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Abstract

Introduction: Metabolic syndrome is a disorder characterized by a constellation of findings 

including truncal obesity, elevated blood pressure, abnormal cholesterol levels, and high blood 

glucose. Recent evidence suggests that metabolic syndrome may be associated with increased risk 

of age-related macular degeneration (AMD) and other eye diseases. Recently, C57BL/6J wild-type 

mice fed with a “fast food” diet consisting of high fat, cholesterol, and fructose-supplemented 

water showed unique systemic pathology consistent with metabolic syndrome and nonalcoholic 

steatohepatitis. Additionally, these mice showed higher levels of fibrosis, inflammation, 

endoplasmic reticulum stress, and mitochondrial dysfunction compared to mice fed with only a 

high fat diet alone. Since similar pathways are activated in AMD, we sought to determine whether 

mice fed a “fast food” diet exhibited retinal changes.

Methods: 3-month old wild-type mice were randomized to a standard chow (n=11) or a “fast 

food” (n=18) diet and fed for 9 months. At 1 year of age, tissues were collected and retinas were 

analyzed using transmission electron microscopy. Quantitative measures of Bruch’s membrane 

thickness and retinal pigment epithelium (RPE) cell counts were performed.

Results: “Fast food” fed mice showed ocular pathology relevant to various stages of AMD 

including basal laminar deposits, focal thickening of Bruch’s membrane, and a significant loss of 

RPE cells.

Discussion/conclusion: A wild-type mouse model of metabolic syndrome fed a “fast food” 

diet developed changes to the retina similar to some of the pathologic features seen in AMD. 
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Further investigations into this and similar animal models as well as further epidemiological 

studies are needed to more clearly define the association between metabolic syndrome and AMD.
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Introduction

Increasing evidence is mounting that multiple aging eye diseases including age-related 

macular degeneration (AMD) are associated with metabolic syndrome 1–3. Metabolic 

syndrome represents a constellation of findings that includes enlarged waist circumference, 

dyslipidemia, systemic hypertension, and hyperglycemia 4, 5. With the increase in obesity 

rates, 1 metabolic syndrome is thought to affect nearly 1/3 of adults in the United States 4 

with increased rates of diagnosis among adolescents 6. While the underlying mechanisms 

associated with metabolic syndrome are not fully understood, altered cellular signaling in 

pathways of inflammation 7 and oxidative stress 8 may contribute to cellular stress, increased 

senescence and end organ damage 8. Additionally, nonalcoholic steatohepatitis (NASH) 

shares significant commonalities with metabolic syndrome particularly with similar 

molecular pathway involvement, clinicopathologic features and patients affected 5.

Recently, wild-type mice fed with a “fast food” diet as a model of metabolic syndrome/

NASH consisting of high fat, cholesterol, and sugar 9 showed similar obesity and insulin 

resistance to mice containing genetically altered inflammatory systems fed with a high fat 

diet alone. However, the “fast food” fed mice had more significant liver pathology consistent 

with steatohepatitis, including pronounced ballooning and progressive fibrosis. The liver 

morphology was consistent with NASH and was attributed to the presence of cholesterol and 

sugar along with high fat. Assessment of the hepatic transcriptome showed an increase in 

genes involved in inflammation, fibrosis, endoplasmic reticulum stress 9 and mitochondrial 

dysfunction 10.

Mice with genetic modifications in pathways associated with inflammation and oxidative 

stress, when fed a high fat diet, showed loss of retinal pigment epithelium (RPE), thickening 

of Bruch’s membrane, and sub-RPE deposits including basal laminar deposits (BlamD) 
11–17 which are pathologic features relevant to AMD 18. In contrast, wild-type mice fed a 

high fat diet alone and used as controls in these studies were reported to have either normal 

RPE and Bruch’s membrane morphology 12–14, 17 or developed subtle changes such as focal 

inclusions, condensation of Bruch’s membrane 16 or a rare cytoplasmic vacuole 15. These 

studies suggest that dietary high fat alone has minimal impact on retinal ultrastructure in 

normal mice. However, in mice with altered genetic mechanisms that affect cellular health 

such as impaired metabolism or augmented inflammatory response, the high fat diet makes 

them vulnerable to retinal pathology.

Since “fast food” fed mice exhibited a different systemic pathology than high fat fed mice, 

and since metabolic syndrome and inflammation are associated with ocular diseases such as 

AMD 19–22, we examined the retinal morphology in 1 year old C57BL/6J wild-type mice 

that were fed a “fast food” diet.
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Materials and Methods

C57BL/6J wild-type mice (Jackson Laboratories, Bar Harbor, ME) were fed with standard 

rodent chow (13% energy from milk fat, 0.9% saturated; PicoLab Rodent Diet 20, Lab Diet) 

and drinking water for the first 3 months of life. At 3 months, the mice were randomly 

selected to receive either a “fast food” diet (n=18) or maintained on standard rodent chow 

(n=11). The “fast food” diet provided 40% energy from milk fat (12% saturated) with 0.2% 

cholesterol (AIN-76 Western Diet, Test Diet), and drinking water supplemented with high-

fructose/glucose (23.1 g/L fructose, 18.9 g/L glucose). For the current study, the same diet, 

time-points, and strain of mice were used as previously described 9. Animals were 

maintained on the “fast food” diet or continued on standard rodent chow for 9 additional 

months (± 2 weeks). All experiments with animals were performed in strict accordance with 

the recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health and approval of the Institutional Animal Care and Use 

Committee (IACUC) of the Mayo Clinic.

At 1 year of age (± 2 weeks), “fast food” and standard rodent chow fed mice were 

euthanized and whole eyes were enucleated, fixed in 4% paraformaldehyde/0.1 M phosphate 

buffer, and prepared for transmission electron microscopy imaging as previously described 
23. Briefly, fixed whole eyes were post-fixed in osmium tetroxide, dehydrated in ascending 

ethanol concentrations, immersed in propylene oxide, and embedded in epoxy resin. Tissue 

blocks were sectioned at 100 nm, placed on copper grids, and stained with uranyl acetate 

and lead nitrate. Sequential micrographs from the posterior pole at similar distances from the 

optic nerve in all specimens were imaged using a JEOL 1400 transmission electron 

microscope (JEOL USA Inc., Peabody, MA). Images centered on the RPE were taken at 

5,000x and images centered over Bruch’s membrane were taken at 25,000x.

Images were compiled in a montage, de-identified, and reviewed in a masked manner for 

pathologic findings as well as cell counts and thickness measurements. To determine 

whether there was loss of RPE, RPE nuclei were counted. Number of RPE nuclei was 

expressed as cells/100 μm in each montage. To determine whether there were global changes 

in Bruch’s membrane thickness, montages were analyzed using Image Pro Premier which 

allowed Bruch’s membrane length to be measured and the area of Bruch’s membrane to be 

traced and computed for each specimen. Bruch’s membrane has been defined either as a 3-

layered structure 24 encompassing an inner and outer collagenous layer and a central elastic 

layer or as a 5-layered structure 25 that includes the adjacent basal lamina of the RPE 

anteriorly and the choriocapillaris posteriorly 26. For the purpose of measuring Bruch’s 

membrane, we used the 5-layered structure nomenclature and measured from the RPE basal 

lamina to the choriocapillaris basal lamina. Of note neither BlamD nor intercapillary pillars 

were included when determining Bruch’s membrane thickness.

A student’s t test was used for statistical analysis and values were considered significant at 

P<0.05.
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Results

“Fast food” mice exhibit changes to RPE

Histologic examination of C57BL/6J wild-type mice fed with standard rodent chow revealed 

intact RPE nuclei and no cytoplasmic vacuolation (Fig 1A, C). In contrast, mice fed with a 

“fast food” diet had cytoplasmic vacuolation (Fig 1B, D), loss of normal RPE architecture 

(Fig 1D, E), and loss of RPE nuclei (Fig 1B, D). The RPE of some “fast food” fed mice 

showed nuclear and cytoplasmic condensation with early nuclear fragmentation consistent 

with ultrastructural features of apoptosis (Fig 1F). Compared to mice fed a standard chow 

diet, mice fed a “fast food” diet had 32% fewer RPE nuclei (Fig 1G, 3.9 ± 1.0 vs 2.7 ± 1.4 

per 100 μm, P=0.01). Of the 11 wild-type mice fed a standard chow diet, none showed large 

vacuolated spaces, pyknotic RPE nuclei, or areas of RPE loss/attenuation. However, of the 

18 mice fed a fast food diet, 2 showed large vacuolated spaces, 4 showed pyknotic RPE 

nuclei, and 3 showed RPE loss/attenuation.

“Fast food” mice exhibit changes in Bruch’s membrane

A histological montage showing Bruch’s membrane of 1 year old C57BL/6J wild-type mice 

fed standard rodent chow revealed an intact Bruch’s membrane with an age-appropriate 

thickness 27 (Fig 1F, H) and no BlamD deposits. In contrast, Bruch’s membrane in 

C57BL/6J wild-type mice fed with a “fast food” diet appeared visually thicker in some areas 

in most animals with the presence of nearly confluent BlamD deposits (Fig 2B, G). 

Additional ultrastructural changes in mice fed a “fast food” diet included disruption of the 

RPE basal infoldings (Fig 2F) and accumulation of basement membrane-like material with 

nodular extensions into the region of the basal infoldings of the RPE (Fig 2G) and into the 

inner choroid (Fig 2H). Since mice fed a “fast food” diet had areas of thickening of Bruch’s 

membrane we sought to determine whether these changes were significantly different if 

quantified globally. When analyzed globally across the entire montage and while there was a 

trend towards slightly increased Bruch’s membrane thickness, the measurements were not 

statistically significant (Fig 2I, 0.37 ± 0.07 vs 0.40 ± 0.13 μm2/μm, P=0.4).

Of the 11 wild-type mice fed a standard chow diet, one showed mild and non-confluent 

BlamD in one area, one showed a focal area of Bruch’s membrane thickening >1μm, and 

none showed loss of basal infoldings or nodular extensions of basement membrane-like 

material. However, in mice fed a “fast food” diet, 4 had nearly confluent BlamD (see Fig 

2B), 6 had a focal area of Bruch’s membrane thickening >1 μm (See Fig 2D), 4 had loss of 

basal infoldings (see Fig 2F), and 3 had nodular extensions of basement membrane like 

material (see Fig 2G, H).

Discussion/Conclusion

“Fast food” diets likely play a major role in the development of obesity, insulin resistance, 

hypertension, and atherogenic dyslipidemia 28, 29, which are key elements of metabolic 

syndrome. As metabolic syndrome becomes increasingly more common 30, its potential as 

an underlying risk factor for other diseases needs to be investigated. Epidemiologic studies 

related to “fast food,” metabolic syndrome and its components as well as related findings 
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including high cholesterol are challenging due to imprecise definitions of the diets/

behaviors, the spectrum and overlap of systemic conditions, and multiple confounders that 

are often associated with diet and systemic health including exercise 31, 32.

10Though the data are conflicting in some clinical studies, progression to AMD has been 

associated with metabolic syndrome 1, 3 and it’s components, including hypertension 33, 34, 

abdominal obesity 35, 36, BMI 33, 34, 37–39 and high total serum cholesterol 40, 41. 

Additionally, minimal physical activity, low serum HDL, and elevated serum triglycerides 

have been associated with macular drusen, a hallmark of AMD 42. In contrast, other studies 

have found no association with some of these metrics, including obesity 43 and diabetes 44. 

Another association that initially received great consideration as being associated with AMD 

is high cholesterol, as histopathological studies showed high cholesterol content in drusen 

and aging Bruch’s membrane and several cholesterol-related genes were found to be risk 

factors for AMD 45. However, epidemiological studies have not shown this same degree of 

association. One study measured plasma apolipoproteins B and A-1, the principal proteins of 

low density and high density lipoproteins (LDL and HDL, respectively) and found no 

association with age-related macular disease 46. Interestingly, more recent studies have 

shown that HDL, which is protective for cardiovascular disease, was actually associated with 

an increased risk of AMD 47, 48.

The “fast food” fed mouse shares features of metabolic syndrome including insulin 

resistance, elevated serum lipids and cholesterol 9. Since the initial report, a longitudinal 

analysis has been performed examining hepatic changes at earlier time-points 10. 

Additionally the hepatic damage observed in mice fed a fast food diet can be accelerated 

with thioacetamide 49 or diminished with tacrolimus and everolimus 50. Our current study 

provides evidence that a wild-type mouse model of metabolic syndrome fed a “fast food” 

diet showed retinal ultrastructural changes relevant to AMD. This in vivo data supports some 

previous observations that metabolic syndrome may be an underlying risk factor for age-

related retinal changes relevant to AMD 1 and that additional in vivo and epidemiologic 

studies are needed. While previous studies have demonstrated pathologic changes relevant to 

AMD in mice fed a high fat diet, these mice required a genetic modification in pathways 

associated with inflammation and oxidative stress 11–17. In the current study, our mice did 

not have any underlying genetic anomalies but still developed outer retinal pathology 

following a diet high in fat, cholesterol, and sugar. Our findings suggest that the “fast food” 

diet is a causal factor associated with the ultrastructural changes in the retina. It appears that 

excess fructose and cholesterol in addition to high fat is necessary for manifestation of 

retinal changes in these mice, since previous studies in wild-type mice that were fed with a 

high fat diet alone did not report consistent changes in the retina 11–17. Other studies have 

commented on morphological changes to the retina and a decline in retinal function in mice 

fed a high fat diet, but no ultrastructural images were provided 30, 51. Studies of diabetic 

retinopathy have provided some insight into the effects of high sugar alone, though much of 

the work in diabetic retinopathy has utilized models of type 1 diabetes 52. Rats fed with a 

high fructose diet have exhibited altered retinal function and were shown to express genes 

involved in endoplasmic reticulum stress and mitochondrial dysfunction; however, 

ultrastructural changes in the retina were not evaluated 53. Some evidence does exist to 

implicate high cholesterol diet in the pathogenesis of age-related ocular changes. New 
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Zealand rabbits fed with a high cholesterol diet showed retinal thinning and vacuolated 

spaces with cellular evidence of increased apoptosis, endoplasmic reticulum stress, and 

oxidative damage 54. However, given the limited data surrounding these reports, it is 

currently unclear as to the extent in which various dietary components (fat, cholesterol or 

sugar) contribute to the pathogenesis of age-related ocular disease. Of note, a recent study 

showed that wild-type aged mice developed RPE and photoreceptor changes as well as 

lipofuscin accumulation when fed a high glycemic diet for one year 55. Future studies are 

necessary to evaluate the importance of high fat, high cholesterol and high sugar individually 

and in paired combination to identify which of the three dietary components (or 

combinations thereof) are involved in inducing altered retinal morphology in wild-type mice.

This study was limited by a single time-point description of morphological changes (1 year 

of age – 9 months on a “fast food” diet). However, it is important to note that mice fed with 

the standard rodent chow did not show alterations to outer retinal ultrastructure beyond what 

would be expected for mice of this age. In contrast, most wild-type mice fed a “fast food” 

diet demonstrated ultrastructural changes to the retina, with variation in the degree and 

specific pathologic changes within the spectrum of findings seen in AMD. Clinically, AMD 

is observed as a spectrum with presence of subretinal and sub-RPE deposits i that are 

associated with RPE loss and dysfunction and eventual progression to geographic atrophy 
56. It is also important to note that while the histopathologic features seen in mice fed a “fast 

food” diet have relevance to AMD, this diet-induced model does not exactly replicate the 

features seen clinically. For example, similar RPE vacuolation has been seen in mice 

previously 57, However, RPE vacuolation in human AMD is rare and the ultimate fate of 

such cells is not known 58, 59. Additionally, it should also be clarified that while BLamD are 

thought to be a marker of AMD progression 60, these deposits are distinct from soft drusen 

and basal linear deposits which are pathognomonic deposits in AMD 61, 62. Drusen and 

basal linear deposits are accumulations of extracellular material between the RPE basement 

membrane and the inner collagenous layer of Bruch’s membrane which is also known as the 

sub-RPE-basal lamina space as visible on spectral-domain OCT63–65. BLamD which we 

observed in are accumulations of basement membrane material between the plasma 

membrane and basement membrane of the RPE 66.

Though we only examined retina at a single time-point, we hypothesize that we are 

capturing animals at different stages in disease progression from sub-RPE deposits to 

Bruch’s membrane thickening to RPE dysfunction, vacuolation, and eventually RPE cell 

loss. While our study is descriptive in nature, the strong correlation between diet and retinal 

changes in these animals suggests that mice fed a “fast food” diet may be a model for 

studying pathological progression of retinal diseases and their relationship to dietary habits 

and metabolic syndrome. Though systemic markers of fibrosis, inflammation, endoplasmic 

reticulum stress, and mitochondrial dysfunction have been shown to be upregulated in non-

ocular tissues isolated from mice fed a “fast food” diet, future studies will be necessary to 

determine whether these same mechanisms are associated with development of AMD-like 

features in the retina. 9, 10.
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Figure 1. Retinal pigment epithelium ultrastructure in standard rodent and “fast food” fed mice.
(A) Montage of four adjacent transmission electron microscopy images (5,000x) showing 

the RPE of a 1 year old C57BL/6J wild-type mouse fed with a standard rodent chow diet. 

These mice have intact RPE nuclei (asterisk) and show no signs of vacuolation. (B) Montage 

of four adjacent transmission electron microscopy images (5,000x) showing the RPE of a 1 

year old C57BL/6J mouse fed with a standard rodent chow for the first 3 months of life 

followed by a “fast food” diet for the next 9 months. These “fast food” fed mice have RPE 

vacuolation (denoted with a plus sign) and only a few normal appearing nuclei (denoted with 

asterisks) compared to littermate controls (A) fed a standard rodent chow diet. (C) Mouse 

fed with a standard rodent chow diet reveals intact RPE nuclei (denoted with asterisk). RPE 

is bordered by a broken line. (D, E) Mice fed with a “fast food” diet reveal vacuolation (D, 

denoted with a plus sign), disorganization (D, E), and attenuation (E). (F) The RPE (outlined 

with a broken line) of mice fed a “fast food” diet exhibited ultrastructural features of 

apoptosis (denoted with asterisk), including nuclear and cytoplasmic condensation and 

nuclear fragmentation. (G) Compared to mice fed a standard chow diet, mice fed a “fast 

food” diet had significantly fewer RPE nuclei (3.9 ± 1.0 vs 2.7 ± 1.4 per 100 μm, P=0.01).]
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Figure 2. Bruch’s membrane ultrastructure in standard rodent and “fast food” fed mice.
(A) Montage of six adjacent transmission electron microscopy images (25,000x) showing 

Bruch’s membrane of a 1 year old C57BL/6J wild-type mouse fed with standard rodent 

chow. (B) Montage of six adjacent transmission electron microscopy images (25,000x) 

showing Bruch’s membrane of a 1 year old C57BL/6J mouse fed with a standard rodent 

chow for the first 3 months of life followed by a “fast food” diet for the next 9 months. The 

“fast food” fed mice have basal laminar deposits (BlamD) and thickening of Bruch’s 

membrane. (C) Mouse fed standard rodent chow reveals intact Bruch’s membrane (in 

brackets). (D, E) Thickening and disorganization of Bruch’s membrane (brackets) was found 

in C57BL/6J wild-type mice fed a “fast food” diet. (F) Mice fed a “fast food” diet showed 

loss of RPE basal infoldings with apparent vacuolation (region denoted by brackets). (G) 

Mice fed a “fast food” diet also had accumulation of basement membrane-like material with 

nodular extension (denoted by broken line) into the region of the basal infoldings of the 

RPE. (H) Nodular extensions of basement membrane-like material (denoted by broken line) 

into the inner choroid of the RPE. (I) There was no significant difference in Bruch’s 

membrane thickness when measured across the entire montage (0.37 ± 0.07 vs 0.40 ± 0.13 

μm2/μm, P=0.4).
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