protection they may confer on eyes, but 

collectively, the observational data does not indicate that individually they play a 

strong role in decreasing risk for AMD (63-69).  A randomized, double-blinded 

intervention, the Age-Related Eye Disease Study (AREDS), indicated that a 

combination of vitamins and carotenoids, vitamins C, E, beta-carotene, zinc and 

copper, could slow progression of AMD from the intermediate to the later stages 

of disease (70).  Observational data also suggest that lutein and zeaxanthin may 

reduce risk for neovascular AMD, but intervention trials are in progress to verify 

these data (71-74).   

As compared with micronutrient intake, observational data supporting 

relationships between intake of certain macronutrients and risk for AMD are 

stronger.  Consumption of high levels omega-3 fatty acids, especially 

eicosapentaenoic and docosahexanoic acids, is consistently associated with 

reduced risk for early as well as late AMD (75-77).  Data regarding the potential 

mechanisms by which these long-chain fatty acids exert biological benefit 

suggest that omega-3 fatty acids have an anti-inflammatory effect that can 
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ameliorate conditions such as cardiovascular disease and AMD that are 

characterized by inflammation (78-81).  

 

2.3 Dietary Glycemic Index Modulates AMD Risk: Epidemiologic Findings 

Observational epidemiologic studies indicate that intake of high glycemic 

index (GI) carbohydrates is associated with an increased risk for onset and 

progression of AMD.  The GI is a characteristic of a food that reflects the rise in 

blood glucose induced by consumption of 50 grams of carbohydrate of that 

particular food.  Specifically, the GI of a food is a relative measure, compared to 

the rise in blood glucose levels induced by consumption of 50 grams of 

carbohydrate from a standard food such as pure glucose or white bread (82).  A 

cross-sectional analysis of AREDS indicated that compared to people consuming 

diets with a GI in the first quintile (low GI), those with a dietary GI in the fourth 

(OR = 1.31; 95% CI: 1.02, 1.66) or fifth quintile (OR = 1.42; 95% CI: 1.09, 1.84) 

(high GI) were at an increased risk for the appearance of large drusen, an 

indicator that precedes the development of advanced AMD (83).  Trend analysis 

showed that for each endpoint, higher risk for that particular endpoint was 

positively related to GI.  Thus, for prevalence of large drusen p = 0.001, 

neovascular AMD p = 0.005, and risk for progression through the stages of AMD 

p < 0.001(83).  

Prospective analysis of this same cohort confirmed the relationship 

between a high GI diet and increased risk for AMD.  Over an 8-year period, risk 

for AMD progression was higher in those with a higher GI diet (RR = 1.10; 95% 
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CI: 1.00, 1.20; p = 0.047) (84).  This association was strongest at the later stages 

of AMD (p < 0.001) (84). Compared to those consuming diets in the lowest 

quintile of GI, those consuming diets in the highest quintile of GI had 39% higher 

risk of progressing to advanced AMD (RR= 1.39 95% CI: 1.08, 1.79) (84). 

Overall, the authors predicted that reduction of dietary GI in those subjects 

whose GI was above the population median would decrease new cases of 

advanced AMD by 7.8% in 5 years (84).  Furthermore, it was calculated that the 

AMD risk reduction associated with consumption of a low GI diet would augment 

the reduction in risk associated with consumption of high amounts of 

docosahexaenoic acid (85).  This emphasizes the benefits of a healthy diet, 

rather than just a single nutrient. 

Prospective analysis of a subset of the Nurses’ Health Study confirmed 

the associations found in AREDS.  After multivariate adjustment, women who 

consumed diets with a GI in the highest tertile, compared to the lowest tertile, 

had an increased risk for AMD (OR = 2.71; 95% CI: 1.24, 5.93; p = 0.01 for 

trend) (86). 

The Blue Mountains Eye Study also showed that after adjusting for known 

biological and dietary confounders, compared to those people consuming diets in 

the lowest quartile of GI, those with a dietary GI in the highest quartile were at an 

increased risk for early AMD (RR = 1.67; 95% CI: 1.06, 2.64; p = 0.04 for trend) 

10 years after baseline analyses (87).  The authors went on to examine the 

effects of cereal fiber and low GI breads and cereals (whole-meal, mixed-grain 

bread, oatmeal) on risk for early AMD.  It was found that there was a significant 
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trend of decreasing risk for early AMD with increased consumption of cereal fiber 

(p = 0.05) and low GI breads and grains (p = 0.03) (87). 

Indicators of intermediate AMD, such as indistinct soft drusen and pigment 

abnormalities, were also considered endpoints in the Blue Mountains Eye Study. 

Compared to those who consumed diets with the lowest GI, those consuming 

diets in the highest quartile of GI showed an increased risk for the appearance of 

soft drusen over 10 years (RR = 1.68; 95% CI: 1.03, 2.74; p = 0.04 for trend) 

(87).  As might be anticipated, those consuming the highest amounts of cereal 

fiber (compared to the lowest) also had a reduced risk of soft drusen appearance 

(RR = 0.61; 95% CI: 0.39, 0.96; p = 0.01 for trend) and pigment abnormalities 

(RR = 0.61; 95% CI: 0.43, 0.85; p = 0.04 for trend) (87).  Higher consumption of 

low GI breads and cereals also reduced risk for soft drusen appearance (RR = 

0.53; 95% CI: 0.33, 0.83; p = 0.04 for trend) and pigment abnormalities (RR = 

0.69; 95% CI: 0.49, 0.97; p = 0.04 for trend).  No associations were observed 

with early or late AMD and carbohydrate amount or intake of dietary fiber (87).   

The metabolic stresses that follow consumption of high GI diets are similar 

(although less severe) to those observed in diabetics (88, 89).  Therefore, 

additional support for the increased risk for AMD upon consumption of high GI 

diets is found in observations of higher risk for early (OR = 1.87; 95% CI: 1.07, 

3.28) and neovascular AMD (OR = 1.81; 95% CI: 1.10, 2.98) among diabetics 

relative to non-diabetics (90, 91). 

Despite the robust epidemiologic record that relates intake of lower GI 

diets with prolonged retinal health, there is no mechanistic information supporting 
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this association.  Analysis of the GI-AMD relationship in a biological system is 

needed to confirm these epidemiological findings as well as explore the 

mechanism by which consumption of low GI diets may reduce AMD risk.  Such 

studies are also relevant to understanding relationships between consuming 

lower GI diets and other major age-related diseases that respond to lowering GI 

such as diabetes, cardiovascular disease, and kidney disease (92-101).  These 

mechanistic data will provide rationale for intervention trials which may support 

public health policy advocating consumption of lower GI diets for health 

preservation.    

 

2.4 Animal Models of AMD 

 Evaluation of the role of low GI diets in reducing disease risk requires a 

suitable disease model.  A considerable challenge in developing mouse models 

of AMD is that mice do not have a macula.  Nevertheless, many features of 

human AMD can be modeled in mice.  Genetic modifications are often used to 

elicit the pathology observed in human patients with late AMD (102).  For 

example, knockout of the abcr, Rdh8, and Rdh12 genes results in retinal 

degeneration and photoreceptor atrophy (103, 104).  Knocking out the Ccl2 and 

Ccr2 genes, which play important roles in macrophage recruitment, have been 

shown to induce choroidal neovascularization in some mice (105-107).  Similarly, 

a double knockout of Ccl2 and Cx3Cr1 leads to the development of a variety of 

retinal lesions including photoreceptor degeneration and choroidal 

neovascularization in 15% of mice (108).  Genetic modification of the 
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ceruloplasmin and hepheastin genes also results in photoreceptor atrophy and 

choroidal neovascularization (109).  Mice that express mutant forms of ELOVL4 

(Elongation of very long chain fatty acids-4) or a mutated form of the human 

cathepsin D gene show photoreceptor and RPE degeneration (110-112).  

Knockout of the very-low-density lipoprotein receptor (VLDLR) in mice also 

results in retinal neovascularization (113).  In mice fed a high cholesterol diet, 

those expressing human ApoE4 develop sub-retinal deposits, pigment 

abnormalities, RPE atrophy, and a few mice experience choroidal 

neovascularization (114).  These models are potential platforms for the 

development of late AMD treatments since they induce severe stresses in young 

mice within the first year.  However, most of these mutations were not detected 

naturally and were created in the laboratory for the purpose of modeling disease.  

Also, the rapid, severe development of the disease phenotype in these animals 

leaves little time for an environmental intervention such as lowering the GI of the 

diet.   

In contrast to the many late AMD models, there are only a limited number 

of early AMD rodent models.  Although human forms of AMD are classified 

based upon their drusen size, there are no established mouse models for early or 

late AMD that reproducibly report drusen formation in mice (115).  Therefore, 

determination of early AMD in mice can be made by evaluating other retinal 

changes that accompany drusen formation in the human condition of early AMD 

(116, 117).  One such model of early AMD expresses human apoB100 in mice 

and results in the formation of basal laminar deposits, loss of basal infoldings, 
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and loss of fenestrations in the choriocapillaris endothelium (118-120).  Early 

AMD can also be induced without genetic modification by feeding 16-month-old 

mice a high fat diet (121, 122).  Espinosa-Heidmann et al. showed that feeding 

chow diets containing 0.8% hydroquinone (HQ) to 16-month-old mice for 4.5 

months results in the formation of sub-retinal deposits, membranous debris 

associated with those deposits, loss of basal infoldings, thickening of Bruch’s 

membrane, and loss of fenestrations in the choriocapillaris endothelium (123).   

   HQ is an oxidizing agent found at low levels in foods such as coffee, red 

wine, and various fruits and vegetables (124).  HQ is inhaled in cigarette smoke, 

and in the past was applied topically as a component of a variety of cosmetics 

(125, 126).  In cell culture systems, HQ treatment can induce oxidative and 

inflammatory responses, damaging mitochondria as well as DNA (127-135).  The 

majority of the toxicity studies concerning HQ focus on renal consequences since 

this organ has shown to be the most sensitive to its deleterious effects.  Certain 

strains of rodents are more susceptible to HQ-induced damage, as indicated by 

nephrotoxicity and renal tumors in Swiss albino mice and Eker rats exposed to 

very high doses of HQ (136-140).  These strains of mice are especially prone to 

developing nephropathy.  Rather than inducing nephropathy, it is thought that HQ 

may damage the kidney by increasing the severity of nephropathy that is already 

present (141).   

HQ does not have nephrotoxic effects in the kidneys of C57BL/6 mice, but 

does contribute to the appearance of early AMD lesions (123).  Although cell 

culture studies indicate that high doses of HQ (400 μM) cause RPE cell death, 
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exposures of RPE of up to 100 μM HQ in the media induce the formation of 

membrane blebs.  Such membrane blebs are thought to contribute to the 

formation of sub-retinal deposits (142, 143).  In addition to bleb formation, HQ 

exposure also up-regulates expression of CD46, CD55, and CD59 complement 

pathway regulatory proteins, suggesting that in addition to promoting oxidation, 

HQ may induce early AMD pathology through inflammatory pathways (144).   

After considering the assets and difficulties of the various published 

models of early AMD, the model which incorporates HQ into the mouse chow 

was chosen for a GI intervention.  Compared to the profound stress of a genetic 

manipulation, carbohydrate-induced stress is likely to compromise retinal integrity 

in a milder, more chronic manner.  For analysis of the role of dietary 

carbohydrates in the development of early AMD, it would be best to use a model 

that exerts enough stress to induce early signs of AMD such as basal laminar 

deposits and thickening of Bruch’s membrane, but not be so strong that a dietary 

effect would be too limited to detect and measure.  The HQ model uses wild-type 

mice, which alleviates the concern that a genetic manipulation, such as the 

expression of human apoB100, would diminish the visibility of a dietary effect.  

Importantly, incorporation of HQ into the diet (i.e. as opposed to high amounts of 

fat) allows for a significant proportion of carbohydrate in the diet, maximizing the 

chances of observing a dietary effect of GI on the appearance of AMD-like 

lesions.   

 

2.5 Molecular Mechanisms of AMD 
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Laboratory and human studies indicate that AMD is a multifaceted disease 

involving oxidative stress and inflammation (26-30, 41, 145-152). In fact, oxidized 

proteins and inflammatory mediators have been identified in drusen, and the 

size, appearance, and number of drusen are associated with RPE damage and 

predict AMD progress (18, 153).  However, a full understanding of the 

mechanisms that contribute to AMD is still lacking.   

  Oxidative insult is thought to be one of the main sources of retinal stress.  

Photoreceptors are saturated with polyunsaturated fatty acids that are 

metabolized to lipid peroxides under oxidative conditions (154-157).  These lipid 

peroxides damage photoreceptor membranes as well as RPE membranes, which 

can contribute to the formation of basal laminar deposits (8, 158).  Increases in 

lipid peroxidation in the macula are seen not only with experimental models of 

oxidative stress such as blue-light exposure, but also with increasing age (159).  

Additionally, oxidation of lipoproteins can trigger oxidative stress, inflammation, 

and apoptosis in RPE cells, as well as impair degradation of photoreceptor outer 

segments (160, 161). 

The phagocytic turnover of photoreceptors by the RPE is an inherently 

oxidative process that results in the formation of lipofuscin, a lipid-protein 

aggregate (162).  Lipofuscin accumulates with age as well as under conditions of 

oxidative stress or RPE damage (154, 163-165).  Although an early event in the 

pathogenesis of AMD, lipofuscin accumulation and RPE damage as measured 

by fundus autofluorescence has been associated with decreased visual function 

(166).  Lipofuscin enters the RPE along with A2E, a pigment formed from 
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phosphatidylethanolamine and all-trans retinal in photoreceptors.  A2E is 

autofluorescent and is most known for its role as a photosensitizer, a compound 

that produces reactive oxygen species after reacting with oxygen (10-12, 167).  

Recent data also indicates that A2E prevents cholesterol from leaving the RPE 

cell (168).  This causes cholesteryl esters to accumulate and displaces 

cholesterol from cell membranes. Cholesterol deposits have been found under 

the RPE and in drusen of patients with AMD (169-171).  Thus, in addition to 

generating oxidative stress, lipofuscin and A2E may contribute to AMD by 

impairing cholesterol metabolism.  

In addition to directly damaging the retina, oxidative stress also modulates 

expression of vascular endothelial growth factor (VEGF) and pigment epithelium 

derived factor (PEDF), two growth factors which regulate angiogenesis in 

neovascular AMD (172-174).  Oxidative regulation of these growth factors is 

thought to be mediated by endoplasmic reticulum stress which is increased in 

oxidative conditions and induces expression of VEGF (175-181).  The role of 

oxidative stress in neovascularization is also supported by results from several 

mouse studies (172, 182, 183).  In a VEGF-induced model of retinopathy, mice 

that lacked superoxide dismutase-1, a key antioxidant enzyme, experienced a 

greater level of neovascularization than wild type mice (182).  Another study 

showed that compared to wild type mice, mice lacking a subunit of NADPH 

oxidase, an enzyme that generates reaction oxygen species, had reduced 

neovascularization following laser exposure (183). 
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 The oxidation-induced retinal damage observed in these mechanistic 

studies is consistent with results from population cohort studies, as indicated by 

the markedly increased risk for AMD found in smokers (184).  Further evidence 

of the role of oxidative stress in disease pathogenesis is found in the ability of the 

AREDS supplement, an antioxidant cocktail, to protect against progression to 

late-stage AMD (21).  Furthermore, it has also been noted that the antioxidant 

activities of glutathione peroxidase and superoxide dismutase in the RPE not 

only decrease during aging, but are lower in AMD patients compared to healthy 

controls (185-189). 

Oxidative insults to the retina may result in inefficient control of, or chronic 

activation of inflammatory responses (190-192).  A variety of inflammatory 

mediators such as C5b-9, vitronectin and MHC class II antigens have been 

identified on drusen, suggesting that inflammation is involved in the pathogenesis 

of early AMD (193, 194).  Dendritic cells have also been identified in drusen, and 

some studies suggest that oxidatively-stressed RPE cells secrete cytokines such 

as monocyte chemoattractant protein-1, and interleukin-8 to initiate an 

inflammatory response and recruit these dendritic cells to the RPE (153, 195-

200).  Further evidence of such an inflammatory response during AMD is found 

in the observation of macrophages in Bruch’s membrane as well as activated 

microglia in the retinas of AMD patients (201, 202).  

 In the late stages of AMD, neovascularization appears to be governed 

largely by pro-inflammatory growth factors such as VEGF (203-205).  The role of 

VEGF is profound.  Treatments that inhibit the activity of VEGF slow vision loss 
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in neovascular AMD patients (206-208).  Other inflammatory mediators such as 

hepatocyte growth factor, platelet-derived growth factor, fibroblast growth factor 2 

and interleukin-10 have been shown to induce cellular processes involved in 

choroidal neovascularization such as endothelial cell proliferation and migration 

and macrophage polarization (209-215). 

Collectively, these data indicate that oxidative stress and inflammation 

may be involved in both early and late AMD.  Different types of oxidative stress 

(reactive oxygen species, lipid peroxides, oxidized lipoproteins) and several 

different inflammatory pathways (complement, macrophage recruitment, dendritic 

recruitment) appear to be involved in retinal aging and pathology, but the specific 

sequence of events is not known.   

 

2.6 Glycative Stress: Another Mechanism of AMD 

Advanced glycation end products (AGEs) are formed when proteins react 

with glucose, glucose metabolites such as methylglyoxal, or other glycating 

agents such as reactive dicarbonyls in a Maillard reaction (Figure 4) (216).  

These non-enzymatic reactions can occur in the presence or absence of 

oxidative stress, and the exact conditions under which the protein and glycating 

agent interact determines the individual structure of the AGE (217).  Serum levels 

of AGEs have been associated with increased age, as well as diabetes, 

neurodegenerative diseases, kidney disease and cardiovascular disease (218-

226).  

 
 



39 
 

Analogous to the identification of oxidized lipoproteins and pro-

inflammatory mediators in drusen, the presence of AGEs in drusen, basal 

laminar deposits, basal linear deposits, Bruch’s membrane and in RPE cells 

suggests that these modified proteins may also be involved in the retinal damage 

that accompanies AMD (8, 18, 227).  Importantly, retinal deposition of AGEs is 

greater in AMD patients compared to age-matched controls, suggesting that 

AGEs are not simply an indicator of aging, but of disease (18, 228).  

The health of the RPE depends upon unimpeded flow of nutrients into the 

RPE from the choroid, across Bruch’s membrane.  The ability of AGEs to trap 

macromolecules, combined with their deposition in drusen, basal laminar or 

linear deposits, and Bruch’s membrane, suggests that they may impair trafficking 

of materials into and out of the RPE (229, 230). This could create a stressful 

environment in the RPE, similar to that which precedes AMD (231).  In 

corroboration of this concept, when RPE cells are grown in the presence of 

AGEs, there is an increase in Bruch’s membrane thickness, suggesting that 

nutrient traffic may be disrupted (232).   The presence of AGEs in RPE cells also 

increases expression of cytokines associated with choroidal neovascularization, 

indicating that AGEs may influence inflammatory stress pathways involved in 

AMD pathogenesis (227).   

Mechanistic studies in other tissues such as the kidney, vascular tissue 

and brain have begun to shed light on the association between AGEs and 

pathology in these organs.  The kidney is one of the organs responsible for 

clearance of AGEs, and AGEs are most commonly found in the kidney when 
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kidney function is compromised such as in diabetes or in chronic kidney disease.  

Since the kidney is at the end of the AGE metabolic pathway, the levels of AGEs 

found in the kidney reflect not only renal stress, but whole-body AGE stress (233, 

234).    

Accumulation of AGEs in the heart has been associated with decreased 

heart function and increased risk for cardiovascular disease (235).  An etiological 

role for AGEs is indicated in that AGEs decrease levels of nitric oxide and 

promote vascular stiffness, a component of cardiovascular disease (236-240).  

Accumulation of AGEs is also related to neurodegenerative disease.  In 

neuroblastoma cells, introduction of AGEs causes an increase in aggregation of 

amyloid beta and impairs nerve regeneration, which could explain the elevated 

levels of AGEs and subsequent nerve damage in Alzheimer’s disease patients 

(241, 242).    

In addition to these tissue-specific effects of AGEs in disease, the 

inflammatory processes that accompany chronic disease may also facilitate AGE 

accumulation.  For example, it has been observed that diabetics and patients 

with metabolic syndrome have lower levels of endogenously secreted receptor 

for advanced glycation end products (esRAGE), than healthy controls (243-245).  

Therefore, these patients cannot clear AGEs as effectively, and AGEs may 

accumulate in the blood.   Once AGEs do interact with their receptor at the 

plasma membrane, a series of oxidative and inflammatory pathways are 

activated within the cell (246-254). In addition to the RAGE pathway, several 

studies also indicate that AGE-induced endoplasmic reticulum stress may 
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potentiate oxidative stress through activation of the unfolded protein response 

(177, 178, 246, 253-261).  Taken together, these studies indicate that AGEs 

have the potential to create a stressful cellular environment and increase 

susceptibility to disease.  However, it is not clear if they are causally associated 

with AMD and other chronic diseases.  For AMD, if AGEs are causative factors in 

disease progression, those factors which are responsible for their accumulation 

in the retina need to be elucidated. 

 

2.7 Glycemic Index as a Modulator of AGEs 

The formation of AGEs requires glucose, or a glucose-derivative.  It is 

therefore not surprising that diabetes, a condition of poor glycemic control and 

increased blood glucose levels, was one of the first diseases associated with 

AGE accumulation (218, 220).  It has been shown that improvement of glycemic 

control in diabetics is associated with a decrease in serum AGEs, suggesting that 

the duration and amount of sugar present in the blood directly affects the 

accumulation of AGEs (262, 263).   

Despite the association between consumption of high GI diets and 

increased risk for diseases such as cardiovascular disease, renal disease and 

AMD (that are also associated with AGE accumulation) there is very little data 

concerning the effect GI modulation on accumulation of intracellular AGEs within 

tissues (83, 84, 86, 92-101).  The only mechanistic study available indicates that 

feeding diabetic rats a low GI food reduces the accumulation of AGEs in the 

kidney (264).  More documentation and understanding of the effects of high and 
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low GI diets on AGE accumulation in other tissues such as the eye, heart and 

brain will indicate if the effects of dietary GI modulation are systemic.  These data 

will begin to elucidate whether the intracellular stresses evoked by high or low GI 

diets are related to disease risk.  Importantly, an understanding of the effect of 

dietary GI on AGE accumulation in the retina may help to explain the 

epidemiological data linking high GI diets with increased risk for AMD (84, 86). 

 

2.8 Formation vs. Degradation of AGEs 

AGEs may enter the cell through receptors such as RAGE, or may be 

formed intracellularly following facilitated diffusion of glucose into the cell via 

glucose transporters, such as GLUTs.  There are several different isoforms of 

GLUTs, some of which are only expressed in certain tissues.  GLUTs 1 and 3 are 

expressed in all cell types (including retina, lens, brain, vascular endothelium), 

except the liver, intestine, and pancreatic beta cells (265-267).  GLUT 2 is mainly 

expressed in the liver, kidney, intestine, and in beta cells of the pancreas.  GLUT 

4 is found in the heart, adipose, and skeletal muscle (268-272).  In addition to 

these well-characterized Class I GLUTs, these tissues also express a variety of 

Class II and III GLUTs (272).  Binding affinity for glucose is similar across the 

different isoforms, except for GLUT 2 which has a lower affinity for glucose.  This 

explains why glucose uptake in the liver may be slower than in other tissues, but 

continues after the other isoforms have been saturated (273).  Although there is 

not very much published information regarding the effect of AGEs on GLUT 
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expression, it has been shown in bovine retinal endothelial cells that AGE 

exposure does not alter GLUT 1 expression (274).   

Following GLUT-mediated transport of glucose, AGEs can be formed from 

reactive dicarbonyls such as glyoxal, 3-deoxyglucosone and methylglyoxal.  

Glyoxal is produced from the auto-oxidation of glucose, 3-deoxyglucosone is 

produced following decomposition of Amadori products, and methylglyoxal can 

be formed from glyceraldehydes-3-phosphate and dihydroxyacetone phosphate 

(275-277).  These carbonyls then react with proteins to form AGEs, such as 

when methylglyoxal reacts with arginine residues of proteins to form 5-hydro-5-

methylimidazolone (MG-H1)-modified proteins (Figure 5).  MG-H1-modified 

protein is one of the most biologically abundant AGEs (278, 279).  Once AGEs 

are formed in the cell they can exert damage by altering the function of the 

proteins that they have modified, as well as disrupting interactions of extracellular 

matrix proteins (280).    

AGEs are also substrates of intracellular protein degradation pathways 

(Uchiki et al, 2011 in press).  One of the major pathways responsible for 

intracellular protein quality control is the ubiquitin proteasome system (UPS).  

Ubiquitin is a 76 amino acid protein that when bound to a protein substrate can 

facilitate degradation of that substrate by the proteasome.  Ubiquitin is first 

activated by a ubiquitin activating enzyme (E1) which binds to ubiquitin via a 

covalent thiol ester linkage.  Ubiquitin is then transferred to a ubiquitin 

conjugating enzyme (E2) to form another thiol ester bond.  The E2 may transfer 

ubiquitin to a ubiquitin ligase (E3) which then transfers ubiquitin to the substrate.  
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Alternatively, the E3 may serve as a scaffold between the E2 and the substrate, 

allowing the direct transfer of ubiquitin from the E2 to the substrate.  This 

cascade is repeated until the substrate has at least 4 ubiquitin moieties attached, 

at which point it can be recognized by the proteasome for degradation.  After the 

substrate is degraded, the ubiquitin moieties are removed from substrate and 

recycled for further use (Figure 6) (281).   

There are no publications that indicate how consuming diets of different GI 

modulates the UPS.  However, glycative stress has been modeled in vitro.  Thus, 

glycative stress inhibited ubiquitination of substrates, impaired activity of ubiquitin 

conjugating enzymes, but surprisingly did not affect activity of the proteasome 

(Uchiki et al, 2011, in press).  AGE-modified proteins also appear to be less 

susceptible to UPS-mediated degradation in cell-free and cell culture systems 

than un-modified proteins (Uchiki et al, 2011 in press).  It remains to be 

determined how glycative stress induced by dietary GI affects the UPS in animal 

models, and if this can explain intracellular AGE accumulation. 

 

2.9 Summary of the Literature 

  AMD impairs the vision and quality of life of millions of elderly Americans.  

Despite recent advances in the development of drugs to slow vision loss, the 

majority of those diagnosed do not have an effective pharmacologic treatment 

option.  Epidemiological data suggests that specific dietary regimens, such as the 

consumption of a low GI diet and adequate intake of omega-3 fatty acids and 

antioxidants can significantly decrease the risk of AMD onset and progression.  
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My work focuses on confirming the salutary effects of consuming lower GI diets 

in an intervention study and beginning to clarify the mechanism by which they 

diminish risk for AMD.   

Investigation of the effects of GI on AMD requires an animal model of 

early AMD that is sensitive to a subtle, chronic stress and in which the effects of 

carbohydrate modification can be measured.  Of the current known AMD models, 

the dietary HQ model provides the best context for analysis of GI on AMD.  

Similar to other AMD models, this model is thought to induce signs of early AMD 

through both oxidative and inflammatory processes.  Using a GI intervention in 

this model, we will be able to explore the role of dietary GI as well as AGEs in the 

pathogenesis of AMD.   

Though AGE accumulation has been associated with a variety of chronic 

diseases, the reason for this accumulation is not clear.  Therefore, an 

investigation of the effects of consuming high and low GI diets on early AMD, 

AGE accumulation in tissues, and alteration of the UPS will provide insight into 

the biological mechanism underlying the association between GI and AMD.  

These data would also help characterize the potential roles of dietary GI and 

AGEs in pathology of other chronic diseases. 
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2.11 Figure Legends 

Figure 1. Eye diagram (282).  The retina lines the posterior section of the eye.  

The macula is located near the center of the retina.  

 

Figure 2. Retina cross section (2).  Rods, cones, bipolar cells, horizontal cells, 

amacrine cells, ganglion cells and Müller cells are arranged in several layers: 

GCL = ganglion cell layer (ganglion cells); IPL = inner plexiform layer; INL = inner 

nuclear layer (Müller, amacrine, bipolar cell nuclei); IS = inner photoreceptor 
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segments; OPL = outer plexiform layer; ONL = outer nuclear layer (rod, cone, 

horizontal cell nuclei); OS = outer photoreceptor segments; RPE = retinal 

pigment epithelium.   

 

Figure 3. Pathology of dry and wet AMD (283).  Schematic of dry (A) and wet 

(B) AMD.  In dry AMD, RPE atrophy leads to photoreceptor loss.  In wet AMD, 

neovascularization disrupts RPE and increases risk for vessel leakage. 

  

Figure 4. Formation of AGEs (284).  Glucose reacts with the amine group of a 

protein in a Maillard reaction to ultimately form an advanced glycation end 

product. 

 

Figure 5. Preparation of methylglyoxal-derived hydroimidazolones. (a) 

Isomer 1, MG-H1; (b) isomer 2, MG-H2; (c) isolation of isomer 3, MG-H3 (278). 

 

Figure 6. Ubiquitin Proteasome System (UPS).  The UPS is an ATP-

dependent proteolytic system that requires polyubiquitination of a target protein 

prior to degradation by the 26S proteasome.  Polyubiquitination of lysine residues 

involves E1 (ubiquitin-activating), E2 (ubiquitin-conjugating) and E3 (ubiquitin 

ligase) enzymes.  Chains of at least 4 ubiquitin moieties can target a protein 

substrate for degradation by the 26S proteasome.  Once the substrate is 

degraded, ubiquitin moieties are recycled for further use (285). 
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3.1 Abstract  

Purpose:  Epidemiologic data indicate that people who consume low glycemic 

index (GI) diets are at a reduced risk for the onset and progress of age-related 

macular degeneration (AMD).  We sought corroboration of this observation in an 

animal model.  Methods: Five and 16-month-old C57BL/6 mice were fed high or 

low GI diets until they were 17- and 23.5-months of age, respectively.  AMD-like 

lesions were evaluated by transmission electron microscopy and advanced 

glycation end products (AGEs) were evaluated by immunohistochemistry.  

Results: AMD-like lesions including basal laminar deposits, loss of basal 

infoldings, and vacuoles in the retinal pigment epithelium were more prevalent in 

the 23.5- than in the 17-month-old mice.  Within each age group, consumption of 

a high GI diet increased risk for AMD-like lesions, as well as risk for 

photoreceptor abnormalities and accumulation of AGEs.  Conclusion: 

Consuming high GI diets accelerates the appearance of AMD-like lesions in 

mice, perhaps by increasing deposition of toxic AGEs in the retina.  The data 

support the hypothesis that consuming lower GI diets, or simulation of their 

effects with nutraceuticals or drugs, may protect against AMD.  The high GI-fed 

C57BL/6 mouse is a new model of AMD-like lesions that mimics the early stages 

of disease and may be useful for drug discovery.   

 

3.2 Introduction 

Age-related macular degeneration (AMD) is the leading cause of 

blindness in the elderly.1  Available treatments for this devastating disease are 
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limited, targeting only advanced neovascular AMD.  Only 10% of AMD is the 

neovascular form.2-10  The remaining 90% of cases (approximately 7 million 

patients in the United States) are diagnosed with non-neovascular AMD, 

conditions for which treatment options are limited, and disease progress is 

inexorable.10  The best strategy to alleviate the personal and public financial 

burden of this disease would be to prevent the onset and progression of AMD 

pathology.9, 11-15  It has been estimated that slowing the progression rate to late-

stage AMD by 30% would prevent AMD-related blindness by 50%.16  

 The preventive potential of various nutrients on retinal health has been 

explored in many observational studies and an intervention trial, the Age-Related 

Eye Disease Study (AREDS).17-21  AREDS found that an antioxidant cocktail of 

vitamins C and E, beta-carotene, zinc, and copper reduced progression from 

intermediate to late-stage AMD.  Unfortunately it had no effect on preventing 

early AMD.22  Recent analyses of data from the AREDS, Nutrition and Vision 

Project sub-study of the Nurses’ Health Study, and the Blue Mountains Eye 

Study revealed that the onset of early AMD (as well as progression through the 

stages of AMD) can be delayed through modulation of dietary carbohydrates.  

Specifically, it was observed that those who consumed diets containing 

carbohydrates of a high glycemic index (GI) were at an increased risk for AMD 

onset and progression, compared to those who consumed diets of a low GI.  

Importantly, this effect was independent of other nutrients that are thought to 

modulate risk for AMD.23-28  
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 The GI of a food quantifies the rise in blood glucose following consumption 

of 50 grams of carbohydrate from that particular food relative to the rise in 

glucose levels following consumption of 50 grams of carbohydrate from a 

standard food (glucose, white bread).29  Foods with a high GI induce a larger 

increase in blood glucose levels than foods with a low GI.   

Consumption of low GI diets has also been associated with reduced risk 

for a number of other chronic diseases, such as type II diabetes, cardiovascular 

disease, and kidney disease.25, 27, 30-38  By controlling spikes in blood sugar, low 

GI diets also result in lower levels of serum advanced glycation end products 

(AGEs), defined as proteins that are non-enzymatically modified by glucose or its 

metabolites.39, 40  Increased levels of AGEs have been observed under conditions 

of oxidative stress and inflammation, as well as in several chronic diseases 

including AMD.39, 41-70  However, there is a paucity of published information about 

relationships between tissue levels of AGEs and dietary GI.71, 72   

A large number of mouse models of AMD have been developed.  Many 

are transgenic models that exert acute, severe stresses on the retina.73-101  We 

used a non-transgenic model and fed mice a high or low GI diet to determine if 

chronic intake of diets of different GI affects rates of appearance of AMD-like 

lesions and to begin to obtain insights into the pathophysiology of these 

relationships.92  The lesions included accumulation of basal laminar deposits 

(BLDs), accumulation of BLD-associated membranous debris, loss of basal 

infoldings, vacuolization of the retinal pigment epithelium (RPE), loss of melanin, 

accumulation of outer collagenous layer deposits, accumulation of lipofuscin, 
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thickening of Bruch’s membrane (BrM), disorganization of photoreceptor outer 

segments, thinning of outer photoreceptor nuclear and inner nuclear layers, and 

retinal accumulation of AGEs. 

 

3.3 Methods 

Ethics statement 

This study was carried out and approved under the Jean Mayer USDA 

Human Nutrition Research Center on Aging at Tufts University IACUC protocols, 

in accordance with the Animal Welfare Act provisions and the ARVO Statement 

for Use of Animals in Ophthalmic and Vision Research, and with all other animal 

welfare guidelines such as the NIH Guide for the Care and Use of Laboratory 

Animals. 

Animals 

 Five- and 16-month-old male C57BL/6 mice were obtained from Charles 

River Laboratories (Wilmington, MA).  Ten 5-month-old mice were fed a high GI 

diet until 17 months of age (hereafter referred to as the 17-month-old high GI 

group) (Table 1).  Another ten 5-month-old mice were fed a low GI diet (hereafter 

referred to as the 17-month-old low GI group) until 17 months of age (Table 1).  

The only difference between the high and low GI diets was the distribution of 

starch.  The high GI diet starch was composed of 100% amylopectin, while the 

low GI diet starch was composed of 30% amylopectin/70% amylose.  These diets 

were isocaloric and of identical macronutrient distribution (65% carbohydrate, 

21% protein, 14% fat).  An additional five 5-month-old mice served as controls 
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and were fed a high GI diet without hydroquinone (HQ) until 17 months of age.  

All 17-month-old mice were fed a high or low GI diet for 46 weeks prior to 

sacrifice.   

We fed ten 16-month-old mice a high GI diet (hereafter referred to as the 

23.5-month-old high GI group), and we fed an additional ten 16-month-old mice a 

low GI diet (hereafter referred to as the 23.5-month-old low GI group) until 23.5 

months of age.  These mice were fed their specific GI diet for 26 weeks prior to 

sacrifice. 

In both age groups, the mice were pair-fed to ensure equal consumption 

between diet groups.  All of the diets used in this study were formulated by Bio-

Serv (Frenchtown, NJ).  National Starch (Bridgewater, NJ) generously donated 

Amioca starch (100% amylopectin) for incorporation into the high GI diet, and 

Hylon VII starch (30% amylopectin/70% amylose) for incorporation into the low 

GI diet.  

All mice were fasted 6 hours prior to being euthanized with carbon dioxide, 

and sacrificed by cervical dislocation.  Eyes were enucleated for either 

transmission electron microscopy analysis or light microscopy analysis.   

Transmission Electron Microscopy Analysis 

After the mice were sacrificed, eyes were marked at the superior-most 

point using a cauterizing pen.  To provide orientation for future analyses, eyes 

were enucleated, and at the cauterization mark either a suture was inserted or a 

cut was made in the sclera.  For electron microscopy, the eyes were fixed in 

2.5% glutaraldehyde in 0.1M sodium cacodylate buffer.  Eyes were then post-
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fixed in 1% osmium tetroxide buffered by 0.1M sodium cacodylate before 

dehydration with ethanol and embedding in epoxy resin.  Proper orientation of 

the eyes was first confirmed by light microscopy analysis of thick sections.  

Ultrathin sections were then cut along the longitudinal axis from the central 2x2 

mm area of the retina, 1 mm temporal to the optic nerve.  Sections were stained 

with uranyl acetate and lead citrate and examined with a Philips CM-10 or Philips 

CM-120 electron microscope (Eindhoven, Netherlands).  In the 17-month-old 

cohort, an average of 16 images were evaluated from each of 4 mice in the high 

GI, 4 mice in the low GI, and 3 mice in the control (non HQ) group.  In the 23.5-

month-old cohort, an average of 30 images were evaluated from each of the 3 

mice in the high GI and 4 mice in the low GI group.   

Grading Scheme  

Retina lesions were evaluated according to previously published grading 

schemes102, 103 with modifications to include age-related lesions such as BLD-

associated membranous debris, RPE cytoplasmic vacuoles, loss of basal 

infoldings, melanin, and lipofuscin (Table 2).  In each image, BrM thickness was 

determined by averaging the thickness at the thickest and thinnest points in an 

image.  If the average BrM thickness was > 0.4 μm (the approximate thickness of 

BrM in a young, healthy mouse 104), that image was scored as having a 

thickened BrM (score of 1).  If the average BrM thickness in each image was < 

0.4 μm, that image was given a score of 0. The frequency score for each mouse 

was the sum of those images with a score of 1 divided by the total number of 
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images analyzed in that mouse.  Mouse frequency scores were then averaged to 

find the frequency score for the entire diet or age group.   

The frequency scores for other lesions were determined by counting the 

number of each lesion per μm in each image.  In each mouse, a frequency score 

for a particular lesion was determined by averaging all of the frequency scores 

for a particular lesion from the individual images from that mouse.  Mouse 

frequency scores were then averaged to determine the frequency score for the 

entire diet or age group.  In addition, some characteristics were also graded on 

the severity of their appearance (scoring 0-3) (Table 2).  In each mouse, a 

severity score for a particular lesion was determined by averaging all of the 

severity scores for a particular lesion from the individual images from that mouse.  

Mouse severity scores were then averaged to determine the severity score for 

the entire diet or age group.  Specific measurement criteria are described in 

Table 2.   

Student’s t test was used to compare the frequencies of BLDs, loss of 

basal infoldings, cytoplasmic vacuoles, melanin, outer collagenous layer 

deposits, and lipofuscin between diet and age groups after the data were log-

transformed.  Wilcoxon’s Mann Whitney U test was used to compare the 

frequencies of BLD-associated membranous debris and a thickened BrM 

between diet and age groups.  Severity scores for BLDs, loss of basal infoldings, 

cytoplasmic vacuoles, outer collagenous layer deposits, and BrM were also 

compared between diet and age groups using Wilcoxon’s Mann Whitney U test.  

All statistical analyses were carried out using SAS 9.2 (Cary, NC). 
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Immunohistochemistry 

Eyes were isolated and their orientation preserved as described above.  

Following fixation in 4% paraformaldehyde and removing the lens, eye cups were 

embedded in paraffin and sectioned (5 μm thickness) from the central area of the 

retina, 1 mm temporal to the optic nerve along the longitudinal axis.  Following 

deparaffinization with xylene and antigen retrieval with citrate buffer, sections 

were blocked with 5% goat serum (Jackson Immunoresearch Inc, West Grove, 

PA) in 1% BSA/TBS for 2 hours at room temperature.105-107  Sections were then 

incubated with 0.13 mg/ml Affinpure fab fragment goat-anti-mouse (Jackson 

Immunoresearch Inc, West Grove, PA) to block endogenous mouse antibody.  

This was followed by incubation with avidin and biotin from Vectastain ABC Kit 

(Standard) (Vector Laboratories, Burlingame, CA) to block endogenous avidin 

and biotin.  Sections were then incubated overnight at 4°C with 16.3 μg/ml α-MG-

H1 (generously provided by M. Brownlee).  After several washes, the sections 

were incubated with 1.7 μg/ml biotin-SP-conjugated goat-anti-mouse antibody 

(Jackson Immunoresearch Inc, West Grove, PA) for 30 minutes, and washed and 

incubated with 1:500 dilution of streptavidin-alkaline phosphatase (Vector 

Laboratories, Burlingame, CA) for 30 minutes.  Antibody deposition was 

visualized with BCIP/NBT Alkaline Phosphatase Substrate kit (Vector 

Laboratories, Burlingame, CA) by following the manufacturer’s instructions.  For 

visualization of antigen present in the retinal pigment epithelial cells, sections 

were bleached after immunolabeling with 0.05% potassium permanganate 

(≥99%, Sigma, St. Louis, MO) for 25 minutes, followed by incubation with 35% 
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peracetic acid (FMC, Philadelphia, PA) for 25 minutes as per a modification of 

Bhutto et al.108  Sections were then mounted with VectaMount AQ (Vector 

Laboratories, Burlingame, CA).  Images were captured using the DP70 Digital 

Microscope Camera (Olympus, Center Valley, PA). 

Sections were also stained with hematoxylin and eosin to assess the outer 

and inner nuclear layer thickness of mice fed a high GI (n=3) or low GI (n=3) diet.  

For each section, the number of rows of inner and outer nuclei was counted from 

three different regions of the retina: central, superior, and inferior.  For each 

nuclear layer, these three counts were averaged to produce a single row count 

for each tissue section.  The thickness of each nuclear layer for each mouse was 

determined by averaging the row counts from each tissue section from that 

mouse.  The thickness of each nuclear layer in the entire diet or age group was 

determined by averaging the row counts from all of the mice in that group.  

Differences between groups were compared using Student’s t test (SAS 9.2, 

Cary, NC).  

 

3.4 Results   

3.4.1 Frequency and Severity of AMD-Like Lesions in 17- and 23.5-Month-Old 

Mice of the Same Diet Group  

To confirm that animals fed these experimental diets showed anticipated 

advancement of AMD-like lesions upon aging, we evaluated the frequency and 

severity of AMD-like lesions in 17- and 23.5-month-old mice in each diet group.  

Deposition on BrM of electron dense BLDs, especially those of a fibrillar or 
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collagenous composition (FD), is associated with aging and is also a precursor of 

AMD-like lesions.109  BLDs were observed more frequently (p < 0.05) 

(henceforth, p < 0.05 was considered statistically significant, and p < 0.1 was 

considered marginally significant) and appeared to be of greater severity (as 

indicated by FD) in the 23.5-month-old mice than in the 17-month-old mice that 

were fed a high GI diet (Figure 1B vs. 1A, Figure 2A, 2B).  BLDs were also 

more frequent in the 23.5- than in the 17-month-old mice fed a low GI diet (p < 

0.05) (Figure 2A).   

BLD-associated membranous debris are a feature associated with retinal 

disease as well as aging and are thought to precede the formation of basal linear 

deposits.110, 111  BLD-associated membranous debris were more prevalent in the 

23.5-month-old mice than in the 17-month-old mice fed the high GI diet (p < 

0.05), and the same relationship was observed for the low-GI fed animals (“MD” 

in Figure 1B, Figure 2C).  Similarly, RPE cytoplasmic vacuoles were more 

prevalent in the 23.5-month-old mice than in the 17-month-old mice that 

consumed the high GI and low GI diets (p < 0.05 in both diet groups) (Figure 

2D).   

BLDs often occupy space that was originally populated by basal 

infoldings.  Consistent with the age-related increase in BLDs, the 23.5-month-old 

mice from both diet groups demonstrated greater severity of loss of basal 

infoldings than the 17-month-old mice (p < 0.05 and p < 0.1 for high GI and low 

GI groups, respectively) (“+” indicates the space where basal infoldings, if 

present, would be found in retina from younger mice, in Figure 1B vs. 1A, 
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Figure 2E).  Another commonly used metric of retinal aging and disease is BrM 

thickness.  BrM tended to be thicker in the 23.5-month-old mice compared to the 

17-month-old mice that were fed the high GI diet, but variability within each age 

group precluded this difference from reaching statistical significance (knobbed 

lines in Figure 1B vs. 1A).  Combined, these data clearly indicate that mice fed 

either diet show increased risk for many AMD-like lesions upon aging (Figure 

2A-E).   

Prior data indicate that melanin levels decrease upon aging, but melanin 

levels had not been measured previously in mice fed these diets.112  We found 

an unexpected increase in the frequency of melanin pigment granules (p < 0.05) 

in the 23.5-month-old mice compared to the 17-month-old mice fed the high GI 

diet (Figure 2F).  The same relationship, albeit muted, was also observed in the 

low GI-fed mice.  Among the low GI-fed mice, there were also less severe 

(smaller) outer collagenous layer deposits (p < 0.05) and fewer lipofuscin 

granules (p < 0.1) in the 23.5-month-old mice relative to the 17-month-old mice 

(Figure 2G, 2H).  

 

3.4.2 Frequency and Severity of AMD-Like Lesions in Age-Matched Mice Fed a 

High or Low GI Diet  

We also compared the effects of dietary GI on the frequency and severity 

of retinal lesions in age-matched mice.  In most cases, consuming the lower GI 

diet reduced or delayed the appearance of the AMD-like lesion.  This was 

particularly obvious in the older animals.  Thus, the frequency and severity of 
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BLDs was lower in 23.5-month-old mice that were fed the low GI diet compared 

to age-matched mice fed the high GI diet (p < 0.05) (Figure 1D vs. 1B, Figure 

2A, 2B).  Similar differences were observed for frequency of BLD-associated 

membranous debris, frequency of cytoplasmic vacuoles, severity of loss of basal 

infoldings, frequency of melanin, severity of outer collagenous layer deposits and 

frequency of lipofuscin deposition in the 23.5-month-old mice (Figure 2C-H).  

Some of these diet-related differences were also observed in the younger 

animals, including fewer BLDs, BLD-associated membranous debris and 

cytoplasmic vacuoles (p < 0.05) in the low GI-fed mice (Figure 1C vs. 1A, 

Figure 2A, 2C, 2D).  

Overall, the differences in frequency and severity of AMD-like lesions 

appear to be greatest between low-GI fed younger animals and high-GI fed older 

animals.  The most robust differences between 17-month-old low GI-fed mice 

and 23.5-month-old high GI-fed mice were observed in frequency of BLDs (p < 

0.001), frequency of BLD-associated membranous debris (p < 0.05), frequency of 

cytoplasmic vacuoles (p = 0.01), severity of loss of basal infoldings (p < 0.05) 

and frequency of melanin (p = 0.01) (Figure 2A, 2C-F).  For each of these 

lesions, the frequency or severity was greater in the high GI-fed 23.5-month-old 

mice, suggesting that older age and higher dietary GI accelerate the retinal 

changes that precede AMD.  

 

3.4.3 Effects of Dietary GI on AGE Accumulation 
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Analyses of tissues from 11-month-old 129SvPas mice fed diets of 

differing GI for 10 months indicated that mice fed a high GI diet accumulated 

more MG-H1-modified proteins (hereafter called MG-H1) in their retinas 

compared to mice fed a low GI diet (Uchiki et al, 2011).  MG-H1, one of the most 

common AGEs, is formed upon the reaction of methylglyoxal, a glucose 

metabolite, with protein.113  If dietary glycemia, and therefore MG-H1 

accumulation, were causally related to lesions, we would expect more severe 

lesions and MG-H1 accumulation in high GI-fed mice.  To corroborate the 

association between consumption of a high GI diet and retinal MG-H1 

accumulation in the present study, mouse retinas were analyzed 

immunohistochemically.  RPE of 17-month-old mice fed the high GI diet had 

higher levels of MG-H1 than mice that consumed the low GI diet, as indicated in 

bleached (pink arrows in Figure 3B vs. 3J) and unbleached sections (pink 

arrows in Figure 3D vs. 3L).  Increased deposition of MG-H1 in high GI rather 

than low GI-fed mouse retinas was also seen in layers of the inner retina, 

including the outer (yellow arrows) and inner (white arrows) nuclear layers, inner 

plexiform layer (orange arrows), and ganglion cell layer (black arrows) (Figure 

3A vs. 3I and 3C vs. 3K).  The observed AGE accumulation in retinal layers 

anterior to the RPE suggested that the high GI diet increased glycative stress 

throughout the retina, and prompted us to examine the effects of aging and 

dietary GI on retinal lesions interior to the RPE.  
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3.4.4 Damage to Photoreceptors and Inner Nuclei in 17- and 23.5-Month-Old 

Mice Fed High or Low GI Diets 

In 17- and 23.5-month-old mice fed high or low GI diets, we examined the 

impact of aging and dietary GI on the integrity of photoreceptors that overlie the 

RPE.  The prevalence of photoreceptor damage was low in all groups. However, 

more frequent focal photoreceptor outer segment vacuolization and 

disorganization was observed in high rather than low GI-fed mice (yellow arrows 

in Figure 4A vs. 4B, Figure 4C vs. 4D).  We did not observe age-related 

differences.   

In addition to outer segment damage, we also analyzed the effects of age 

and GI on the number of rows of photoreceptor outer nuclei, since thinning of this 

layer has been observed in models of AMD.97  Aging was associated with a 

decrease in thickness of photoreceptor outer nuclear layers in both diet groups 

(Table 3, p < 0.01 and p = 0.06 for low and high GI-fed mice, respectively).  

Although suggestive, the difference in outer nuclear layer thickness between diet 

groups did not reach statistical significance (Table 3).  

Analysis of the inner nuclear layer revealed that older age was associated 

with thinning of this layer in animals of the same diet group (p < 0.01 for both diet 

groups) (Figure 5A vs. 5B and Figure 5C vs. 5D) (Table 4).  There was also a 

greater preservation of inner nuclear layers in the 23.5-month-old animals that 

consumed the low GI diet compared to age-matched mice that consumed the 

high GI diet (p = 0.07) (Figure 5D vs. 5B) (Table 4).  In comparison, at 17 

months of age, GI of the diet had less effect on the number of rows of inner 
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nuclei (Figure 5A vs. 5C) (Table 4).  These data suggest that the stresses that 

are associated with thinning of the inner nuclear layer are prominent later in life 

and are related to dietary glycemia. 

 

3.4.5 Comparison Between HQ and a High GI Diet as Retinal Stressors  

The mouse model used in this study was originally designed to investigate 

the effects of cigarette smoke on AMD.92  Therefore, HQ, a component of 

cigarette smoke, was included in the diets of both the high and low GI groups.92  

In order to evaluate the stress due to dietary HQ versus that of a high GI diet 

alone, we compared the retinal integrity between 17-month-old mice fed a high 

GI diet with HQ to those fed a high GI diet without HQ.  Surprisingly, the singular 

insult of consuming the high GI diet resulted in higher levels of some AMD-like 

lesions than were observed when HQ was included in the diet.  These include 

higher frequency (p < 0.05) and severity (p < 0.1) of BLDs (Figure 6A vs. 6B, 

6C, 6D).  Measures of other AMD-like lesions such as the frequency of BLD-

associated membranous debris, severity of loss of basal infoldings, BrM 

thickness, frequency of lipofuscin, frequency of cytoplasmic vacuoles and the 

frequency and severity of outer collagenous layer deposits were indistinguishable 

between 17-month-old mice fed a high GI diet with HQ and age-matched mice 

fed a high GI diet without HQ (data not shown).  Just as the inclusion of HQ into 

the diet did not exacerbate retinal stress, inclusion of HQ did not significantly 

increase metabolic stress as indicated by body weight, fasting glucose, glucose 
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tolerance, insulin tolerance, and glycated hemoglobin levels (Supplemental 

Methods, Supplementary Figure S1).   

 

3.5 Discussion   

In this work, we established a relationship between age, AMD-like lesions, 

and dietary GI in a murine model.  The model faithfully recapitulates human 

epidemiologic data showing that aging is associated with more advanced lesions 

and that consuming low GI foods is associated with lower risk for onset and 

progress of these lesions.  We also corroborated prior mechanistic findings by 

demonstrating tissue accumulation of AGEs in mice fed a higher GI diet and 

relating that to AGE accumulation in regions of age- and diet-associated 

pathology.   

The absence of a macula limits the capacity of the rodent retina to 

completely model human AMD, so researchers using mouse models rely on 

evaluations of AMD-like lesions to determine associations between various 

treatments and risk for early stages of AMD.89, 92, 97, 109, 111, 114-118  We found that 

upon aging, mice fed either a high or low GI diet showed increased retinal lesions 

such as accumulation of BLDs and cytoplasmic vacuoles, loss of basal 

infoldings, and loss of outer and inner nuclear layers, confirming previous reports 

of the age-associated nature of these lesions (Figures 1-2).109, 115, 116, 119, 120  

Importantly, we noted that in general, there were more robust age-related 

differences in lesion frequency and severity in high GI-fed mice than in low GI-fed 
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mice, indicating that consumption of a low GI diet attenuates and may delay 

AMD-like lesions.   

The differences in frequency and severity of AMD-like lesions between 

diet groups of age-matched mice may be due to a difference in body weight 

between diet groups as well as the difference in dietary starches.  In both 17- and 

23.5-month old mice, the high GI-fed mice were heavier than the low GI-fed mice 

(data not shown).    Although correlation analysis did not indicate that body 

weight was related to the appearance of AMD-like lesions, the difference in body 

weight could have influenced systemic stress levels.  Another factor which may 

account for the difference in AMD-like lesions between diet groups is the ratio of 

amylopectin/amylose, which is higher in the higher GI diet.  Amylopectin is 

digested at a faster rate than amylose, resulting in an increased flux of glucose 

and methylglyoxal into the retina.121  Glycative stress in the retina is 

demonstrated by increased levels of MG-H1 in the RPE and photoreceptors 

(Figure 3).122-125  Previously, it has been shown that glycative stress from 

increased glucose catabolism increases risk for diabetes and cardiovascular 

disease in humans. 126, 127  Our data suggest that this stress may impact the 

retina as well, creating an environment predisposed to the accumulation of 

lesions, as shown in Figures 1, 2, 4, 5.  A plausible link between dietary GI, 

retinal stress, and AMD may be found in deposition of AGEs, the known 

cytotoxicity of AGEs, and the recently discovered impairment of protein editing 

caused by glycative stress in the retinas of mice consuming high GI diets (Uchiki 

et al, 2011).   
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The retinal lesions that were accelerated in the high GI-fed mice have also 

been observed in diabetic rodents, suggesting that it may be possible to use 

these data to gain insight into nutritional amelioration of diabetic retinopathy.  

These lesions include vacuolization of the RPE, disorganization of photoreceptor 

outer segments, decreased thickness of the inner nuclear layer, and 

accumulation of AGEs in the inner retina.128-133  AGEs directly contribute to the 

vascular compromises of diabetic retinopathy by increasing levels of vascular 

endothelial growth factor (VEGF).134-141  Thus, it seems that consuming lower GI 

diets should reduce AGEs and the associated risk for progress of diabetic 

retinopathy as well as AMD.  

Implementation of the high GI diet, with or without HQ, allowed us to 

evaluate the role of HQ in retinal aging and the etiology of AMD-like lesions.  

Higher levels of lesions were not observed in animals that consumed a high GI 

diet with, rather than without HQ, suggesting that HQ is not necessary to elicit 

these AMD-like lesions in animals under these conditions.    

This study shows that age is associated with AMD-like lesions in the 

murine retina and that consuming high GI diets augments this pathology.  

Overall, the differences in AMD-like lesions appear to be greatest between low 

GI-fed younger animals and high GI-fed older animals.  The C57BL/6 mouse fed 

a high GI diet mimics the processes of retinal aging and development of AMD-

like lesions in humans.  As such, it provides a new excellent platform to study 

effects of modulators (drugs, nutraceuticals) on aging and risk for early AMD.  
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These data show that the model is responsive to environmental influences such 

as nutrition and will also be useful for studies of mechanisms of disease initiation.    
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3.7 Figure Legends 

Figure 1.  AMD-like lesions are more advanced in C57BL/6 mice that are 

older and that consumed the high GI diet.  Electron micrographs of (A) 17-

month-old high GI-fed, (B) 23.5-month-old high GI-fed, (C) 17-month-old low GI-

fed, and (D) 23.5-month-old low GI-fed mice are shown.  Note larger more 

advanced BLDs, greater loss of BI, and vacuolization of cytoplasm in panel B vs. 

panels A, C, and D.  BI = basal infolding; BLD = basal laminar deposit; BrM = 

Bruch’s membrane (knobbed lines indicate approximate thickness of Bruch’s 

Membrane); FD = fibrillar deposit; MD = BLD-associated membranous debris; 

 
 



132 
 
RPE = retinal pigment epithelium; V = vacuoles; + indicates a loss of basal 

infoldings. Bar = 1 μm.  

 

Figure 2.  Semi-quantitative comparison of AMD-like features between 17- 

and 23.5-month-old mice fed high or low GI diets.  Mean values for 17-month-

old high GI (blue bars), 17-month-old low GI (red bars), 23.5-month-old high GI 

(green bars), and 23.5-month-old low GI (purple bars) groups are shown for 

frequency of basal laminar deposits (A), severity of basal laminar deposits (B), 

frequency of basal laminar deposit-associated membranous debris (C), 

frequency of cytoplasmic vacuoles (D), severity of loss of basal infoldings (E), 

frequency of melanin (F), severity of outer collagenous layer deposits (G), and 

frequency of lipofuscin (H).  Error bars represent SEM.  ** indicates p < 0.05 and 

# indicates p < 0.1.  In order to keep the figure clear, p values for comparison of 

frequency and severity of lesions between 17-month-old low GI-fed and 23.5-

month-old high GI-fed mice are not shown. These statistics are indicated in the 

text. 

 

Figure 3. MG-H1-modified protein accumulates in the retinas of mice fed a 

high GI diet.  Retinas from 17-month-old mice fed high (A-H) or low (I-P) GI 

diets were incubated with control serum (E-H, M-P) or α-MG-H1 (A-D, I-L).  

Deposition of MG-H1-modified protein (as indicated by a blue stain) was 

evaluated in unbleached (C, D, G, H, K, L, O, P) and bleached (A, B, E, F, I, J, 

M, N) sections, showing increased deposition in the outer nuclear (yellow 
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arrows), inner nuclear (white arrows), inner plexiform (orange arrows), ganglion 

cell (black arrows) and RPE (pink arrows) layers of the retinas from high GI-fed 

mice, corroborating prior Western blot analysis.  Images in panels B, D, F, H, J, 

L, N, P were taken at a higher magnification to highlight changes in MG-H1 

deposition in the RPE.  GCL = ganglion cell layer; INL = inner nuclear layer; IPL 

= inner plexiform layer; ONL = outer nuclear layer; OS = outer segments; RPE = 

retinal pigment epithelium. 

 

Figure 4. Localized damage to photoreceptor outer segments in 17- and 

23.5-month-old mice fed a high GI diet.  Electron micrographs of individual 

photoreceptor outer segments in mice from the 17-month-old high GI group (A), 

17-month-old low GI group (B), 23.5-month-old high GI group (C), and 23.5-

month-old low GI group (D).  Yellow arrows indicate disorganization/vacuolization 

of outer segments.  POS = photoreceptor outer segments; RPE = retinal pigment 

epithelium.  Bar represents 2 μm.  

 

Figure 5. Retinal nuclei in 17- and 23.5-month-old mice fed a high or low GI 

diet.  Hematoxylin and eosin stained sections from 17-month-old high GI-fed (A), 

23.5-month-old high GI-fed (B), 17-month-old low GI-fed (C), and 23.5-month-old 

low GI-fed (D) mice are shown.  INL = inner nuclear layer; IPL = inner plexiform 

layer; IS = inner segments; ONL = outer nuclear layer; OPL = outer plexiform 

layer; OS = outer segments. 
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Figure 6. Comparable levels of AMD-like lesions observed in 17-month-old 

high GI-fed C57BL/6 mice in the absence or presence of HQ.  Electron 

micrographs of retinas from mice fed high GI diets in the absence (A) or 

presence (B) of HQ.  BLD = basal laminar deposit; BrM = Bruch’s membrane 

(knobbed lines indicate thickness of Bruch’s membrane); LIPO = lipofuscin-like 

granule; OCL = outer collagenous layer deposit; RPE = retinal pigment 

epithelium; V = vacuole; + indicates a loss of basal infoldings.  Bar = 1 μm.  

Mean values for high GI-fed mice in the absence (blue bars) and presence 

(green bars) of HQ are shown for frequency of basal laminar deposits (C) and 

severity of basal laminar deposits (D).  Error bars represent SEM.  ** indicates p 

< 0.05 and # indicates p < 0.1.  

3.8 Tables 

Table 1. Diet Composition 

Ingredient 
High GI Diet 

(g/kg) 
Low GI Diet 

(g/kg) 

100% amylopectin (Amioca starch) 534 0 
70% amylose/30% amylopectin (Hylon VII starch) 0 534 

Casein 200 200 
Sucrose 85 85 

Soybean Oil 56 56 
Wheat Bran 50 50 

DL Methionine 2 2 
Vitamin Mix 10 10 
Mineral Mix 35 35 

Hydroquinone 8 8 
Macronutrient % of Total Energy 

Carbohydrate 65 65 
Protein 21 21 

Fat 14 14 
 

 
 



135 
 
Table 2. Frequency and Severity Grading Scheme for AMD-Like Lesions 

Grading of Characteristics Evaluated by Frequency and/or Severity 
Characteristic Frequency Score (also see text) Severity Score 

0: no basal laminar deposits 

1: <1 μm with amorphous material 
2: <1 μm with fibrillar material OR >1 μm with amorphous 
material 

basal laminar 
deposits 90, 92, 118, 142 

number of deposits (including 
severity grades 1-3) per μm 

3: >1 μm with fibrillar material 

basal laminar 
deposit-associated 
membranous debris 

110, 143, 144 

number of debris per μm N/A 

0: no vacuoles 

1: empty vacuoles 

2: vacuoles contain granular debris 
cytoplasmic 

vacuoles 89, 90, 118 
number of vacuoles (including 
severity grades 1-3) per μm 

3: vacuoles contain membranous debris or undigested 
photoreceptor outer segments 

0: no absence of infoldings within 1 linear μm 

1: absence of  infoldings within 1 linear µm  
2: periodic absence of infoldings, each within 1 linear μm 
OR an absence of infoldings of1-3 linear μm  

loss of basal 
infoldings 89, 145 

number of occurrences of absent 
basal infoldings (including severity 

grades 1-3) per μm 

3: absence of infoldings of >3 linear µm  

0: < 0.4 μm 

1: 0.4-1 μm and organized  

2: 0.4-1 μm and disorganized (loss of structure, 
vacuolization) OR > 1 μm and organized 

thickened Bruch's 
membrane 90, 92 

0: In each image, the average of the 
thickest and thinnest points of 

Bruch's membrane is < 0.4 µm. 
1: In each image, the average of the 

thickest and thinnest points of 
Bruch's membrane is > 0.4 µm. 

3: > 1 μm and disorganized 

melanin 142, 146, 147 number of melanosomes per  μm N/A 

0: no deposits 

1: < 0.5 μm at thickest point of deposit 

2: 0.5 - 1 μm at thickest point of deposit 

outer collagenous 
layer deposits 89 

number of deposits (including 
severity grades 1-3) per μm 

3: > 1 μm at thickest point of deposit 
lipofuscin 118, 142, 148-

150 
number of lipofuscin-like granules per  

μm 
N/A 
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Table 3. Outer Nuclear Layer Thickness in 17- and 23.5-Month-Old Mice Fed 

a High or Low GI Diet 

Rows of Outer Nuclei ± SEM 

Age 
Diet 

17 months 23.5 months 

High GI 10.4 ± 0.8 8.5 ± 0.4†  

Low GI 13.1 ± 1.3 8.5 ± 0.3* 

 

* indicates a difference in mean thickness of outer nuclear layers between 17- 

and 23.5-month-old mice fed low GI diets with p < 0.01.  

† indicates a difference in mean thickness of outer nuclear layers between 17- 

and 23.5-month-old mice fed high GI diets with p = 0.06.   

 

Table 4. Inner Nuclear Layer Thickness in 17- and 23.5-Month-Old Mice Fed 

a High or Low GI Diet 

Rows of Inner Nuclei ± SEM 

Age 
Diet 

17 months 23.5 months 

High GI 5.2 ± 0.4 3.6 ± 0.0* 

Low GI 5.9 ± 0.2 4.0 ± 0.2*†  

 

* indicates a difference in mean thickness of inner nuclear layers between 17- 

and 23.5-month-old mice fed diets of the same GI with p < 0.01.   

† indicates a difference in mean thickness of inner nuclear layers between 23.5-

month-old mice fed diets of different GI with p = 0.07. 
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3.9 Figures 

 

Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 

 
 



141 
 

 

Figure 5. 
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Figure 6. 

3.10 Supplementary Material 
 
Figure Legend and Figure 
 
Supplementary Figure S1.  Metabolic profile of 17 month-old C57BL/6 mice 

fed a high GI diet in the absence or presence of HQ.  A) Body weights of mice 

fed a high GI diet without (blue line) and with (green line) HQ.  B) Fasting blood 

glucose was measured in the groups fed a high GI diet without (blue line) and 

with HQ (green line).  C) Area under the curve (AUC) for blood glucose during 

intraperitoneal oral glucose tolerance tests administered to mice fed high GI diets 

without (blue bars) and with HQ (green bars).  AUC was calculated using the 

trapezoidal method.  D) Changes from baseline blood glucose levels following 

injection of insulin during intraperitoneal insulin tolerance tests after 33 (top 

panel) or 46 (bottom panel) weeks of feeding.  Blue line represents the non HQ-
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exposed mice and green line represents the HQ-exposed mice.  E) Levels of 

glycated hemoglobin in 17-month-old mice fed high GI diets without (blue bar) 

and with HQ (green bar).  For all graphs, error bars represent SEM.  Differences 

in body weight between groups were compared using Student’s t test.  

Longitudinal changes in fasting glucose levels and glucose AUC during glucose 

and insulin tolerance tests were analyzed using two-way repeated measures 

ANOVA.  Differences between groups at individual time points were compared 

post hoc using Student’s t test.  Differences in levels of glycated hemoglobin 

between diet groups were compared using Wilcoxon’s Mann Whitney U test.  For 

each parameter, there was no statistical difference between treatment groups.  
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Supplementary Figure S1. 

 
Supplemental Methods 

Fasting glucose and glucose tolerance test: Mice were fasted for 6 hours before 

an intraperitoneal glucose tolerance test.   A clean razor blade was used to make 
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a horizontal cut in the lateral tail vein, releasing about 5 μl of blood that was 

applied to a OneTouch Ultra test strip in a OneTouch Ultra2 glucometer (Lifescan 

Inc, Milpitas, CA).  This provided the fasting glucose level.  After the fasting 

glucose was measured in each mouse, each mouse was injected 

intraperitoneally with 1 g/kg body weight D-(+)-glucose (≥99.5%, Sigma, St. 

Louis, MO) via a 25 5/8 gauge syringe.  At 30, 45, 60, and 120 minutes after 

injection, the tail vein cut in each mouse was moistened to remove the clot and 

dried before release of another 5 μl of blood.  This blood was applied to the test 

strip in the glucometer to measure the blood glucose level.    

Insulin tolerance test: Mice were fasted for 6 h prior to intraperitoneal insulin 

tolerance test.  A clean razor blade was used to make a horizontal cut in the 

lateral tail vein, releasing about 5 μl of blood that was applied to a OneTouch 

Ultra test strip in a OneTouch Ultra2 glucometer.  This provided the fasting 

glucose level.  After the fasting glucose was measured in each mouse, each 

mouse was injected intraperitoneally with 0.75 U/kg body weight Novolin R 

human insulin (Novo Nordisk Pharmaceutical, Princeton, NJ) via a 25 5/8 gauge 

syringe.  At 15, 30, 45, 60, and 90 minutes after injection, the tail vein cut in each 

mouse was moistened to remove the clot and dried to release another 5 μl of 

blood.  This blood was applied to the test strip in the glucometer to measure the 

blood glucose level.   

Glycated hemoglobin:  Erythrocytes were isolated as described above and 

glycated hemoglobin level was determined using a GLYCO-Tek Affinity Column 
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Kit (Helena Laboratories, Beaumont, Texas) as per the manufacturer’s 

instructions.  A new column was used for each sample. 
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4.1 Abstract   

Increasing rates of chronic diseases can be attributed to the alarming 

increase in simple sugar consumption over the last few decades.  Diets that are 

high in these sugars are often of high glycemic index (GI), yet pathobiochemical 

mechanisms that relate dietary GI to risk for these age-related diseases have not 

been investigated in older animals.  Increased risk for these diseases has been 

linked to accumulation of advanced glycation end products (AGEs).  To 

investigate the mechanism by which high GI diets may hasten age-related 

disease, we measured fasting glucose and insulin levels, glucose clearance, and 

accumulation of AGEs in kidneys, hearts and brains of 17- and 23.5-month-old 

C57BL/6 mice fed high or low GI diets.  To determine if AGE accumulation was 

related to impairment of protein clearance, we measured the effect of glycative 

stress on 20S proteasome activity.  We found that consumption of the higher GI 

diet impaired glucose tolerance and increased insulin resistance at both ages.  At 

23.5 months of age, AGEs accumulated in multiple tissues of higher GI-fed mice.  

Higher GI diets and higher levels of AGEs were associated with lower 

proteasome activity in heart but, unexpectedly, higher activity in kidney and brain.  

We demonstrated that a low GI diet protects against compromises in blood 

glucose and insulin levels.  This diet also prevented accumulation of tissue AGEs 

in older mice.  Older mice fed a high GI diet are an excellent model to test drugs 

for prevention of chronic diseases that are associated with accumulation of 

oxidized or damaged proteins. 
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4.2 Introduction 

Consumption of high glycemic index (GI) diets is associated with 

increased risk for chronic diseases such as type II diabetes, renal dysfunction, 

cardiovascular disease and neurodegenerative disease (1-4).  These chronic 

diseases affect nearly 50% of adults and are associated with approximately 70% 

of deaths in America (5-7).  The dramatic increase of simple sugars in the 

American diet over the last several decades has raised alarm.  This results in 

increased dietary GI, creating an urgent need to model and understand 

relationships between dietary GI, metabolism and pathobiology (8, 9).  The 

glycemic index (GI) of a particular food quantifies the rise in blood glucose 

following the consumption of 50 grams of carbohydrate from that same food, 

relative to the rise in blood glucose following the consumption of 50 grams of 

carbohydrate from a standard food (glucose, white bread).  Foods with a high GI 

contain carbohydrates that are more readily broken down than carbohydrates 

found in foods with a low GI.  Thus, high GI foods induce a larger increase in 

blood glucose levels than low GI foods (10).   

Despite the observational data linking GI with age-related disease, 

pathobiochemical mechanistic explanations for the harmful effects of a high GI 

diet, and conversely, the benefits of a low GI diet, are lacking.  Laboratory 

rodents are essential tools to explore these mechanisms, but previous studies 

investigating associations between dietary GI and these age-related diseases 

were done using only young rodents (11-16).  Physiological and biochemical 

changes observed in older animals would more closely mimic human aging and 
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provide critical insights into etiological relationships between GI modulation, 

physiology, cell biology, biochemistry and aging in elderly humans.  

 AGEs are proteins that are non-enzymatically modified by glycating 

agents such as glucose or its metabolites.  Often, these sugar derivatives are 

modified  by glucose on lysine and arginine residues of proteins (17).  

Associations between consumption of diets of different GIs and AGE levels in 

blood have been explored, but literature regarding effects of dietary GI on AGE 

accumulation in tissues is very limited (18, 19).  Accumulation of AGEs in tissues 

is observed in many chronic diseases and has been associated with impaired 

organ function (17, 20-23).  In the kidney, an organ involved in clearance of 

blood-borne AGEs, AGE accumulation is associated with renal failure (24, 25).  

AGE cross-links in the vessel wall also induce vascular stiffness and are 

associated with atherosclerosis and decreased heart function (26-31).  In 

neurons, AGE accumulation is toxic and is associated with dementia (32-34).  

These results suggest etiologic roles for AGEs in disease.   

Levels of AGEs are determined by rates of formation and proteolytic 

removal.  The ubiquitin proteasome system (UPS) is one of the cellular 

mechanisms responsible for protein degradation and is also known to be 

modulated by oxidative stress (35, 36).  Ubiquitin is a small, 8 kDa protein that 

attaches to other proteins to form multi-ubiquitin chains.  These chains, known as 

ubiquitin conjugates, can target substrates for degradation by the proteasome 

(37).  In cells exposed to glycative stress, toxic AGEs accumulate and UPS-

mediated degradation of substrates is impaired.  However, proteasome activity 
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has not been shown to be altered (Uchiki et al., 2011, in press) (38).  Changes in 

proteasome activity due to a glycative stress such as a high GI diet have not 

been measured in animal tissues.   

Having observed that GI modulates risk for diseases that afflict the elderly, 

we hypothesized that consumption of a low GI diet would confer the greatest 

benefit to older animals.  To test this hypothesis, we characterized glucose and 

insulin metabolism and the accumulation of AGEs in the kidneys, hearts and 

brains of 17- and 23.5-month-old mice fed high or low GI diets.  We also 

measured proteasome activity in these tissues from 23.5-month-old mice.  Each 

of these tissues is either involved in the metabolism of AGEs, or is a site of AGE 

accumulation during disease (17, 20).  These data provide insight regarding the 

most useful models in which to study the association between dietary GI and 

pathobiology of disease.  

 

4.3 Methods  

Ethics statement 

This study was carried out and approved under the Jean Mayer USDA 

Human Nutrition Research Center on Aging at Tufts University IACUC protocols 

and in accordance with the Animal Welfare Act provisions and all other animal 

welfare guidelines such as the NIH Guide for the Care and Use of Laboratory 

Animals. 

 

Animals 
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Five and 16-month-old male C57BL/6 mice were obtained from Charles 

River Laboratories (Wilmington, MA).  The 5-month-old mice were fed either high 

(n=10) or low (n=10) GI diets for 46 weeks (Table 1).  They were killed at 17 

months of age and are hereafter referred to as the 17-month-old group.  We also 

fed 16-month-old mice high (n=10) or low (n=10) GI diets for 26 weeks.  They 

were killed at 23.5 months of age and are hereafter referred to as the 23.5-

month-old group.  Mice were weaned onto their high or low GI diets over a 6-

week period, becoming fully acclimated to their diets by 6.5 and 17.5 months of 

age, respectively (Figure 1).   

In both age groups, the mice were pair-fed to ensure equal consumption 

between diet groups.  The high and low GI diets were isocaloric and of identical 

macronutrient distribution.  The only difference between the high and low GI diets 

was the distribution of starch (100% amylopectin in the high GI diet, and 30% 

amylopectin/70% amylose in the low GI diet).  All of the diets used in this study 

were formulated by Bio-Serv (Frenchtown, NJ).  National Starch (Bridgewater, 

NJ) generously donated Amioca starch (100% amylopectin) for incorporation into 

the high GI diet, and Hylon VII starch (30% amylopectin/70% amylose) for 

incorporation into the low GI diet.   

In the 17-month-old mice, glucose was measured at 8.25, 10.5, 14, 15, 

16.75 and 17 months of age, after 8, 18, 33, 37, 45 and 46 weeks of consuming 

the experimental diets, respectively.  Week 0 refers to the first week after the 6-

week diet acclimation period.  Glucose tolerance tests were performed at 8.25, 

10.5, 15 and 16.75 months of age.  Insulin tolerance tests were performed at 14 
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and 17 months of age, after 33 and 46 weeks of diet consumption, respectively.  

Just prior to being killed, blood was collected via cardiac puncture to measure 

insulin and glycated hemoglobin levels.  In the 23.5-month-old mice, blood 

glucose was measured at 19.5, 21.75 and 23.5 months of age, after 8, 18 and 26 

weeks of consuming the experimental diets, respectively.  Glucose tolerance was 

measured at 19.5 and 21.75 months of age, and blood was collected via cardiac 

puncture just prior to being killed for analysis of insulin levels.   

All mice were feed-deprived 6 hours prior to being euthanized with carbon 

dioxide, and killed by cervical dislocation.  Tissues were then collected and 

frozen in liquid nitrogen for storage at -80°C. 

 

Blood Measurements  

Glucose levels and glucose tolerance test: Mice were feed-deprived for 6 hours 

before an intraperitoneal glucose tolerance test.   A clean razor blade was used to 

make a horizontal cut in the lateral tail vein, releasing about 5 μl of blood that 

was applied to a OneTouch Ultra test strip in a OneTouch Ultra2 glucometer 

(Lifescan Inc, Milpitas, CA).  This provided the feed-deprived glucose level.  After 

the feed-deprived glucose level was measured in each mouse, each mouse was 

injected intraperitoneally with 1 g/kg body weight D-(+)-glucose (≥99.5%, Sigma, 

St. Louis, MO) via a 25 5/8 gauge syringe.  At 30, 60 and 120 minutes after 

injection, the tail vein cut in each mouse was moistened to remove the clot and 

dried before release of another 5 μl of blood.  This blood was applied to the test 
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strip in the glucometer to measure the blood glucose level.  Area under the curve 

(AUC) was calculated using the trapezoidal method.  

Insulin tolerance test: Mice were feed-deprived for 6 hours prior to the 

intraperitoneal insulin tolerance test.  A clean razor blade was used to make a 

horizontal cut in the lateral tail vein, releasing about 5 μl of blood that was applied 

to a OneTouch Ultra test strip in a OneTouch Ultra2 glucometer.  This provided 

the feed-deprived glucose level.  After the feed-deprived glucose level was 

measured in each mouse, each mouse was injected intraperitoneally with 0.75 

U/kg body weight Novolin R human insulin (Novo Nordisk Pharmaceutical, 

Princeton, NJ) via a 25 5/8 gauge syringe.  At 15, 30, 45, 60 and 90 minutes after 

injection, the tail vein cut in each mouse was moistened to remove the clot and 

dried to release another 5 μl of blood.  This blood was applied to the test strip in 

the glucometer to measure the blood glucose level.   

 

Feed-deprived insulin levels: Blood was collected via cardiac puncture and 

stored on ice in K2EDTA-coated Vacutainer tubes (BD Biosciences).  Whole 

blood was spun at 4°C at 4000 RCF for 10 minutes.  Supernatant was removed 

and analyzed for insulin levels using the UltraSensitive Mouse Insulin ELISA kit 

(Crystal Chem, Inc., Chicago, IL) as per the manufacturer’s instructions.  

Remaining plasma samples and erythrocytes were stored at -80°C.   
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HOMA-IR: HOMA-IR values were calculated from feed-deprived glucose and 

insulin levels in the mice just prior to being killed.  HOMA-IR = (mmol/L glucose x 

μU/ml insulin) / 22.5. 

 

Glycated hemoglobin:  Erythrocytes were isolated as described above and 

glycated hemoglobin level was determined using a GLYCO-Tek Affinity Column 

Kit (Helena Laboratories, Beaumont, Texas) as per the manufacturer’s 

instructions.  A new column was used for each sample. 

 

Western Blot Analyses  

Once the mice were killed, tissues were snap frozen and stored at -80°C.  

For analysis, tissues were ground and homogenized in buffer containing 1% NP-

40, 10 mM Tris-Cl pH 7.5, 100 mM KCl, 1 mM EDTA, 5 mM MgCl2, 1 mM DTT, 

0.1 mg/ml AEBSF and 10 mM N-ethylmaleimide.  For assessment of relative 

levels of MG-H1-modified protein in kidneys, hearts and brains, the homogenized 

tissues were resolved on SDS-PAGE, transferred to nitrocellulose and stained 

with Ponceau S (Sigma, catalog #P7170) to evaluate loading and transfer 

efficiency.  Membranes were then incubated with anti-MG-H1 antibody that was 

generously provided by M. Brownlee (Albert Einstein College of Medicine, NY).  

After incubation with HRP-conjugated anti-mouse secondary antibody, the 

antigen was visualized using a Super Signal chemiluminescence detection kit 

(Thermo Scientific, Waltham, MA).  
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For analysis of carbonyls, samples were derivitized with 

dinitrophenylhydrazine (DNPH) by incubating each sample with 5 mM DNPH 

(total volume 20 μl) for 15 minutes at room temperature out of direct light 

exposure.  Forty μl 2 M Tris was added to stop the reaction, and samples were 

then resolved on SDS-PAGE, transferred to nitrocellulose, stained with Ponceau 

S and incubated with anti-DNP antibody (Sigma, catalog # D9656) to detect 

protein-bound hydrazones (39).  After incubation with HRP-conjugated anti-rabbit 

antibody, the antigen was visualized using a Super Signal chemiluminescence 

detection kit (Thermo).  Densitometric analysis of western blots was carried out 

using Image J (NIH, Bethesda, MD). 

 

Proteasome Peptidase Activity Assay 

One hundred μg of tissue lysate (homogenized as stated above) was 

incubated in a buffer of 50 mM tris-HCl pH 8.0, 100 mM NaCl, 5 mM EDTA, 1 

mM EGTA, 3 mM NaN3, 0.04% 3-[(3-chloramidopropyl)dimethylammonio]-1-

propane sulfonate, and 0.1 M DTT, along with Succinyl-Leu-Leu-Val-Tyr-

amidomethylcoumarin (LLVY-AMC) (fluorogenic peptide to measure 

chymotrypsin-like activity) in the presence or absence of 97 μM MG132 (40).  

The final concentration of peptide substrate was 48.5 μM and the final volume of 

the reaction mixture was 200 μl.  Enzymatic kinetics were measured with a 

temperature-controlled microplate fluorometric reader (25°C) over five 3-minute 

cycles.  Excitation/emission wavelengths were 380/440 nm.  After subtracting 

fluorescence readings of samples incubated with MG132 from readings of 
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samples without MG132, activity was determined by measuring the relative 

change in fluorescence between cycles. 

 

Statistics 

Differences in body weight at sacrifice were compared between groups 

using Student’s t test.  Longitudinal changes in fasting glucose levels and 

glucose AUC during glucose and insulin tolerance tests were analyzed using 

two-way repeated measures ANOVA.  Differences between diet groups at 

individual time points were compared post hoc using Student’s t test.  Differences 

in fasting insulin and HOMA-IR levels were compared between diet groups using 

Student’s t test after the data were log transformed, and differences in levels of 

glycated hemoglobin between diet groups were compared using Wilcoxon’s 

Mann Whitney U test.  Differences in mean accumulation of MG-H1-modified 

protein and protein carbonyls, as well as levels of proteasome activity were 

compared between diet groups using Wilcoxon’s Mann-Whitney U test.  

Bonferroni’s adjustment was used to account for multiple comparisons.  All 

statistical comparisons were made using (SAS 9.2, Cary, NC).   

 

4.4 Results 

4.4.1 Consumption of a Higher GI Diet Increases Metabolic Stress in Middle-

Aged and Older Mice 

High GI diets have been associated with metabolic stress, raising glucose 

and insulin levels in younger animals (11-13, 15, 16).  To expand upon these 
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findings, we measured body weight, glucose levels, and insulin levels in high and 

low GI-fed mice up to 17 months of age (Figure 2).  At baseline (5-months-old) 

and after becoming fully acclimated to the experimental diets (6.5-months-old), 

there was no statistical difference in body weight between diet groups.  While the 

low GI-fed mice maintained a relatively constant weight, the weight of mice that 

consumed the high GI diet for 46 weeks increased by 14% over the course of the 

study (Figure 2A).  Thus, at sacrifice at 17 months of age, high GI-fed mice were 

24.7% heavier than low GI-fed mice (p < 0.05).  This observation is surprising 

since both diets are > 90% digestible, and the mice were pair-fed to achieve 

equivalent food consumption between groups (16).  Similar weight gains in high 

GI-fed mice have been reported, but this is typically accompanied by weight 

gains in low GI-fed mice as well (14, 16). 

Consistent with data from younger animals, feed-deprived blood glucose 

levels were higher in the 17-month-old high GI-fed mice compared to age-

matched low GI-fed mice (p < 0.05 at 8.25 and 17 months of age, after 8 and 46 

weeks on experimental diets, respectively) throughout the duration of the study 

(Figure 2B) (13).  Glucose levels in the high GI-fed mice were slightly higher 

than those reported in chow-fed mice of similar age, but this increase may be 

attributable to our use of a 6hr period without food, rather than an overnight food 

deprivation period (41).  Glucose tolerance tests indicated that the 17-month-old 

high GI group had impaired glucose tolerance compared to the age-matched low 

GI group over the duration of the study (p < 0.05 at 8.25, 10.5, 15 and 16.75 

months of age, after 8, 33, 37 and 45 weeks on diet, respectively) (Figure 2C).  
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Although we observed higher AUC levels in both diet groups than those reported 

by Isken et al., our observation of a GI-related difference in blood AUC 

corroborates their results from 4- and 11- month-old mice fed similar diets (16).  

Elevated fasting blood glucose and impairment of glucose tolerance could be due 

to a decreased sensitivity of peripheral cells to insulin (42).  To determine if the 

high GI-fed 17-month-old mice were peripherally insulin resistant, insulin 

tolerance tests were administered at 14 and 17 months of age, after 33 and 46 

weeks of consuming study diets.  The data, documented as change from 

baseline blood glucose, show that like younger mice, both diet groups responded 

similarly to insulin (Figure 2D) (16).  At 17 months of age, feed-deprived insulin 

levels in the high GI-fed mice were similar to those reported for chow-fed mice 

and higher than those observed in our low GI-fed mice (p < 0.05) (Figure 2E) 

(41).   HOMA-IR values were calculated from the feed-deprived glucose and 

insulin levels and show that relative to the low GI-fed mice, the 17-month-old high 

GI-fed mice were more insulin resistant (p < 0.05) (Figure 2F).   

Glycated hemoglobin is an indicator of long-term exposure to glucose or 

its metabolites and in humans has been associated with insulin resistance (43, 

44).   Glycated hemoglobin is also susceptible to further oxidative modification, 

resulting in AGE formation (45).  17-month-old mice fed a high GI diet had levels 

of glycated hemoglobin that were nearly twice as high as those in age-matched 

mice fed a low GI diet (p < 0.05) (Figure 2G).  Since the higher GI-fed mice were 

also more insulin resistant, our finding is consistent with the association between 

insulin resistance and protein glycation in humans.  
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A second group of mice was maintained until 23.5 months of age in order 

to repeat and extend these measures to elderly mice.  These mice consumed 

standard laboratory chow for their first 16 months.  Both diet groups had 

comparable body weights when they began the high or low GI diet.  

Unexpectedly, the high GI group lost 7.5% of their body weight over the course of 

the 26 weeks that they consumed their diet.  The low GI group lost approximately 

21% of their weight during this time (Figure 3A).  The majority of the weight loss 

in the low GI group occurred during the first 10 weeks of consuming the low GI 

diet.  Similar to the weight difference observed in the 17-month-old animals, the 

23.5-month-old low GI group weighed about 22% less than the age-matched high 

GI group (p < 0.05).  The significantly lower body weights of the 17- and 23.5-

month-old lower GI-fed mice as well as the weight loss observed in the 23.5-

month-old low GI-fed mice contrast with results from other mouse studies using 

similar diets (11-13, 15, 16).     

Among 23.5-month-old mice, feed-deprived blood glucose levels at 19.5 

and 21.75 months of age (after 8 and 18 weeks of consuming the experimental 

diets) were significantly higher in the high GI group (p < 0.05) (Figure 3B).  

Although the blood glucose levels in the high-GI group remained higher than 

those in the low GI group, this difference was not significant at 23.5 months of 

age.  Feed-deprived blood glucose levels in the high GI-fed 23.5-month-old mice 

were similar to those reported for similarly aged chow-fed mice, but were not as 

high as those observed in the high GI-fed 17-month-old-mice at all time points 

(Figure 2) (46-48).  Glucose tolerance tests in the older mice showed a greater 
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area under the curve (AUC) of blood glucose in the high GI group compared to 

the low GI group at 19.5 months of age (after 8 weeks of diet consumption), and 

this difference remained at 23.5 months of age (p < 0.06) (Figure 3C).  The feed-

deprived insulin levels observed in the high GI-fed mice were typical for mice 

23.5 months of age, but the levels in the low GI group were remarkably low (46-

48).  At 23.5 months of age, insulin levels in the low GI group were less than half 

of those in the high GI group (p < 0.05) (Figure 3D).  The relative insulin 

resistance experienced by the high GI-fed mice, as reflected by their HOMA-IR 

values, are nearly 3 times that of the low GI-fed mice (p < 0.05) (Figure 3E).  

This suggests that the relative difference in insulin resistance between diet 

groups is driven by the remarkably low glucose and insulin levels in the low GI-

fed mice.   

In both age groups, the relative insulin sensitivity and improved glucose 

tolerance of the low GI-fed mice may also involve differences in diet-associated 

changes in body weights.  Low GI-fed mice had lower body weights than the high 

GI-fed mice.  Lower body weights are often associated with lower glucose and 

insulin levels and improved glucose tolerance.  

 

4.4.2 Effect of Dietary GI on Accumulation of AGEs and Protein Carbonyls in 

Tissue  

Having observed relatively more severe glucose intolerance and insulin 

resistance in higher GI-fed mice of both age groups, we suspected that the 

higher GI diet would also increase glycative stress within tissues.  Thus, we 
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measured levels of AGEs in the kidneys, hearts and brains of these mice.  We 

used accumulation of MG-H1-modified protein as our primary indicator of AGEs 

because it is formed upon the reaction of proteins with methylglyoxal, one of the 

most biologically prevalent and reactive sugar metabolites (49).  MG-H1-modified 

proteins have also been observed to increase in tissues with age (Uchiki et al, 

2011, in press).  In our analysis, we focused on MG-H1-modified protein species 

≥ 60 kDa because these moieties are often integrated into aggregates that are 

considered cytotoxic (50).  Also, detection of higher molecular weight species is 

less likely to be confounded by non-specific detection of endogenous mouse IgG.   

Consistent with our prior observation that aging is associated with exacerbated 

accumulation of AGEs (Uchiki et al, 2011 in press), robust GI-related differences 

in levels of AGEs were observed in 23.5-month-old mice.  Western blots revealed 

that in the kidneys, there was greater accumulation of AGEs in high GI-fed 

compared to low GI-fed mice (p = 0.05) (Figure 4A, B).  A similar trend was 

observed in the hearts (Figure 4C, D) and brains (Figure 4E, F).  The 17-month-

old high GI-fed mice also tended to have more AGE accumulation in the kidneys, 

hearts and brains than in low GI-fed mice albeit differences between diet groups 

in these middle-aged mice were not statistically significant due to large inter-

individual variability within the diet groups (Supplementary Figure S1). 

Using antibodies that detect protein carbonyls, we tested whether the 

higher GI diet exerted a more generalized oxidative insult in tissues of 17-month-

old mice (51).  Impressively, consumption of the higher GI diet was associated 

with approximately 3-fold higher levels of protein carbonyls in the kidneys and 
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brains (p < 0.05) (Figure 5) of these mice.  Collectively, these data suggest that 

there is increased systemic oxidative stress, as indicated by elevated levels of 

protein carbonyls and/or AGEs in multiple tissues in animals that consumed the 

higher GI diet.   

4.4.3 Effect of Dietary GI on 20S Proteasome Activity 

As noted earlier, AGEs may accumulate because rates of formation 

exceed rates of removal.  Glycated proteins are not as readily recognized by the 

UPS.  Furthermore, cellular glycative stress limits proteolytic capacity.  To 

determine if high GI-induced oxidative stress impaired proteasome activity, we 

measured 20S proteasome activity in 23.5-month-old mice fed high or low GI 

diets.  Consistent with our hypothesis of GI modulating UPS activity, 20S 

proteasome activity was lower in the hearts of mice fed the high GI diet 

compared to age-matched mice fed the low GI diet (p < 0.05) (Figure 6A).  

However, this observation was not generalizable across tissues.  Surprisingly, 

proteasome activity was slightly higher in the kidneys and significantly higher in 

the brains (p < 0.05) of higher GI-fed mice (Figure 6B, C).    

 

4.4.4 Association Between AGEs and 20S Proteasome Activity in Individual Mice 

Although proteasome activity revealed significant inter-individual 

variability, the data above suggest that within an animal there is an inverse 

association between proteasome activity and accumulation of AGEs in certain 

tissues.  To glean more information regarding the relationship between AGE 
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accumulation and the UPS, AGE accumulation and proteasome activities in 

individual mice were compared.  Three animals were available for these assays.  

Supplementary Figure S2 depicts AGE accumulation and the corresponding 

proteasome activity in the kidney and heart of individual 23.5-month-old mice.  

Mouse “H1” and “H2” were fed the high GI diet and “L1” was fed the low GI diet.  

In these tissues, we observed an inverse relationship between levels of AGEs 

and proteasome activity (Supplementary Figure S2).  This suggests that AGEs 

may be substrates for degradation and/or that there is insufficient proteolytic 

capacity to remove the AGEs from these tissues.  This inverse relationship was 

not observed in the brain. 

 

4.5 Discussion 

Uncertainty regarding the metabolic and cellular consequences of 

stresses imposed by a high GI diet on older animals prompted us to explore the 

effects of high and low GI diets on glucose and insulin levels in 17- and 23.5-

month-old mice.  We also monitored tissue levels of AGEs and proteasome 

activity because the relationship between GI and these indicators of cellular 

stress has not been explored.  Consistent with data from studies that used 

younger mice, we found that consuming lower GI diets protected against age-

related stresses that are thought to be causally related to chronic disease (13, 

16).  Importantly, these advantages of consuming lower GI diets were observed 

in later life.  Together, the data confirm human epidemiologic data and validate 

the salutary effects of consuming lower GI diets (2, 3, 52, 53).  The data also 
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help rationalize the need for intervention trials to test if lower GI diets slow 

progress of age-related disease. 

The 17- and 23.5-month-old mice exhibited more severe glucose 

intolerance, as indicated by higher AUC values, than comparably fed younger 

mice (Figures 2, 3) (16).  In addition, consuming the high GI diet as compared to 

the low GI diet was associated with higher AUC values in both 17- and 23.5-

month-old mice (Figures 2, 3).  More severe insulin resistance was also 

observed in the higher GI-fed mice of both age groups (Figures 2, 3).  We did 

not observe a difference in insulin resistance between 17- and 23.5-month-old 

mice fed the same diet.  Despite the increased AUC values and compromised 

insulin sensitivity in the high GI-fed groups, none of the mice in this study 

became diabetic.  Glucose and insulin levels were lower than those reported in 

diabetic mice (54, 55).  In fact, the glucose and insulin levels of the high GI-fed 

mice resembled those of healthy chow-fed mice, while consumption of the low GI 

diet protected mice against the expected age-related increases in feed-deprived 

glucose and insulin levels.  This low GI-mediated protection was more obvious in 

the older mice.  Indeed, the glucose and insulin levels in mice fed the lower GI 

diet were lower than levels that are often observed in similarly aged chow-fed 

mice (46, 47).  The advantages imparted by the low GI diet appear to be due in 

part to the higher amount of resistant starch in their diets compared to standard 

chow and the high GI diet (56, 57).  Increasing amounts of resistant starch have 

shown to improve insulin sensitivity (58, 59).  Also, low glucose and insulin levels 

may be mediated by the lower body weights of lower GI-fed mice.  The 
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differences in body weight between diet groups that we observed in the 17- and 

23.5-month-old mice are unprecedented.  The discrepancy between our results 

and those of previous GI interventions may be due to the advanced age of the 

mice in this study and this underscores the need to work with aged mice (11-14, 

16). 

Obesity is a risk factor for many chronic diseases including age-related 

macular degeneration, cardiovascular disease, metabolic syndrome and diabetes 

(60-62).  The absence of weight gain in the 17-month-old low GI group and the 

weight loss in the 23.5-month-old low GI group, suggests that a low GI diet may 

be used as an effective weight-loss tool.  Presumably, this diet would be 

beneficial for those suffering from chronic diseases in which obesity is a 

contributing risk factor.   

Intracellular levels of AGEs a) are considered markers of chronic stress, b) 

have been reported to accumulate with increased age and c) this accumulation is 

toxic in various cells (20, 63-67).  Our data indicate that consumption of a low GI 

diet confers protection against accumulation of AGEs, as observed most readily 

in the 23.5-month-old mice.  The prolonged chronic oxidative insults associated 

with aging contribute to AGE accumulation in tissue, and this further augments 

cellular stress (17, 20).  Accumulation of AGEs and protein carbonyls in multiple 

tissues of higher GI-fed mice indicates that the higher GI diet induces systemic 

oxidative, specifically glycative, stress in tissue, in addition to increasing glycation 

of blood proteins (Figures 2G, 4, 5).  
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It has been shown that upon mild stress, proteasome activity increases, 

while prolonged, chronic stress can cause proteasome activity to decrease (68).  

In retinal pigment epithelial cells, glycative stress did not alter proteasome 

activity, but the effects of consuming high or low GI diets on proteasome activity 

in mammalian tissues have not been documented (Uchiki et al, 2011 in press).  

We found that higher GI-fed mice had less proteasome activity in the heart 

(Figure 6A).  This is consistent with data from individual mice that suggest that 

insufficient proteolytic capacity is associated with accumulation of AGEs 

(Supplementary Figure S2).  However, proteasome activity was higher in the 

brain and perhaps the kidney of higher GI-fed mice (Figure 6B, C).  The 

hypothesis to be tested in a future larger study is that consuming lower GI diets 

protects against proteasome inactiviation.   

In summary, this GI intervention study has demonstrated that low GI diets 

confer protection from expected age-related increases in glucose and insulin 

levels and accumulation of AGEs in middle-aged and, most clearly, in older mice. 

Thus, older rodents appear to be a new model in which to study the benefits of 

consuming lower GI diets, and for testing of dietary or pharmaceutical 

interventions.  The association between systemic accumulation of AGEs and 

protein carbonyls, and diminished proteasome activity suggests that 

maintenance of efficient UPS-mediated degradation of AGEs may be one way in 

which low GI diets reduce risk for chronic disease.   
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4.7 Figure Legends 

Figure 1.  Study design composed of two age groups of C57BL/6 mice.  

Arrows indicate blood drawing throughout the study.  After the mice were killed, 

tissues were harvested and processed for biochemical analysis.  

 

Figure 2. Metabolic profile of 17-month-old C57BL/6 mice pair-fed a high or 

low GI diet.  Mice were fully acclimated onto a high or low GI diet by 6.5 months 

of age and were fed until 17 months of age.  A) Body weight of mice in the high 

GI (solid line) and low GI (dotted line) groups.  B) Feed-deprived blood glucose 
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was measured in the high GI (solid line) and low GI (dotted line) groups.  C) Area 

under the curve (AUC) for blood glucose during intraperitoneal oral glucose 

tolerance tests administered to high GI (black bars) and low GI (gray bars) 

groups.  D) Changes from baseline blood glucose levels following injection of 

insulin during intraperitoneal insulin tolerance tests at 14 (top panel) and 17 

(bottom panel) months of age (after 33 and 46 weeks of experimental diets, 

respectively).  Solid line represents the high GI group and dotted line represents 

the low GI group.  E) Feed-deprived insulin levels in 17-month-old mice in the 

high GI (black bar) and low GI (gray bar) groups.  F) Homeostatic assessment of 

insulin resistance (HOMA-IR) values for the high GI (black bar) and low GI (gray 

bar) groups at 17 months of age.  G) Levels of glycated hemoglobin in 17-month-

old mice fed high GI (black bar) or low GI (gray bar) diets.  For all graphs, error 

bars represent SEM.  * indicates a difference between diet groups, p < 0.05. 

 

Figure 3. Metabolic profile of 23.5-month-old C57BL/6 mice pair-fed a high 

or low GI diet.  Mice were fully acclimated onto a high or low GI diet by 17.5 

months of age and were fed until 23.5 months of age.  A) Body weight of mice in 

the high GI (solid line) and low GI (dotted line) groups.  B) Feed-deprived blood 

glucose in the high GI (solid line) and low GI (dotted line) groups.  C) Area under 

the curve (AUC) for blood glucose during intraperitoneal oral glucose tolerance 

tests administered to high GI (black bars) and low GI (gray bars) groups.  D) 

Feed-deprived insulin levels of 23.5-month-old mice in the high GI (black bar) or 

low GI (gray bar) groups.  E) Homeostatic assessment of insulin resistance 
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(HOMA-IR) values for the high GI (black bar) and low GI (gray bar) groups at 

23.5 months of age.  For all graphs, error bars represent SEM.  * indicates a 

difference between diet groups, p < 0.05. 

 

Figure 4.  Glycative stress in tissues from 23.5-month-old mice fed high or 

low GI diets.   Accumulation of MG-H1-modified protein was measured by 

Western blot in kidneys (A), hearts (C) and brains (E).  “H” indicates a sample 

from the high GI group (n=4), and “L” indicates a sample from the low GI group 

(n=6).  Ponceau S staining was used as a loading control. Blots shown are 

representative of the entire sample.  Densitometric accumulation of MG-H1-

modified protein in kidneys, hearts and brains relative to Ponceau staining is 

quantified in panels B, D, and F respectively, for all of the samples in each diet 

group.  Black bars represent samples in the high GI group and gray bars 

represent samples in the low GI group.  * indicates a difference between diet 

groups, p = 0.05.  Error bars represent SEM. 

 

Figure 5.  Oxidative stress in tissues from 17-month-old mice fed high or 

low GI diets.   Accumulation of protein carbonyls (A, C) was measured by 

Western blot in kidneys (A) and brains (C).  “H” indicates a sample from the high 

GI group (n=9) and “L” indicates a sample from the low GI group (n=8).  

Dinitrophenyl Hydrazine (DNP) antibody was used to detect protein carbonyls.  

Ponceau S staining (A) and R250 (C) were used as loading controls.  Blots 

shown are representative of the entire sample.  Densitometric accumulation of 
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carbonylated protein in kidneys and brains relative to loading control is quantified 

in panels B and D respectively, for all of the samples in each diet group.  Black 

bars represent samples in the high GI group, and gray bars represent samples in 

the low GI group.  * indicates a differences between diet groups, p < 0.05.  Error 

bars represent SEM. 

 

Figure 6.  Proteasome activity in heart, kidney and brain from 23.5-month-

old mice fed high or low GI diets.  Proteasome activity was measured in the 

hearts (A), kidneys (B) and brains (C) of 23.5 month old mice fed a high GI 

(black bar; n=4) or a low GI (gray bar; n=6) diet.  * indicates a difference between 

diet groups, p < 0.05.  Error bars represent SEM.   
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4.8 Tables 

 

Table 1.  Diet Composition. 
 

Ingredient 
High GI Diet 

(g/kg) 
Low GI Diet 

(g/kg) 

100% amylopectin (Amioca starch) 534 0 
70% amylose/30% amylopectin (Hylon VII starch) 0 534 

Casein 200 200 
Sucrose 85 85 

Soybean Oil 56 56 
Wheat Bran 50 50 

DL Methionine 2 2 
Vitamin Mix 10 10 
Mineral Mix 35 35 

Hydroquinone 8 8 
Macronutrient % of Total Energy 

Carbohydrate 65 65 
Protein 21 21 

Fat 14 14 
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4.9 Figures 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 

 
 
4.10 Supplementary Material 
Figure Legends 
 
Supplementary Figure S1.  Glycative stress in tissues from 17-month-old 

mice fed high or low GI diets.   Accumulation of MG-H1-modified protein was 

measured by Western blot in kidneys (A), hearts (C) and brains (E).  “H” 

indicates a sample from the high GI group (n=9), and “L” indicates a sample from 

the low GI group (n=8).  Ponceau S staining was used as a loading control.  Blots 

shown are representative of the entire sample.  Densitometric accumulation of 
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MG-H1-modified protein in kidneys, hearts and brains relative to Ponceau 

staining is quantified in panels B, D and F respectively, for all of the samples in 

each diet group.  Black bars represent samples from high GI-fed mice and gray 

bars represent samples from low GI-fed mice.  Error bars represent SEM. 

 

Supplementary Figure S2.  AGE accumulation and proteasome activity in 

the kidney and heart of individual 23.5-month-old mice that consumed a 

high or low GI diet.  MG-H1-modified protein was measured in kidney (A) and 

heart (C) using Western blot, with Ponceau S staining as a loading control.  

Chymotrypsin-like activity of the proteasome was measured using a fluorogenic 

peptide substrate in kidney (B) and heart (D).  In each panel, samples labeled 

“H1”, and “H2” were 23.5-month-old mice fed a high GI diet.  “L1” was a 23.5-

month-old mouse fed a low GI diet.  
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Figures 

 
Supplementary Figure S1. 

 

 
 



 

 
 

190

 
Supplementary Figure S2.
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Chapter 5. Summary and Discussion  

 In this work, we used two sets of C57BL/6 mice to corroborate human 

epidemiological findings that indicate that consuming higher glycemic index (GI) 

diets is associated with increased risk for early AMD (1-4).  We found that 

consumption of a higher GI diet increased the appearance of AMD-like lesions 

and increased accumulation of advanced glycation end products (AGEs) in the 

retina.  In testing our hypothesis we also established that high GI diets induce 

outer retinal pathology in C57BL/6 mice that is associated with AMD-like lesions.  

This intervention can be used as a platform on which to test drugs that may delay 

this disease. 

To determine if the relationship between dietary GI and AGE accumulation 

in tissues is systemic (and therefore begin to explain the role of GI in risk for 

diseases such as kidney disease, cardiovascular disease and neurodegenerative 

diseases), we also measured AGE accumulation in the kidneys, hearts and 

brains of high and low GI-fed mice (5-7).   Consumption of the higher GI diet led 

to systemic accumulation of AGEs that may be influenced by glycative stress-

induced changes in proteasome activity.  High GI-fed mice also had impaired 

glucose tolerance and more insulin resistance relative to the low GI-fed mice.  

The benefits conferred by the low GI diet in attenuating AGE accumulation were 

observed more clearly in 23.5- rather than 17-month-old mice.  Together, these 

data suggest that high GI diets exert a systemic stress that impairs glucose 

clearance and facilitates AGE accumulation in tissue.  This toxic accumulation, 

especially in the context of limited proteolytic capacity, may lead to tissue 
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damage, as observed by the appearance of AMD-like lesions in retinas that 

accumulated AGEs. 

 

5.1 Consumption of a Higher GI Diet Increases AMD-Like Lesions 

 To confirm the association between GI and AMD risk in a biological 

context, we measured the frequency and severity of AMD-like lesions in middle-

aged and older mice, fed high or low GI diets. In each diet group, AMD-like 

lesions such as basal laminar deposits, cytoplasmic vacuoles and loss of basal 

infoldings were more prevalent in the 23.5-month-old mice than in the 17-month-

old mice (Chapter 3, Figure 2).  Within each age group, these lesions were also 

more prevalent in the higher GI-fed mice (Chapter 3, Figure 2).  In addition to 

the lesions noted above, photoreceptor abnormalities, loss of nuclei in the inner 

nuclear layer, and accumulation of AGEs were found in the retinas of higher GI-

fed mice (Chapter 3, Figures 3-5).  Compared to all other diet and age groups, 

the 23.5-month-old high GI-fed mice exhibited the most AMD-like lesions, 

supporting epidemiological data linking both age and high GI diets with increased 

risk for early AMD.  In addition, the accumulation of putatively cytotoxic AGEs in 

higher GI-fed mice suggests that these modified proteins may be etiologic for 

age-related dysfunction and initiation of AMD pathology.    

 

5.2 Hydroquinone is Not Needed to Elicit AMD-Like Lesions 

 In our intervention, we used a dietary hydroquinone (HQ) model that was 

originally developed to investigate the effects of cigarette smoke on AMD (8).  
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Interestingly, comparison of rates of accumulation of AMD-like lesions between 

high GI diet-fed mice that were or were not treated with HQ indicated that 

inclusion of HQ in the diet did not accelerate the appearance of AMD-like lesions.  

In fact, basal laminar deposits, one of the most commonly used indicators of 

retinal aging and early AMD, were more prevalent in high GI-fed mice not 

exposed to HQ, than in high GI-fed mice exposed to HQ (Chapter 3, Figure 6) 

(9).  The frequency and severity of many other lesions such as lipofuscin, outer 

collagenous layer deposits, and cytoplasmic vacuoles were not different between 

the HQ-fed and non-HQ-fed mice.  In addition, HQ did not alter the effects of a 

high GI diet on glucose clearance, insulin resistance, or levels of glycated 

hemoglobin (Chapter 3, Supplementary Figure S1).  Collectively, these data 

indicate that in the presence of a high GI diet, HQ is not necessary to elicit 

features of early AMD in mice.  Therefore, the high GI-fed C57BL/6 mouse 

without HQ exposure can be used as a new model of early AMD in which to 

investigate other preventative interventions.  This is a major advantage since HQ 

is a carcinogen and experiments using HQ require special containment and 

significantly higher costs. 

 

5.3 Higher GI Diets Impair Glucose Metabolism in Middle-Aged and Older 

Mice 

 Assessment of the metabolic changes that accompany GI modulation in 

older rodents is crucial to understanding how dietary GI may influence risk for 

chronic diseases such as AMD.  Evaluation of glucose and insulin levels in 
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response to high and low GI diets has only been explored in young animals (1, 

10-19).  Interestingly, it has been shown that older and younger humans 

experience different changes in blood glucose levels following consumption of 

the same food (20).  Thus, to begin to understand how high GI diets may 

increase risk for chronic diseases such as AMD in an age-appropriate model, we 

measured several parameters of glucose metabolism in 17- and 23.5-month-old 

mice.  Unlike observations in humans, the blood glucose responses to high or 

low GI diets were similar across age groups in our study.  In 17- and 23.5-month-

old mice, consistent with reports from young mice, higher GI-fed mice (although 

not overtly diabetic) exhibited more severe glucose intolerance and insulin 

resistance (Chapter 4, Figures 2, 3) (16).  However, the higher GI-fed mice also 

had significantly greater body weight, which may have contributed to this glucose 

and insulin-related stress.   

The metabolic benefits of a low GI diet compared to typical rodent chow 

were similar in middle-aged and older mice.  The glucose and insulin levels 

observed in the low GI-fed mice were lower than those observed in similarly aged 

chow-fed mice (21-25).  Collectively, these data indicate that the metabolic 

benefits of consuming low- rather than high- GI diets extend to middle-aged and 

older mice as well.  Also, the data suggest that low GI diets can help delay age-

related impairment of glucose metabolism.  Together these findings support the 

role of lower GI diets in reducing risk for chronic disease.  

       

5.4 High GI Diets Increase Cellular Stress  
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In our mouse model of early AMD, we observed greater accumulation of 

AGEs in retinas of high GI-fed mice.  These mice also developed more advanced 

AMD-like lesions more frequently.  To determine if glycative stress in other 

tissues is involved in the association between dietary GI and diseases of those 

tissues, we measured the accumulation of AGEs in the kidneys, hearts and 

brains of 17- and 23.5-month-old high GI and low GI-fed mice.  Each of these 

tissues is damaged in a chronic disease that is associated with both high GI diets 

and AGE accumulation (3, 18, 26-69).  We found that consuming the higher GI 

diets was associated with systemic accumulation of AGEs and protein carbonyls 

in these tissues, and the most robust effects of GI were observed in the 23.5-

month-old mice (Chapter 4, Figures 4, 5).   

AGEs may accumulate if rates of formation outpace rates of removal.  To 

determine if accumulation of AGEs in these tissues could be due to insufficient 

proteolytic capacity, we measured proteasome activity in tissues of high and low 

GI-fed mice.  Changes in proteasome activity in response to the higher GI diet 

were not uniform across all tissues, suggesting that proteasomal activity was 

probably not rate determining in all tissues with regard to clearance of AGEs 

(Chapter 4, Figure 6).  The differences in proteasome activity in response to the 

high GI diet may be due to different antioxidant activities between these tissues.  

In rats, it has been shown that the brain and kidney have higher superoxide 

dismutase and catalase activity compared to the heart (70).  As a result, the high 

GI diet may induce only a mild oxidative stress in the brain and kidney, and a 

more severe stress in the heart.  It has been shown that under conditions of mild 
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stress (such as in the brains and kidneys of high GI-fed mice), proteasome 

activity may increase, while more severe stress (such as in the hearts of high GI-

fed mice) results in a decrease of proteasome activity (71-74).  Our observation 

of decreased proteasome activity in the heart, and increased proteasome activity 

in the brain and kidney is consistent with this theory.  Furthermore, data from 

individual mice suggested that AGE accumulation was inversely related to 

proteasome activity, supporting the hypothesis that AGEs accumulate in certain 

tissues under conditions of insufficient proteolysis (Chapter 4, Supplementary 

Figure S2).   

Collectively, these data suggest that older mice are more susceptible to 

the intracellular glycoxidative and oxidative stresses associated with 

consumption of high GI diets.  Therefore, future studies investigating the 

mechanistic link between GI and chronic disease would benefit from the use of 

old rather than young animals.  Furthermore, the association between AGE 

accumulation and diminished proteasome activity suggests that preservation of 

ubiquitin-mediated degradation may be one way in which low GI diets protect 

tissues from oxidative damage. 

  

5.5 Future Research 

These data indicate that consumption of a low GI diet limits the 

accumulation of AGEs and the appearance of AMD-like lesions in the retina, 

relative to consumption of a high GI diet.  The relationship between AGE 

accumulation and the UPS is less clear, since the response of the proteasome to 
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a high GI diet varied between tissues.  However, there was an inverse 

association between AGE accumulation and 20S proteasome activity in several 

tissues, supporting the involvement of the UPS in AGE metabolism.   

More research is required to more fully characterize these topics.  This 

exploratory study facilitated the identification of specific AMD-like lesions which 

were most affected by dietary GI.  However, the small sample size was not 

sufficient to capture the full magnitude of the effect of GI on the appearance of 

these lesions.   Having corroborated epidemiologic data regarding the influence 

of both age and GI on the appearance of these lesions in our model, it would be 

appropriate to repeat this study in larger cohorts of high and low GI-fed C57BL/6 

mice.  The incorporation of HQ into the diets would not be necessary.   

In this larger study, food restriction or other measures to maintain 

equivalent body weights between treatment groups should be used.  Finding 

similar results in larger studies would establish that the differing retinal 

phenotypes are due to different dietary GI, rather than the metabolic stresses 

associated with increased body weight.  Although body weight did not appear to 

correlate with the appearance of any of the retinal lesions in this pilot study, body 

weight differences may have influenced systemic stress levels.     

Inflammatory and oxidative stress pathways have both been implicated in 

AMD pathogenesis.  Our data suggest that oxidative stress plays a significant 

role in the appearance of AMD-like lesions in our model, as demonstrated by the 

deposition of AGEs in the retina.  We did not observe GI-related changes in 

inflammatory markers such as C5b-9 accumulation in the retina, or CRP in the 
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plasma.  However, there are many other inflammatory mediators that may be 

influenced by GI to modulate risk for AMD.  In the future, retinas of mice fed high 

and low GI diets should also be analyzed for deposition of other complement 

pathway proteins, recruitment of macrophages and activation of microglia.   

Characterization of how UPS activity is associated with AGE accumulation 

in the retina in the context of diets of different GI warrants further investigation as 

well.  High GI-induced changes in 26S (rather than 20S) proteasome activity 

should be measured (using ornithine decarboxylase as a substrate), along with 

the effects of a high GI diet and AGE accumulation on ubiquitin conjugate 

formation and degradation of UPS substrates.  Understanding how diet and 

AGEs influence UPS activity may help explain additional ways in which glycative 

stress and AGEs are involved in AMD pathogenesis.  Such findings would 

complement mechanistic data from RPE cell culture and in vitro studies (Uchiki et 

al, 2011, in press).  These studies have shown that glycative stress impairs UPS-

mediated degradation of substrates by inhibiting ubiquitin conjugate formation 

and activity of ubiquitin conjugating enzymes (Uchiki et al, 2011, in press).  

Inhibition of the UPS through glycative stress may promote degradation of 

substrates by other cellular protein quality control pathways such as through the 

lysosome (Uchiki et al, 2011, in press). 

The assessment of each of these parameters (appearance of AMD-like 

lesions, inflammatory markers, UPS activity) would ideally be measured serially 

in mice over the duration of the experimental feeding.  This chronological study 

 
 



199 
 
would not only provide insight into the molecular development of early AMD, but 

would indicate how AGEs and the UPS contribute to its progression. 

The data presented here indicate that dietary GI can modulate AGE 

accumulation in tissues (other than the eye) that are subject to chronic diseases 

characterized by accumulation of AGEs.  Thus, similar studies are warranted to 

begin to elucidate mechanisms that relate consuming diets with different GIs on 

AGE accumulation and pathology in heart, kidney and neuronal tissue. 

 

5.6 Implications for Public Policy 

 Verification of the relationship between dietary GI and disease in other 

model systems would further support the need for long-term human intervention 

studies to explore the benefits of lower GI diets on the age-related diseases 

noted above.  The results of such studies would greatly influence public health 

policy because intervention trials are considered to be the “gold standard.”  At a 

time when the proportion of our population that is elderly is growing rapidly and 

the health care budget is shrinking, more effective preventative health is urgently 

needed (75, 76).  Positive outcomes of such studies can be anticipated because 

drugs which simulated the effects of consuming lower GI diets were shown to 

delay the onset of diabetes and cardiovascular disease (CVD) (7, 10, 77-81).  In 

addition to the elderly, diabetes, insulin resistance, and CVD are more common 

in obese individuals, which now represent about 34% of the American population 

(82, 83).  These conditions are also characterized by high levels of AGEs (1, 2, 

10, 18, 19, 28-31, 79, 80, 84, 85).  Consumption of low GI diets for the purpose 
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of attenuating AGE accumulation may therefore significantly improve health 

prospects not only for the elderly, but especially for this overweight population 

(86).  Changing to lower GI diets would be relatively inexpensive and would 

dramatically reduce the financial and emotional burden of chronic disease in 

high-risk individuals such as the obese, and elderly.  
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Chapter 6. Appendix 

 In this exploratory pilot study, we evaluated a large number of parameters 

to begin to understand the relationship between dietary GI and AMD.  To 

maintain a clear focus for each of the papers included in this thesis, all of the 

data was not presented in Chapters 3 and 4.  The table below describes 

additional research questions that we addressed, with the corresponding results 

(Appendix Table 1).   These research questions should be asked again, in a 

larger cohort of animals.  
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6.1 Table 

Appendix Table 1.  Additional results. 

Research Question Experimental Results 

Does dietary GI 
modulate 

accumulation of C5b-
9 in the retina? 

No. We did not observe any difference in 
accumulation of C5b-9 in retinas of mice fed diets of 
different GI.  However, other components of the 
complement pathway may be affected by AGE 
accumulation in the retina or other tissues.  
Investigation of the expression of other complement 
proteins, as well as other indicators of inflammation 
such as activated microglia, in the retinas of high and 
low GI-fed mice will help clarify whether GI-related 
risk for AMD is modulated by inflammation. 

Does HQ modulate 
accumulation of 
AGEs or protein 

carbonyls in tissue? 

17-month-old mice fed high GI diets with HQ 
accumulated more AGEs in the kidney, but less 
protein carbonyls in the heart, than age-matched 
mice fed high GI diets without HQ. Should these 

results be confirmed in a larger study, this variability 
in the effect of HQ on markers of oxidative stress 

suggests that the magnitude of stress and the 
particular stress response pathways activated by HQ 

may vary between organs. 
Does dietary GI 

modulate levels of 
endogenous ubiquitin 

in tissue? 

No.  We did not find any GI-related difference 
in levels of ubiquitin conjugates in any of the tissues 
analyzed.  Dietary GI may still be modulating UPS 
activity, but changes in one end of the ubiquitin 
enzymatic cascade (such as proteasome activity) 
may be compensated by changes at the other end of 
the pathway (such as ubiquitin conjugate formation).  
Further investigation of each of these activities would 
clarify the particular stress of dietary GI on the UPS. 

Does dietary GI 
modulate levels of C-
Reactive Protein in 

plasma? 

No.  The relationship between CRP and 
dietary GI in mice has not been explored previously, 
and so this analysis should be repeated in a larger 
cohort of high and low GI-fed mice to confirm our 
preliminary findings. 

 
 


