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Abstract

Age-related macular degeneration (AMD) is a major blinding disease, affecting over 14% of the 

elderly. Risk for AMD is related to age, diet, environment, and genetics. Dietary modulation of 

AMD risk is a promising treatment modality, but requires appropriate animal models to 

demonstrate advantages of diet. Mice lacking the antioxidant transcription factor Nrf2 (Nfe2l2) 

develop age-related retinopathy relevant to human AMD. Here we evaluated the effect of 

consuming high glycemic (HG) or low glycemic (LG) diets until 18-months of age on 

development of features relevant to AMD in Nrf2-null mice. Nrf2-null mice that consumed HG 

diets developed atrophic AMD, characterized by photoreceptor degeneration, retinal pigment 

epithelium (RPE) atrophy and pigmentary abnormalities, basal laminar deposits, and loss of the 

choriocapillaris. In contrast, Nrf2-null-mice that consumed LG diets did not develop retinal 

disease phenotypes. Consumption of HG diets was associated with accumulation of advanced 

glycation end-products in the RPE and systemically, whereas consumption of the LG diet was 
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associated with increased levels of anti-glycative and anti-oxidative detoxification machinery. 

Together our data indicate that the Nrf2-null HG mouse is a good model for atrophic AMD studies 

and that the LG diet can activate protective pathways to prevent AMD, even in a genetically 

predisposed animal.
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Introduction

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

nations and prevalence of AMD is accelerating due to increasingly aging populations 

globally and a changing food environment. Advanced AMD can be neovascular (wet AMD), 

comprising approximately 15% of cases, or atrophic (dry AMD), accounting for the 

remaining 85% of cases. Whereas neovascular AMD can be treated using anti-angiogenic 

agents, there is no current treatment for advanced atrophic AMD, in which the retinal 

pigmented epithelium (RPE) degenerates, associated with loss of photoreceptor cells and 

visual dysfunction. Often, diagnosis only follows some loss of vision, making prevention 

challenging. A dearth of biochemical biomarkers for early AMD compounds this frustration, 

although decrements in retinal function have been documented (1).

Progression of intermediate to advanced AMD can be slowed in some patients via the 

AREDS2 supplements containing high doses of vitamin C, vitamin E, zinc, lutein, and 

zeaxanthin (2). Epidemiological evidence supports the notion that a healthy diet can prevent 

early AMD and progression to advanced AMD (3–5). In particular, consumption of healthy 

dietary patterns like the Mediterranean diet or low glycemic index diets seem to protect 

against AMD (5–11), whereas consumption of a Western dietary pattern or high glycemic 

index diets appear to increase risk for AMD (7, 12–14). Many of these findings have been 

corroborated experimentally in disease model systems, notably in mouse and primate 

models (15–18).

Understanding more about the etiology of AMD would inform about ways to delay onset or 

progress of the disease. Pathomechanistic investigations of AMD have been enhanced by the 

use of genetic and cellular model disease systems. Studies in mice and human RPE cells 

have shown that oxidative damage, lipid accumulation, mitochondrial dysfunction, 

inflammatory damage, and loss of protein quality control all are associated with AMD 

pathogenesis (19–24). Many of these mechanisms are recapitulated by dietary stress. 

Wildtype mice fed a high glycemic (HG) diet and aged to 24-months develop features of 

AMD, which can be arrested, and possibly even reversed, by dietary change to a low 

glycemic (LG) diet (18). We proposed that among mechanisms behind the HG diet-AMD 

connection is glycation-induced modification of bulk proteins, including accumulation of 

advanced glycation end-products (AGEs) in the eye (17, 18, 25). AGEs are formed by non-

enzymatic reaction of sugars or their catabolites with proteins and other biomolecules 

compounded by oxidative and other stresses. Collectively these modifications are known as 
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glycation. AGEs are cytotoxic and have been shown to be increased locally and systemically 

in AMD (26–30). Accumulation of AGEs compounds cellular vulnerability by impairing 

protein quality control processes that remove aggregated and damaged protein and lipid 

species (25, 31). Formation of AGEs can be limited by either reducing glycemia or by 

reducing oxidative stress; both mechanisms also appear to reduce risk for AMD (2, 32).

Nrf2 is a transcription factor that targets and upregulates key antioxidant systems including 

glutathione and thioredoxin, phase I and phase II detoxification machinery, NADPH 

regeneration, heme and iron metabolism (33). Nrf2 also activates glyoxalase I (Glo1), which 

detoxifies precursors of AGEs, including methylglyoxal, the major glycating product of 

glucose catabolism, thus preventing AGE formation (34–37). Nrf2 itself is glycated, leading 

to diminution of its antioxidant function (38). Additionally, Nrf2 helps to regulate metabolic 

and autophagic pathways, which together preserve protein quality control and cellular health 

(39, 40). These functions are, in part, via the role of Nrf2 in maintenance of mitochondrial 

biogenesis, distribution, and function (40–42). Nrf2 regulates mitochondrial biogenesis in 

concert with PGC-1α, a critical transcriptional regulator of mitochondrial biogenesis (43). 

Consistent with these diverse cellular functions, loss of Nrf2 in mice damages many organs 

systems, such as the liver, lung, and brain, and predisposes mice to several neoplasias (44–

48).

In the eye, loss of Nrf2 renders mice susceptible to vascular damage caused by ischemia-

reperfusion injury (49). The eyes of Nrf2-deficient animals show signs of retinopathy, 

including AMD features, between 12–16 mo. of age (50, 51). In response to a high-fat diet, 

Nrf2-null mice develop more extensive RPE degeneration, characterized by subretinal 

drusenoid deposits that progress in size and number (51). The AMD-like phenotypes are 

further worsened by combined loss of Nrf2 and PGC1α. Together these suggest that 

mitochondrial damage and reactive oxygen species generation caused by PGC1α deficiency, 

coupled with an impaired antioxidant response caused by Nrf2 deficiency, leads to AMD 

pathogenesis (52). Conversely, overexpression of Nrf2 can rescue retinal degeneration in an 

inherited model of retinitis pigmentosa (53). Nrf2 can also be activated by other 

cytoprotective pathways, such as the sigma1 receptor chaperone, to rescue cone 

photoreceptor degeneration (54). In response to high-fat dietary stress, cigarette smoke, 

exogenous oxidative stress, and aging, Nrf2 function declines, contributing to RPE 

degenerative processes (55, 56), resembling those occurring in geographic atrophy, a late 

form of dry AMD. Nrf2 is thus related to AMD etiology through the increase in oxidative 

damage in the RPE during normal aging, functional decline of Nrf2 transcriptional responses 

in the RPE during aging, and transcriptionally-independent functions of Nrf2 in maintenance 

of mitochondrial quality control (57).

Here we sought to understand the interaction of diet-induced glycemia, as elicited by the 

same amount of less or more readily digested carbohydrate, on age-related retinal health 

within the context of Nrf2 deficiency. Specifically, we tested the hypothesis that feeding 

Nrf2-null mice an HG diet would induce glycemic and glycative stresses that would lead to 

progressive eye pathology. Conversely, we expected that the LG diet would promote health 

in both wildtype and Nrf2-null mice. We found that Nrf2-null mice fed HG diets developed 

atrophic AMD-like disease, but Nrf2-null mice fed LG diets were protected from 
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retinopathy at 18-months of age. Therefore, Nrf2-null mice fed an HG diet represent a new 

accelerated model relevant to dry AMD, and the LG diet represents a potential therapeutic 

intervention to limit risk or progress of AMD.

Results

In order to test whether diet can modulate ocular phenotypes in Nrf2-null mice, we fed male 

Nrf2-null mice calorically matched HG or LG diets, beginning at 12-weeks of life 

(simplified hereon as Nrf2-HG or Nrf2-LG). Food consumption was monitored and mice in 

HG or LG groups were fed the same amount of food such that both groups consumed equal 

amounts of diets. They were killed at 18-months. Nrf2-HG mice gained weight and became 

obese, comparable to wildtype mice fed HG diets (WT-HG) (18, 58, 59), but different from 

Nrf2-null mice that are generally resistant to obesity when fed high-fat diets (60). In 

comparison, Nrf2-LG mice, like wildtype mice fed LG diets (WT-LG), remained lean 

throughout the study (Fig. 1A,B). The difference in weights was due to increased fat mass in 

the Nrf2-HG mice (Fig. 1B). Along with increased fat mass, Nrf2-HG mice were 

hyperglycemic and glucose intolerant, while Nrf2-LG mice maintained normal glycemia 

(Fig. 1C,D). Nrf2-HG mice had increased levels of fasting plasma insulin, indicating that 

they were insulin resistant (Fig. 1E).

In order to assess effects of elevated glycemia on retinal health of Nrf2-null mice fed HG or 

LG diets, we performed histological analysis of retinas from 18-month old mice. First, we 

compared Nrf2-null mice fed HG or LG diets to WT mice fed identical diets. WT-LG or 

Nrf2-LG mice had intact, normally laminated retinas and a typical monolayered RPE (Fig. 

2A,B, S1A,B). 18-month WT-HG mice also had grossly normal retinal lamination and 

structure (Fig. 2C, S1C), although quantitative studies did reveal mild thinning of the ONL 

(Fig. 2I). In comparison, Nrf2-HG mice presented with many retinal abnormalities, 

including a dramatic thinning of the ONL (Fig. 2D–F, 2I) and atrophy of the RPE (Fig. 2D–

F, S1D-F). RPE atrophy was observed both localized (Fig. 2D, 2F, S1D, S1F) or more 

broadly (Fig. 2E, S1E) and was often associated with more dramatically thinned ONL. Some 

Nrf2-HG retinas developed large lesions that displaced the RPE and overlying 

photoreceptors (Fig. 2F, S1F). We also observed detachment of the RPE from Bruch’s 

membrane (Fig. 2G,H, S1G,H), hypopigmentation of the RPE (Fig. 2H, S1H) and 

dysmorphia of the RPE (Fig. 2H) in Nrf2-HG retinas. Together, the retinal phenotypes 

observed in Nrf2-HG mice resemble those seen in dry AMD in humans, particularly RPE 

atrophy, photoreceptor loss, pigmentary changes, deposits, and RPE dysmorphia (61–63).

In order to better quantify phenotypic changes and variance, we quantified ONL thickness 

across the whole retina in 18-month WT and Nrf2-null mice fed HG or LG diets (Fig. 2I). In 

both genotypes, HG-fed mice had thinner ONLs than LG-fed mice, and Nrf2-null mice had 

thinner ONLs than WT mice. To more easily relate ONL thinning to other parameters, we 

computed a retinal damage score, calculated as the inverse of the area under the ONL 

thickness curve and scaled so that 24-month WT LG-fed mice had a score of 0, as we did 

previously (Fig. 2J and (18)). A retinal damage score less than 0 indicates a thicker ONL 

than 24-month WT LG-fed mice, typically observed in younger mice (18). Hence, larger 

positive values indicate worse scores. Consistent with the crucial protective role of Nrf2, 
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both diet groups of Nrf2−/− mice had higher retinal damage scores than WT-LG mice (Fig. 

2J). Nrf2-HG mice had retina damage scores that were significantly higher than WT-HG 

mice (P=1.2×10−5) and Nrf2-LG mice (P=1.4×10−6) (Fig. 2J). Strikingly, Nrf2-LG mice had 

retinal damage scores similar to those observed in WT-HG mice. On average 18-month 

Nrf2-HG retina damage scores were higher than 24-month WT-HG-fed mice (11.8 +/− 3.3 

for Nrf2-HG and 6.4 +/− 3.9 for WT-HG (Fig. 2J and (18))). Using a general linear model, 

we found that diet and genotype were each significantly associated with retinal damage 

score (diet: P=3.7×10−9; genotype: P=8.1×10−8), but there was no gene-diet interaction 

(P=0.56).

Another indicator of AMD in humans is pigmentary abnormalities, both hyper and 

hypopigmentation, which may be related to earlier RPE changes. We found that Nrf2-HG 

mice had broad areas of hypopigmentation as well as hyperpigmentation, whereas Nrf2-LG 

mice had more typical fundus appearances of 18-mo. mice (Fig. 3A–D). Histological 

analysis of the RPE revealed overall quantitative hypopigmentation of Nrf2-HG RPE (Fig. 

3E–H), as well as RPE thinning and atrophy (Fig. 3E,F, I, J). We observed a linear 

relationship between RPE hypopigmentation or RPE thinning and retina damage score (Fig. 

3H, J), consistent with the relationship between RPE and photoreceptor degeneration that is 

seen in atrophic AMD in people.

Several additional hallmarks of AMD were visualized in electron micrographs (EM) of 18-

mo. RPE. Nrf2-LG RPE often showed several large spindle-shaped pigment granules 

(melanosomes) and intact mitochondria overlying the basal infoldings, similar to the 

appearance of WT LG-fed mice (Fig. 4A, Supplementary Fig. 2) and healthy younger mice 

(64). In contrast, Nrf2-HG RPE had many disease features usually observed in mouse AMD 

models, including large basal laminar deposits (Fig. 4B), accumulation of lipofuscin 

granules (Fig. 4B, 4C, 4I), and loss or displacement of basal infoldings. Incidences of 

hyperpigmentation and hypopigmentation seen in fundus imaging and histology were also 

evident at the cellular level (Fig. 4D–E). We also observed severe mitochondrial 

degeneration in Nrf2-HG RPE, as indicated by vacuolated and swollen mitochondria (Fig. 

4C–E). Finally, we occasionally observed infiltrating cells, likely monocytes/macrophages, 

between the RPE plasma membrane and Bruch’s membrane (Fig. 4F). Recruitment of 

macrophages to Bruch’s membrane has been observed in human AMD, sometimes in 

association with lipid-filled debris (65).

In order to corroborate the findings above, we quantified cytosolic area and numbers of 

lipofuscin granules from Nrf2-null LG or Nrf2-null HG RPE EM images. As might be 

expected if cellular area is displaced by deposits or vacuoles, cytoplasmic area was 

quantitatively smaller in Nrf2-null HG RPE than Nrf2-LG RPE (Fig. 4G), and negatively 

associated with retina damage score (Fig. 4H). Lipofuscin granules were increased in Nrf2-

null HG RPE (Fig. 4I), and positively associated with retina damage score (Fig. 4J). 

Increased lipofuscin granules and decreased cytoplasmic area was also observed in 18-mo. 

RPE from WT HG-fed (Supplementary Fig. 2C,D).

We also evaluated Bruch’s membrane and the choriocapillaris. Nrf2-LG RPE had a normal 

pentalaminar Bruch’s membrane and well-defined fenestrated choriocapillaris (Fig. 5A, 
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S3A-C) whereas Nrf2-HG RPE was associated with basal deposits, including outer 

collagenous layer deposits (Fig. 5B–C), irregular and possibly lipid-filled deposits within 

Bruch’s membrane (Fig. 5D–F), and other irregular deposits or debris within Bruch’s 

membrane (arrow, Fig. 5B). We also observed frequent loss of the choriocapillaris and larger 

choroidal blood vessels in the Nrf2-HG eyes (Fig. 5B, 5D–F, S3D-F), in some cases leading 

to the direct juxtaposition of the normally distally located choroidal melanocytes directly 

against Bruch’s membrane (Fig. 5F, S3D). When present, the choriocapillaris was 

constricted down the diameter of a red blood cell, had lost endothelial cell fenestrations, and 

sometimes contained macrophages, a finding observed in AMD (66) (Fig. S3D-F). We 

confirmed our EM-based analyses in sections from Nrf2-LG or Nrf2-HG eyes using 

Isolectin B4 to label blood vessels or autofluorescence as a surrogate for lipofuscin levels 

(Fig. 5G–J). Nrf2-LG eyes showed intact choriocapillaris, large choroidal blood vessels, and 

minimal autofluorescence, whereas Nrf2-HG eyes exhibited large regions devoid of the 

choriocapillaris and choroidal blood vessels, as well as increased and punctate 

autofluorescence within the RPE (Fig. 5I, J).

Taken together, our histological and ultrastructural characterizations of Nrf2-null eyes 

indicate that Nrf2-HG mice develop multiple, sometimes advanced, features of atrophic 

AMD, particularly RPE atrophy and loss of the choriocapillaris, while Nrf2-LG mice do not 

develop notable AMD phenotypes.

Next we explored a molecular basis for the diet-induced phenotypic differences between 

Nrf2-LG and Nrf2-HG animals. Nrf2 functions as an anti-glycation factor through activation 

of anti-oxidant pathways and by activating Glo1, the enzyme that is responsible for 

detoxifying the major glucose-derived metabolite and glycation agent, methylglyoxal. 

Consistent with these ascribed functions, Nrf2-null mice had twice the concentration of a 

major plasma AGE, MG-H1, than WT mice (Fig. 6A).

Within Nrf2-null mice, Nrf2-HG mice had increased plasma concentrations of pentosidine, a 

cross-linking AGE, and fructosyl-lysine, an early AGE product, compared with Nrf2-LG 

mice (Fig. 6B,C), consistent with the elevated glycemia observed in Nrf2-HG mice.

We also assessed AGE accumulation in the retina. Two different types of AGEs, Nω-

(carboxyethyl)arginine (CEA), derived from methylglyoxal, and glucosepane, a cross-

linking AGE, were both markedly increased in the RPE and choroid of Nrf2-HG mice, 

compared to Nrf2-LG mice (Fig. 6D–H). Differences in levels of AGEs were not clearly 

observed within the neural retina. Taken together, these data support the hypothesis that that 

Nrf2-LG RPE possesses increased capacity to detoxify or proteolytically remove AGEs 

relative to Nrf2-HG RPE.

We hypothesized that antioxidant and antiglycative enzymes, even those that are direct 

transcription targets of Nrf2, may be upregulated in Nrf2-LG RPE. To test this hypothesis, 

we evaluated the levels of three different enzymes that are targets of Nrf2 but may also be 

regulated in Nrf2-independent pathways. Copper-Zinc Superoxide Dismutase 1 (SOD1) 

mitigates oxidative stress, Glo1 limits formation of methylglyoxal, and Glutamate-Cysteine 

Ligase Modifier Subunit (GCLM) regulates synthesis of the major biological antioxidant 
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glutathione. All three proteins showed modestly increased levels in the RPE of Nrf2-LG 

mice compared with the Nrf2-HG (Fig. 7A–G).

Discussion

Given the dire need to combat the growing epidemic of AMD, it is crucial to develop 

treatments for AMD. This is particularly true for dry (atrophic) AMD, for which there are no 

remedies currently available. Our data establish Nrf2-HG mice as a new and potentially 

valuable model for atrophic AMD, and suggest a dietary intervention to delay AMD 

phenotypes. Compared with WT-HG mice, which develop AMD phenotypes at 24-months, 

Nrf2-HG mice show more severe phenotypes that are obvious at 18-months. Many of these 

lesions approximate those of advanced dry AMD, such as loss of the choriocapillaris and 

photoreceptors, mitochondrial degeneration, and basal deposits. We also demonstrate the 

ability to limit these phenotypes via intake of an LG diet. The LG diet exploited here is 

attractive in that it is comparable to human diets that are rich in whole grains and high in 

fiber, which have been shown to protect from AMD (6–10). Our data can be compared to 

other gene-diet studies that modulated AMD outcomes using different levels of dietary fats, 

cholesterol, or protective gene variants compared to AMD-associated gene variants (19, 67–

70).

The Nrf2-HG model may also be useful for evaluating the role of the outer retinal 

vasculature in AMD. Imaging studies in human AMD have suggested that impaired 

choroidal blood flow precedes geographic atrophy (71). Furthermore, choriocapillaris 

degeneration is becoming better appreciated as a critical component of AMD and its 

progression to geographic atrophy (72). The RPE thinning and sub-RPE deposits, Bruch’s 

membrane abnormalities, and loss of choriocapillaris in Nrf2-HG eyes suggest that the Nrf2-

HG model should be useful for exploring the involvement of these tissues and the outer 

retinal vasculature in AMD and for testing drugs to preserve function of these tissues and 

cells. As with Nrf2-null high-fat diet-fed mice these Nrf2-HG mice had accelerated RPE 

degeneration and choroidal abnormalities but we did not observe significant subretinal 

drusen deposits and cell infiltration (51). Longitudinal imaging studies, coupled with tissue-

specific knockouts of Nrf2, could further pathomechanistic understanding.

Our observation of ultrastructural changes and apparent mitochondrial degeneration in Nrf2-

HG RPE (Fig. 4) indicate that the Nrf2-HG mouse may also be a useful model to study the 

role of mitochondrial dysfunction in AMD. This is of growing interest since mitochondrial 

degeneration has been directly or indirectly connected to human AMD (73–76). Experiments 

that directly target mitochondrial function in the RPE, such as in vivo delivery of PGC1α or 

pharmaceutical mimetics (77), may help elucidate the role of mitochondria in this AMD 

model.

What might be biochemical mechanisms by which the HG diet imparts damage to the 

retina? The accumulation of cytotoxic AGEs in the RPE of Nrf2-HG mice may be a critical 

pathogenic step explaining the observed RPE atrophy. Several different models could 

explain the AGE accumulation. A general explanation is that AGEs accumulate in Nrf2-HG 

mice due the chronic hyperglycemia, leading to higher levels of AGE precursors in 
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circulation. This hypothesis is supported by findings of higher levels of the AGE precursor 

fructosyl-lysine in the plasma and CEA/MG-H3 in the RPE of Nrf2-HG mice compared 

with Nrf2-LG mice (Fig. 6,7). However, other AGEs including MG-H1 were not increased 

in the plasma of Nrf2-HG mice.

Another model invokes protective machineries, i.e. that Nrf2-LG RPE has enhanced 

machinery to detoxify AGE precursors or proteolytically remove AGEs. In addition to the 

data indicated above and prior precedent, this model is supported by the finding of higher 

levels of Glo1, SOD1, and GCLM in the Nrf2-LG RPE (Fig. 7). Data from our group and 

others suggests that activation of protein quality control pathways like autophagy and the 

ubiquitin proteolysis system may facilitate removal of AGEs (25, 78–80). A corollary of this 

hypothesis is that upon aging and glycative stress, protective machineries are rendered less 

functional and/or insufficient to process the debris load that they encounter. Thus, damages 

and loss of function accrue at increasing rates. With limited antioxidant potential in a 

chronic high glycemic stress environment, the Nrf2-HG mouse typifies this, presenting 

features of AMD 6-months earlier than WT mice under the same conditions. The fact that 

we see differences in antioxidant enzymes and AGEs primarily in the RPE, corroborates 

decades of research indicating that the RPE is the processing site for retinal debris. 

Understanding the mechanisms of AGE formation and clearance in the RPE may reveal 

novel targets for AMD.

As the relationship between an LG diet and health in Nrf2-null mice appears similar to that 

seen in WT mice, there appear to be Nrf2-independent protective beneficial mechanisms that 

are reaped when consuming the LG diet. Metabolism is impacted by Nrf2 status and diet 

(81). Mice fed LG diets have higher levels of citric acid cycle intermediates like alpha 

ketoglutarate, fumarate, and malate, suggesting that the LG diet may promote oxidative 

phosphorylation over glycolysis (18). In order to spare energy for photoreceptors, RPE and 

photoreceptors use different sources of energy. Photoreceptors access glucose for survival, 

while RPE cells largely rely on lactate for oxidative phosphorylation (82). Dysregulated 

metabolism in the RPE, for instance via activation of the mTORC1 pathway, leads to RPE 

degeneration (83). RPE cells from AMD patients show altered bioenergetics, in particular 

reduced mitochondrial and glycolytic functions (76). This model is supported by the 

observation of improved RPE mitochondrial metabolism upon activation of AMPK signaling 

via metformin (84). The LG diet, therefore, may mirror metformin treatment to reduce 

glycemia and activate AMPK signaling.

Another mechanistic possibility is that the diet may indirectly affect AMD outcomes via the 

microbiome and gut health. The LG diet is known to affect the composition of gut 

microbiota (18). The gut microbial ecosystem is associated with, and may lead to reduced 

systemic inflammation (85), an established contributor to AMD pathogenesis (86–88). 

Patients with AMD have a significantly different gut microbiome than healthy controls (89). 

Nrf2-null mice have impaired gut barrier function, leading to bacterial endotoxin 

translocation across the gut (90). Hyperglycemic mice have similar phenotypes (91). Thus 

LG diet may enhance gut barrier function via effects on both microbiota composition and 

restoration of glycemic control.
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Natural compounds that can activate the Nrf2 pathway, including the microbial metabolite 

urolithin A, derived from polyphenol-rich berries, or sulforaphane, a derivative of 

glucoraphanin that is found at high levels in cruciferous vegetables, similarly improve gut 

barrier function (92, 93). Direct injection of sulforaphane into the blood of mice or dietary 

consumption of glucoraphanin-rich broccoli sprout extract has been shown to improve 

metabolism and protect against diabetes (94). Therefore, pathways that can exploit Nrf2 or 

its functionality represent promising interventional targets to treat disease, particularly age-

related diseases, where function of Nrf2 diminishes with age and oxidative stresses increase 

(21, 56).

Our work also expands knowledge about Nrf2-dependent functions in the eye and elsewhere. 

For example, the loss of photoreceptors cells in Nrf2-LG mice beyond what is observed in 

18-month WT-LG mice (Fig. 2) or 24-month WT-LG mice (18), indicates diet-independent 

functions of Nrf2 in the eye. Similarly, Nrf2-HG mice developed AMD phenotypes beyond 

what is observed in WT-HG mice. Other diet-independent Nrf2-dependent phenotypes 

include liver cirrhosis and hepatocellular carcinoma (see Methods). We also defined diet-

related phenotypes that were Nrf2-independent. These include effects of the HG diet on 

body weight and glucose tolerance (Fig. 1). Nrf2-null mice have impaired glucose tolerance 

when fed regular chow, due to a decreased islet volume and decreased hepatic expression of 

ChREBP, associated with decreased lipogenesis (95). Improvements of glycemia in Nrf2-LG 

mice may target the pancreas or the liver. The development of obesity and insulin resistance 

in Nrf2-null HG mice is somewhat surprising, since Nrf2-null mice have been reported to be 

resistant to diet-induced obesity (60). HG-induced obesity is preceded by impaired fat 

oxidation, which leads to elevated lipogenesis in the liver, increased insulin secretion, and 

further obesity (59, 96), a mechanism that is Nrf2-independent. The combination of Nrf2-

independent and diet-independent functions in this animal model explains in part the lack of 

a clear gene-diet interaction and suggests benefits for optimizing both diet and enhancement 

of Nrf2 function in human populations.

In summary, our work indicates that the Nrf2-HG mouse is a new, accelerated model of 

atrophic AMD that provides opportunities to define critical pathogenic mechanisms for 

AMD development and timing windows for pharmaceutical or nutritional interventions. We 

describe one particularly promising intervention, the LG diet. Nrf2-LG mice had enhanced 

detoxification machinery in their RPE and were resistant to retinopathy described in Nrf2-

null mice fed either regular diets or HG diets. The data presented also corroborate a 

significant body of prior laboratory investigation and human epidemiologic data that indicate 

that favoring LG carbohydrates over HG carbohydrates in the diet may provide an 

achievable, low-cost way to prolong retina function. That consuming low LG diets can limit 

the earliest indicators of AMD suggests that similar diets can be useful to delay loss of 

vision coincident with AMD. Optimizing Nrf2 or its functionality represent additional 

promising targets to treat age-related diseases, where function of Nrf2 diminishes with age 

and oxidative stresses increase (21, 56).
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Materials and Methods

Animals and diets:

Nrf2 +/− and Nrf2 −/− mice (allele: Nfe2l2tm1Ywk), maintained for at least 10 generations on 

a C57BL/6J genetic background, were obtained from Michael Freeman (Vanderbilt 

University) and Jackson Laboratories (Bar Harbor, ME) respectively, and were interbred to 

generate Nrf2 −/− mice.

Animals were fed standard chow ad libitum (Teklad 7012, Harlan Laboratories, Madison, 

WI) until 3-months of age, at which time they were placed on study diet. Thirty-nine Nrf2 −/

− male mice were randomized into groups of 20 HG-fed mice and 19 LG-fed mice. Diets 

contained identical macronutrient compositions with the exception that the HG starch was 

composed of 100% amylopectin (Amioca starch, Ingredion Inc., Bridgewater, NJ), while the 

LG starch was composed of 70% amylose/30% amylopectin (Hylon VII starch, Ingredion 

Inc., Bridgewater, NJ)(17). Diet composition was 542 g/kg starch, 200 g/kg casein, 85 g/kg 

sucrose, 56 g/kg soybean oil, 50 g/kg wheat bran, 2 g/kg DL methionine, 10 g/kg vitamin 

mix, and 35 g/kg mineral mix. Macronutrient energy percentages were 65% carbohydrate, 

21% protein, and 14% fat for both HG and LG diets. All diets were formulated by Bio-Serv 

(Frenchtown, NJ). Mice were group pair-fed to ensure equal consumption between diet 

groups.

Body composition analysis was performed at 13-months using an EchoMRI-700 to measure 

fat mass and lean body mass. At 18-months of age, mice were anesthetized with ketamine 

and xylazine, the fundus was photographed using a Micron III retinal microscope (Phoenix 

research labs, Pleasanton, CA), and fluorescein angiography images were acquired 

following intraperitoneal injection of fluorescein (Acorn). Mice were fasted for 6 hours and 

were subsequently killed. All animal work was performed at the Tufts University HNRCA 

and approved by the Tufts University IACUC in adherence with the ARVO statement for the 

use of animals in ophthalmic and vision research. Animals deemed to be in poor health were 

euthanized and excluded from the analysis. In total, 16 Nrf2-null HG mice (Nrf2-HG) and 

17 Nrf2-null LG mice (Nrf2-LG) were included in the final analysis. 5 Nrf2-HG and 4 Nrf2-

LG mice were found to have liver tumors upon necropsy.

Intraperitoneal glucose tolerance test and Insulin measurement:

Intraperitoneal glucose tolerance tests (IPGTT) were performed at 10-months. Mice were 

fasted for 6 h before IPGTT. 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) to obtain fasting 

glucose levels. For the glucose tolerance test, 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 15, 30, 60 and 120 min after injection, repeated blood glucose measurements 

were performed as with the first measurement.

Insulin was measured at 18-months from fasted plasma samples, taken immediately prior to 

killing the mice, using the ultrasensitive mouse insulin ELISA kit, according to the 

manufacturer’s instructions (Crystal Chem, Elk Grove Village, IL)
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Transmission Electron Microscopy (EM) and Light Microscopy Analysis:

Eyes were removed and immediately fixed in EM fixative (2.5% glutaraldehyde, 2% 

paraformaldehyde, with 0.025% (w/v) CaCl2 in 0.1M sodium cacodylate buffer, pH 7.4). 

Eyes were washed 2 × 10 min in 0.1M sodium cacodylate buffer containing 5% sucrose, 

post-fixed 3.5 h in 1% osmium tetroxide in 0.1M cacodylate buffer containing 2% sucrose, 

washed 1 × 10 min in buffer and 1 × 10 min in distilled water (DW), and held in 4% uranyl 

acetate 1 h in the dark. Samples were then washed 1 × 10 min in DW, dehydrated 2 × 15 min 

each in graded ethanols (30%−100%) and propylene oxide, infiltrated in Embed-812 resin 

(Electron Microscopy Sciences, Hatfield, PA) for 24 on a rotator, and polymerized at 70 °C 

for 48 h. Sectioning was performed on a Leica EM UC7 Ultracut microtome using diamond 

knives (Diatome, Hatfield, PA). Semi-thin (0.5 μm) sections were stained with 1% toluidine 

blue in 1% sodium borate. Thin (silver) sections were collected on copper 135 hex grids, 

post-stained with 4% uranyl acetate in 50% (aq.) methanol and Reynold’s lead citrate, and 

then viewed and photographed using a JEOL 1200 transmission electron microscope. 

Sections were photographed at 1mm from the optic nerve head. For semi-quantitative 

analysis of EM features, 35 20000X images were evaluated from 8–9 different eyes per 

group and parameters were then summarized per 100 μm of linear Bruch’s membrane.

For light microscopy, semi-thin toluidine blue stained sections were photographed on an 

Olympus BX51 photomicroscope equipped with a DP70 digital camera with 24-bit depth. 

For morphometric analysis of RPE, 60x magnification images (dry objective, NA=0.8) were 

taken from independent sections of each eye. Images were taken approximately 1 mm from 

the optic nerve head, on the same side as where TEM images were photographed. 

Quantification was performed using ImageJ software (NIH), setting thresholds for 

pigmentation based on the red channel. Each section had a contiguous RPE stretch of 291 

μm. For quantification of the outer nuclear layer, measurements were taken every 250 μm 

from the optic nerve head on superior and inferior hemispheres. These were averaged from 

two independent sections of each eye; 10–11 different eyes per group. High-magnification 

100x images (Figure 3E–F, Supplementary Figure 1) were taken with an oil objective 

(NA=1.3).

Immunofluorescence and immunohistochemistry:

Enucleated eyes were immediately fixed in 4% paraformaldehyde for 1 hr. at 4 °C and 

transferred to PBS. The cornea and lens were removed, and the remaining eye cup was 

transferred to 30% sucrose for cryopreservation and then embedded in OCT. Cryosections 

were obtained at a thickness of 12 μm, dried overnight, and stored at −80°C.

For immunofluorescence, tissue sections were rehydrated in PBS containing 0.1% (v/v) 

Triton X-100 (PBT). For immunofluorescent detection of the RPE, slides were bleached 

using 10% hydrogen peroxide for 2 hrs. at 65°C. Next slides were blocked using normal 

donkey serum (Jackson Immunoresearch), incubated with primary antibodies for 2 hrs., 

washed with PBT, and incubated with appropriate secondary antibodies conjugated to either 

Cy3 or Alexa Fluor 488 (Jackson Immunoresearch). Slides were mounted in Prolong Gold 

Antifade with DAPI (Molecular Probes) and photographed on a Zeiss Axiovert fluorescence 

microscope and digital camera.
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Primary antibodies and dilution:

Species ID Dilution Source

Mouse Anti-Nω-(carboxyethyl) arginine (CEA) 1:250 Ryoji Nagai

Rabbit Anti-Glucosepane 1:200 David Spiegel

Rabbit Anti-Superoxide dismutase 1 (SOD1) 1:500 Sigma

Rabbit
Anti-GCLM (Glutamate-Cysteine Ligase
Modifier Subunit) 1:500 Abcam

Rabbit Anti-Glo1 1:2000 Casper Schalkwijk (36)

Isolectin B4 staining was performed by incubating sections with Biotinylated Griffonia 

Simplicifolia Lectin I isolectin B4 (Vector Laboratories) followed by detection using Alexa 

Fluor 488-conjugated streptavidin (Invitrogen).

Statistical Analyses:

For univariate analyses, data were evaluated using either SPSS (IBM) or Microsoft Excel. 

First, data was evaluated as to whether it fit in a normal distribution or not, based on kurtosis 

and skewness. Pair-wise data that fit in a normal distribution was analyzed by a 2-tailed 

Student’s t-test followed by an F-test to determine if the samples have equal variance. If the 

data did not fit a normal distribution, it was evaluated for pairwise comparisons using 

Wilcoxon Mann-Whitney U test. Correlation analysis was performed in SPSS using Pearson 

correlation. Analyses for gene-diet interactions was performed in SPSS as a univariate 

general linear model using a Type III sum-of-squares method.

Determination of protein glycation, oxidation and nitration adducts:

Targeted metabolomics was determined by stable isotopic dilution analysis liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) by the protocol previously 

described (97). Analytes determined were: Nε-fructosyl-lysine (FL), Nε-carboxymethyl-

lysine (CML), Nε-(1-carboxyethyl)lysine (CEL), methylglyoxal and 3-deoxyglucosone-

derived hydroimidazolones (MG-H1 and 3DG-H, respectively), glucosepane, glutamic 

semialdehyde (GSA), 3-nitrotyrosine (3-NT), pentosidine, and related amino acids. Fasting 

plasma (10 μl) was diluted to 500 μl water and washed by diafiltration with 4-cycles of 

concentration to 50 μl and dilution to 500 μl with further aliquots of water. The resultant 

protein (50 μl) was delipidated by extraction 3 times with one-volume of water-saturated 

ether, the residual ether removed by centrifugal evaporation for 5 min under vacuum (20 

mmHg) and the protein concentration determined by the Bradford method. An aliquot (100 

μg protein) was then digested enzymatically by consecutive incubation with pepsin, pronase 

E and finally aminopeptidase with prolidase under argon over 4 days. Blanks and control 

digests of human serum albumin were performed concurrently to provide for protease 

autohydrolysis correction. Addition of thymol antioxidant and antibiotics after the 

neutralization step prevents artefactual oxidation and bacterial contamination. The process 

was performed aseptically and automatically by custom program in a CTC-PAL sample 

autoprocessor (CTC Analytics, Zwingen, Switzerland). Analytes were detected and 

quantified by stable isotopic dilution analysis electrospray positive ionization multiple 

reaction monitoring LC-MS/MS using an Acquity ultra high performance chromatography 

Rowan et al. Page 12

Free Radic Biol Med. Author manuscript; available in PMC 2020 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(UPLC) system with a Xevo-TQS tandem mass spectrometer. Chromatography was with 

two graphitic Hypercarb™ columns (5 μm particle size; column-1, 2 × 50 mm and 

column-2, 2 × 250 mm) with eluent 0.1% trifluoroacetic acid in water with a custom 

program for multi-step gradient of acetonitrile and column switching.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nrf2-HG mice develop obesity, hyperglycemia, and glucose intolerance. (A) The average 

body weight of Nrf2-HG mice increased 35% over Nrf2-LG mice with aging. (B) Body 

mass composition at 13-mo. indicates that the increased body weight was from increased fat 

mass and not lean body mass. (C) Intraperitoneal glucose tolerance tests at 10-mo. indicate 

that Nrf2-HG mice have significantly increased fasting blood glucose and impaired glucose 

tolerance relative to Nrf2-LG mice. (D) Quantitation of the area under the curve for the 

glucose tolerance test indicates 52% increased AUC for Nrf2-HG mice. (E) Fasting insulin 

levels at 18-mo. were increased 148% in Nrf2-HG mice. Data points indicate means and 

error bars indicate SEM. All statistical tests performed were Student’s T-tests: *, P<0.05; **, 

P<0.01. Sample size is n=20 (HG), n=19 (LG) in (A); n=10 (HG), n=12 (LG) in (B); n=11 

in (C,D); n=14 in (E)
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Figure 2. 
Nrf2-HG mice develop features of atrophic age-related macular degeneration. (A-H) 

Toluidine blue stained sections through the retinas of WT-LG (A), Nrf2-LG (B), and WT-

HG (C), have normal architecture: INL layers from neural cells, ONL layers from 

photoreceptors, the RPE, and the choroid are all clearly observed. In contrast, Nrf2-HG 

mouse retinas (D-H) show multiple lesions including: RPE atrophy (arrowheads), deposits 

(asterisk), RPE detachments from Bruch’s membrane (short arrows), hypopigmentation (red 

arrowheads), and multilayered/dysmorphic RPE (long arrow). Higher magnification images 

of Figures 2A–H are shown in Supplementary Figure 1. (I) Measurement of ONL thickness 

across the retinas of each dietary and genotype group indicates moderate thinning of WT-

HG and Nrf2-LG ONL, but severe thinning of Nrf2-HG ONL relative to WT-LG ONL. (J) 

Boxplots of retina damage score, based on the area under the ONL thickness plot, show 

increased retina damage score in Nrf2-HG mice compared to all other groups. 

Abbreviations: Ch-choroid, INL-inner nuclear layer, ONL –outer nuclear layer, RPE –retinal 

pigmented epithelium. Data points in (I) indicate means and error bars indicate SEM. 

Sample size is n=10 (Nrf2-HG), n=11 (Nrf2-LG), n=3 (WT) in (I,J). Scale bar is 100μm.
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Figure 3. 
Nrf2-HG eyes develop pigment abnormalities and RPE thinning. (A-D) Fundus photographs 

show areas of hypopigmentation (arrows) and hyperpigmentation (arrowheads) in Nrf2-HG 

eyes. (E-F) Toluidine blue stained high magnification sections through the RPE show 

hypopigmentation and thinning of the Nrf2-HG RPE. (G-H) Quantitation of pigment 

granule area demonstrates hypopigmentation in Nrf2-HG RPE (G) that is negatively 

correlated with the retina damage score (H). (I-J) Quantitation of RPE area demonstrates 

thinning of the Nrf2-HG RPE (I) that is negatively correlated with the retina damage score 
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(J). Bar graphs indicate means and error bars indicate SEM. Statistical tests performed were 

Student’s T-test (G,I) or Pearson correlation (H,J). Sample size is n=10 (Nrf2-HG), n=11 

(Nrf2-LG) in (G-J). Scale bar in (E) is 50 μm.
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Figure 4. 
Ultrastructural changes, mitochondrial degeneration, and lipofuscin accumulation in Nrf2-

HG RPE. (A-F) Electron micrographs of RPE cells showing intact basal infoldings, 

mitochondria, and spindle-shaped pigment granule cells in Nrf2-LG RPE (A), whereas Nrf2-

HG RPE have missing or mislocalized basal infoldings (B), accumulation of lipofuscin (B, 
C, F), accumulation of basal laminar deposits (B, F), swollen and degenerated mitochondria 

(arrows, C-E), hypopigmentation (D), hyperpigmentation (E), and infiltrating cells (red 

dashed line, F). (G-H) Boxplots indicate that Nrf2-HG RPE has reduced cytoplasmic area 

(G), which is negatively correlated with retina damage score (H). (I-J) Boxplots indicate 

that Nrf2-HG has increased numbers of lipofuscin granules (I), which are positively 

correlated with retina damage score (J). Abbreviations: bi-basal infoldings, BlamD-basal 

laminar deposits, ic-infiltrating cell, l-lipofuscin granule, m-mitochondria, p-pigment 

granule. Statistical tests performed were Student’s T-test (G,I) or Pearson correlation (H,J). 

Sample size is n=8 (Nrf2-HG), n=9 (Nrf2-LG). Scale bar in (A) is 500 nm.
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Figure 5. 
Sub-RPE deposits, Bruch’s membrane abnormalities, and loss of choriocapillaris in Nrf2-

HG eyes. (A-F) Electron micrographs of the basal RPE, Bruch’s membrane, and 

choriocapillaris indicate the lack of sub-RPE deposits, intact penta-laminar Bruch’s 

membrane structure (square bracket in A), and well-fenestrated choriocapillaris (small 

arrows in A) in Nrf2-LG eyes (A). Nrf2-HG eyes contain multiple sub-RPE deposits, 

including outer collagenous layer deposits (B,C), basal laminar deposits (E), and other 

heterogeneous deposits/debris (arrows in B, D, E, F). The choriocapillaris was largely 

absent except in a few areas (small arrows, C) and choroidal tissue, including melanocytes 

containing pigmented granules, were localized proximal to Bruch’s membrane (F). (G-J) 

Immunofluorescent staining for blood vessels via IsolectinB4 staining (green) or for 

autofluorescence (red) indicate intact choriocapillaris (arrows) and choroidal blood vessels 

in Nrf2-LG eyes (G,H) that are absent or degenerated in Nrf2-HG eyes (I,J), whereas 

autofluorescent puncta are highly increased in Nrf2-HG RPE (red staining in I,J). 

Abbreviations: BlamD-basal laminar deposit, BrM-Bruch’s membrane, cc-choriocapillaris, 

ch-choroid, ocl-outer collagenous layer deposit, p-pigment granule within melanocyte. Scale 

bar in (A) is 500nm; in (G) is 100 μm.
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Figure 6. 
Accumulation of AGEs in the plasma and RPE of Nrf2-HG mice. (A) Plasma levels of MG-

H1 are increased in the plasma of 18-mo. Nrf2-null mice relative to 24 mo. WT mice. (B-C) 

Plasma pentosidine and fructosyl-lysine are increased in the plasma of Nrf2-HG mice. (D-
G) Immunofluorescent detection of CEA (red, D,E) and glucosepane (green, F,G) shows 

increased AGE levels in the RPE (arrows) and choroid in Nrf2-HG eyes. CEA is the more 

stable hydrolysis product of MG-H3. (H) Quantitation of fluorescent staining indicates 

statistically significant increases in CEA and glucosepane in the RPE of Nrf2-HG mice. 
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Statistical tests performed were Student’s T-test. Bars indicate mean and errors bars indicate 

SEM. Sample size is n=16 (A), n=8 (B-C), n=4 (H). Abbreviations: ch-choroid, rpe-retinal 

pigmented epithelium. Scale bar in (D) is 100 μm.
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Figure 7. 
Increased antioxidant and antiglycative potential of Nrf2-LG RPE. (A-F) 

Immunofluorescent detection of GLCM (A,B), Glo1 (C,D), or SOD1 (E,F) show increased 

staining in Nrf2-LG RPE (arrows). (G) Quantitation of fluorescent staining indicates 

statistically significant but modest relative increases in GCLM, Glo1, and SOD1 in Nrf2-LG 

RPE. Statistical tests performed were Student’s T-test. Bars indicate mean and error bars 

indicate SEM. Sample size is n=4. Scale bar in (A) is 100 μm.
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