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Mechanisms responsible for the pathogenesis of diabetic retinal disease remain incompletely under-

stood, but they likely involve multiple cellular targets, including photoreceptors. Evidence suggests

that dysregulated de novo lipogenesis in photoreceptors is a critical early target of diabetes. Following

on this observation, the present study aimed to determine whether two interventions shown to improve

diabetic retinopathy in micedpharmacologic visual cycle inhibition and prolonged dark adapta-

tiondreduce photoreceptor anabolic lipid metabolism. Elevated retinal lipid biosynthetic signaling was

observed in two mouse models of diabetes, with both models showing reduced retinal AMP-activated

kinase (AMPK) signaling, elevated acetyl CoA carboxylase (ACC) signaling, and increased activity of

fatty acid synthase, which promotes lipotoxicity in photoreceptors. Although retinal AMPK-ACC axis

signaling was dependent on systemic glucose fluctuations in healthy animals, mice with diabetes lacked

such regulation. Visual cycle inhibition and prolonged dark adaptation reversed abnormal retinal AMPK-

ACC signaling in mice with diabetes. Although visual cycle inhibition reduced the severity of diabetic

retinopathy in control mice, as assessed by retinal capillary atrophy, this intervention was ineffective in

fatty acid synthase gain-of-function mice. These results suggest that early diabetic retinopathy is

characterized by glucose-driven elevations in retinal lipid biosynthetic activity, and that two

interventions known to increase photoreceptor glucose demands alleviate disease by reversing these

signals. (Am J Pathol 2023, 193: 2144e2155; https://doi.org/10.1016/j.ajpath.2023.09.004)

The early pathogenesis of diabetic retinopathy (DR) not

only involves retinal blood vessels, but also the neural el-

ements they supply.1,2 In fact, compelling evidence suggests

that pathology in the neural compartment of the retinadand

within photoreceptors, specificallydinitiates the steps that

eventually cause the classic microvascular stigmata of DR.3

First, electroretinography in patients with diabetes but no

signs of retinopathy shows abnormal responses that localize

to photoreceptors.4e6 Second, patients with inactivating

mutations in components of the visual transduction pathway

are relatively protected from DR.7e9 Third, in the Medalist

trial, a multimodal cross-sectional study of patients with

>50 years’ exposure to diabetes, reduced DR severity was

linked to increased levels of retinol-binding protein-3 (alias
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interphotoreceptor retinoid-binding protein), a photore-

ceptor protein product.10

Damaging reactive oxygen species, which promote DR

development, are predominantly a by-product of photore-

ceptor metabolic activity.11e13 Moreover, photoreceptor

metabolic demands per unit of tissue mass are among the

highest in the body.14 These demands are largely driven by

correction of the dark current, wherein ATP-dependent

cation channels facilitate efflux of sodium and calcium

driven intracellularly by cyclic nucleotideegated channels

that are open in the absence of light.15 Such observations led

to the development of a popular hypothesis that preventing

dark adaption would mitigate DR by lessening ATP

requirements and, therefore, by assumption, vascular

demands.16 However, a phase 3 clinical trial to test this

hypothesis failed in meeting its primary outcome.17

Similarly, treatment of diabetic mice with a visual cycle

antagonist, which prevents light-activated transduction, does

not worsen DR but rather improves it.18

Therefore, mechanisms accounting for photoreceptor

roles in DR and the effects of dark adaptation and visual

cycle inhibition require clarification. In experimental DR,

targeted genetic manipulation of photoreceptor metabolism

can increase or decrease the severity of experimental DR,

depending on the nature of the manipulation.19 Increasing

the anabolic drive of rod photoreceptors increases suscep-

tibility to DR, whereas reducing this drive prevents the onset

of DR. In streptozotocin (STZ)einduced diabetes or in

db/db mice with spontaneous diabetes, 2 months of light

deprivation reduces the severity of DR.20 Similarly, in the

STZ model, treatment with the visual cycle inhibitor, reti-

nylamine, lessens capillary atrophy and reactive oxygen

species formation, compared with vehicle-treated controls.18

Taking these observations together, the present study

tested the hypothesis that prolonged dark adaptation or

pharmacologic visual inhibition both reduce DR by

increasing ATP demand and, subsequently, reducing

anabolic drive, which is dependent on ATP surplus. This

hypothesis predicts that in models of DR, cellular regulators

of anabolic metabolism would be up-regulated and that

inhibiting the visual cycle by light deprivation or pharma-

cologic blockade would negate these signaling processes.

Materials and Methods

Animals

The following mice were obtained from Jackson Labora-

tories (Bar Harbor, ME): C57BL/6J (stock number 000664);

and leptin receptor BKS. Cg-Dock7mþ/þ Leprdb/J breeding

pairs (db/m heterozygotes; stock number 000642). Parental

db/m pairs were mated; and among the F1 progeny, homo-

zygous db/db pups (spontaneously diabetic) and heterozy-

gous db/m littermates (metabolically healthy) were retained.

The fatty acid synthase (FAS) R1812W transgenic line on

the C57BL/6J background was used for gain-of-function

analysis, as previously described.21 All animals were fed

Purina (St. Louis, MO) 4043 chow (13% kcal from fat, 62%

kcal from carbohydrate, and 25% kcal from protein).

Induction of Diabetes

In some experiments, STZ was used to induce diabetes in

male mice only, given the reported resistance of female

C57BL/6J mice to this drug at standard doses,22 although at

higher doses, disease can be induced in female mice as

well.23 Briefly, five i.p. doses of STZ were delivered at 60

mg/kg dissolved in freshly prepared sodium citrate buffer

(pH 4.5), or citrate buffer alone was delivered for controls,

as previously published.19 Individuals in the diabetes group

were included if tail vein glucose values were >300 mg/dL.

Housing

Animals were housed in a pathogen-free facility. For light-

deprivation experiments, animals were randomly allocated

(1:1) to a room with a 24-hour lights-off cycle (0 lux) or to

standard housing (12 hours lights on, 1000 lux:12 hours

lights off, 0 lux). Mice were given ad libitum access to food

and water. Before sacrifice, mice were fasted for 6 hours on

Aspen bedding. In some experiments, as indicated, mice

were refed with chow after the fast and sacrificed either 1 or

3 hours afterward, a protocol that is comparable to previ-

ously reported refeeding time frames for both metabolic

signaling assays and neuronal signaling assays.24,25

Glucose and Insulin Administration

Dextrose (1 g/kg) dissolved in phosphate-buffered saline

was delivered by i.p. injection to animals that were fasted

for 6 hours. Glucose values were measured by tail blood

sampling. Separate cohorts of animals were sacrificed at 10,

30, 60, and 120 minutes after injection to harvest retinas.

For insulin challenge experiments, 0.75 units/kg regular

insulin was provided intraperitoneally, and an otherwise

identical design as described above was followed.

Antibodies and Western Blot Analysis

After a 6-hour fast, animals were deeply anesthetized with

ketamine and xylazine and then perfused with 10 mL of

phosphate-buffered saline via left ventricular puncture. Two

isolated retinas per animal were homogenized in a lysis

buffer containing 20 mmol/L Tris (pH 8.0), 137 mmol/L

NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 10%

glycerol, 5 mmol/L NaF, and 2 mmol/L sodium orthova-

nadate, supplemented with a protease inhibitor cocktail. In

some experiments, 5 mg of homogenized liver was lysed in

the buffer described in the previous sentence. Samples were

loaded at 50 mg total protein per lane. For Western blot

analysis, the authors used polyclonal rabbit IgG against the

a subunit of AMP-activated kinase (AMPK) phosphorylated
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at Thr 172 (pAMPK; catalog number 2531; Cell Signaling,

Danvers, MA), rabbit IgG against acetyl CoA carboxylase

(ACC) phosphorylated at Ser 79 (pACC; catalog number

3661; Cell Signaling), and rabbit IgG against b-actin

(catalog number 4967; Cell Signaling).

FAS Enzyme Activity

Two isolated retinas, or 5 mg of liver per animal, were

homogenized in the same lysis buffer as described above for

Western blot preparation. FAS activity was assessed in the

lysate by providing labeled malonyl-CoA, as previously

described.26

Retinylamine Treatment

Retinylamine was synthesized and prepared as previously

described.27 The drug was delivered at a dose of

0.2 mg/animal dissolved in 50 mL of dimethyl sulfoxide

twice per week by i.p. injection for either 2 weeks (for

electroretinography and Western blot analysis) or 3 months

(for capillary morphology). Controls were dosed identically,

but with 50 mL dimethyl sulfoxide. Mice were housed in

standard lighting conditions.

Electroretinography

A UTAS BigShot System (LKC Technologies, Inc., Gai-

thersburg, MD) was used, according to published pro-

tocols.28 In brief, mice were dark adapted overnight,

anesthetized under red-light illumination, and provided a

stimulus of a 10-millisecond full-field white-light flash at

the indicated luminances. A contact lens electrode was used

to record responses. The amplitude of the a-wave was

measured from the average pretrial baseline to the most

negative point of the average trace, and the b-wave

amplitude was measured from that point to the highest

positive point.

Capillary Morphology

For STZ-treated animals at 8 months of age (approximately

6 months’ exposure to diabetes), trypsin digests and capil-

lary measurements were performed, as described pre-

viously.28e30 Briefly, isolated retinas were fixed for 24

hours at 4�C in 4% paraformaldehyde, then treated with 3%

porcine trypsin at 37�C, and then washed until only vascular

skeletons remained. Tissues were flat mounted and stained

with 1% periodic acideSchiff base, with a hematoxylin

counterstain. Atrophic capillaries were assessed by a

masked observer (S.Z.).

Statistical Analysis

In line graphs, data are expressed as means � SEM. For

box-and-whisker plots, data are expressed as median, with

the box showing the interquartile range, and whiskers rep-

resenting maxima and minima. For experiments with two

groups in the independent variable, analyses were

performed using two-tailed t-tests without post hoc correc-

tion. For experiments with more than two groups in the

independent variable, one-way analysis of variance with

post hoc correction was used when only one dependent

variable was present, and two-way analysis of variance with

post-tests was used when two or more dependent variables

were present. All calculations were performed using

GraphPad Prism 6.0 software (GraphPad Software, Boston,

MA).

Study Approval

Protocols followed the Association for Research in Vision

and Ophthalmology Statement for the Use of Animals and

were approved by Washington University (St. Louis, MO).

Results

Effects of Systemic Glucose Excursions on Retinal
Lipogenic Signaling

Elevated retinal lipogenesis, driven by FAS, is an impor-

tant contributor to DR.19 FAS in extraocular tissues is

transcriptionally regulated, but FAS message and protein

levels are unchanged in the retina of mice with diabetes

compared with control mice. To better understand the

regulation of FAS in DR, this study interrogated post-

translational control through the AMPK, which is respon-

sive to cellular nutritional status.31 AMPK acts as a pri-

mary cellular sensor of ATP availability and is activated by

phosphorylation during nutrient scarcity when the AMP/

ATP ratio is elevated.32 In mouse, Thr 172 is the critical

phosphorylation site, and upstream kinases acting at this

residue include serineethreonine liver kinase B1 (LKB1)

and Ca2þ/calmodulin-dependent protein kinase kinase-b

(CAMKKb).33,34 In contrast, in nutrient abundance,

AMP/ATP ratios are low, and AMPK is primarily in a

dephosphorylated, inactive state.

Effects of feeding and fasting on retinal AMPK phos-

phorylation were first assessed. In db/db mice, glucose

levels were markedly elevated compared with the healthy

db/m controls after a 6-hour fast and after 1 or 3 hours of

refeeding (Figure 1A). As expected, fasting induced a

relative hyper-phosphorylation of AMPK relative to the

post-feeding periods in control mice. At 1 hour of refeeding,

pAMPK levels decreased, but then increased at 3 hours of

refeeding, corresponding to respective changes in blood

glucose levels at each time-point (Figure 1, AeC). In db/db

mice, however, levels of phosphorylated AMPK were lower

than in db/m controls at baseline (fasting), and they did not

show responsivity to retinal AMPK phosphorylation with

refeeding, unlike that in db/m counterparts (Figure 1C).
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In aggregate, signaling effects of pAMPK caused

increased cellular ATP production via catalysis and reduced

ATP use via anabolism. Lipid anabolism was further

investigated in this study because this pathway is critical to

maintenance of retinal health.26 Control of de novo lipo-

genesis is primarily regulated by the enzyme ACC, which

generates malonyl-CoA using acetyl-CoA precursors.35

Newly synthesized malonyl-CoA regulates FAS, the rate-

limiting enzyme in the lipogenic pathway.36 In nutrient-

scarce conditions, activated AMPK phosphorylates murine

ACC at Ser 79, thereby inhibiting its activity.37 In contrast,

under nutrient-replete conditions, dephosphorylation of

ACC is associated with an increase in its catalytic rate.38

In adult db/m mice, fasting was associated with hyper-

phosphorylation of ACC (inhibition) relative to 1 hour

after feeding (Figure 1, B and D) with a return to near-

fasting levels of phosphorylation 3 hours after feeding.

Retinal ACC was hypophosphorylated in db/db mice rela-

tive to db/m controls during the fasting period and at 3 hours

after refeeding. Moreover, refeeding did not result in

dephosphorylation of ACC in db/db mice, as it did in

controls (Figure 1D).

These experiments were repeated in STZ-injected dia-

betic mice. Consistent with db/db mice, both retinal AMPK

and ACC were hypophosphorylated relative to controls

during fasting and 3 hours after feeding in STZ mice

(Figure 1, EeH). Taken together, these results suggest that a

hallmark of retinal metabolic signaling in murine diabetes is

inhibition of AMPK signaling, with secondary activation of

the key lipogenic enzyme, ACC.

These results suggest that glucose availability drives

retinal lipogenic signaling via AMPK-ACC. To discriminate

between effects of glucose versus those of feeding (such as

vagus nerve signaling), i.p. injections were used. In healthy,

fasted db/m mice, a 1-g/kg bolus of dextrose (Figure 2,

AeD) elevated serum glucose from a baseline of 100 mg/dL

to a peak of approximately 400 mg/dL within 10 minutes,

followed by a correction to near-baseline levels by 120 mi-

nutes (Figure 2B). In contrast, the same bolus in littermate

db/db mice increased blood glucose from approximately

600 mg/dL to a peak of approximately 800 mg/dL at

60 minutes, with persistent elevations thereafter

(Figure 2B). In response to an insulin bolus (0.75 units/kg)

(Figure 2, EeH), blood glucose decreased to approximately

50 mg/dL from a fasting baseline of approximately

100 mg/dL in db/m mice at 10 minutes after injection, with

return to baseline by 120 minutes (Figure 2F). In insulin-

resistant db/db mice, blood glucose decreased only tran-

siently from approximately 600 to 575 mg/dL at 10 minutes

but quickly increased to >600 mg/dL by 30 minutes and

then remained persistently elevated (Figure 2F).

Phosphorylation patterns of AMPK and ACC correlated

with glucose excursions in db/m mice, with an approxi-

mately 50% reduction in pAMPK and a 40% reduction in

pACC at 10 minutes after injection, and a return to near-

baseline levels for both proteins at 60 minutes after

injection (Figure 2, C and D). Similarly, in response to

glucose lowering with insulin, retinal AMPK and ACC

showed an immediate and prolonged hyper-

phosphorylation pattern (Figure 2, G and H). In contrast

A B C D

G HE F

Figure 1 Effects of diabetes on fasting and refeeding responses of retinal cellular nutrient sensors. AeH: The 6-montheold db/db mice (AeD) or

streptozotocin (STZ)einjected mice (EeH) and their respective controls were analyzed for glucose excursions and retinal phosphorylated AMP-activated kinase

(AMPK) and acetyl CoA carboxylase (ACC) profiles. All mice were fasted for 6 hours and then either immediately sacrificed or allowed to refeed with chow for 1

or 3 hours. A and E: Tail vein glucose values in each group were recorded. Retinal tissue from each group was analyzed for AMPK phosphorylated at Thr 172

(pAMPK) and ACC phosphorylated at Ser 79 (pACC), with all values normalized to b-actin levels. BeD and FeH: Representative Western blot analyses are shown

(B and F), and quantified values are plotted (C, D, G and H). Data were analyzed by two-way analysis of variance with Bonferroni post hoc tests. Data represent

means with SEM (A, CeE, G, and H). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ɫP < 0.05, ɫɫP < 0.01, comparing post-prandial glucose

values with the fasting baseline within each group. Veh, vehicle.
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to these patterns in healthy mice, phosphorylation of retinal

AMPK and ACC showed no significant changes from

baseline in db/db mice in response to glucose or insulin

boluses at any of the time points interrogated (Figure 2, C,

D, G, and H).

These results suggest that in healthy mice, signaling

through retinal AMPK and ACC is tightly regulated by

glucose availability. Strikingly, however, the results in

Figures 1 and 2 show that mice with uncontrolled diabetes

lose these regulatory shifts in AMPK and ACC in response

to feeding or glucose availability and are hypophosphory-

lated in relation to healthy controls. Therefore, diabetes is

associated with elevated and dysregulated lipogenic

signaling in the retina.

Light Deprivation and Visual Cycle Inhibition
Antagonize Retinal Lipogenic Signals in Diabetes

A prior study showed that genetic ablation of rod photore-

ceptor lipogenic drive, dependent on the rate-limiting

enzyme FAS, reduces the severity of experimental DR.19

Following this observation, this study next investigated

whether two interventions that impact photoreceptor

physiology and effectively reduce DR severitydlight

deprivation and visual cycle inhibitiondconverge on

AMPK-ACC-FAS lipogenic signaling to influence DR

progression.

Oxygen consumption in the mammalian retina increases

in dim light conditions. This energetic imbalance likely

stems from the need to maintain electrochemical gradients

in dark-adapted rods, in which cyclic nucleotideegated

channels are open.14,39 Light deprivation in early experi-

mental DR prevents the development of later stages of

disease.20 Therefore, the next objective of the present study

was to determine whether light deprivation impacts retinal

AMPK signaling, via increased ATP use (and, therefore,

lower ADP/AMP ratio). Indeed, retinas from healthy, adult

mice housed for 2 weeks of 24-hour dark cycles had higher

pAMPK levels compared with tissues from control litter-

mates in 12-hour:12-hour light-dark cycles (Figure 3,

A and C). ACC was also hyper-phosphorylated in dark-

adapted retinas compared with light-adapted controls

A

B C D

E
F HG

Figure 2 Responses of retinal cellular nutrient sensors to glucose or insulin challenge in db/db mice. AeH: The 6-montheold db/db mice or nondiabetic

db/m littermate controls were fasted for 6 hours and then given an i.p. dose of dextrose (AeD) or insulin (EeH). B and F: In separate cohorts, tail vein

sampling was used to measure glucose values at pre-injection baseline and 10, 30, 60, 90, and 120 minutes after the injection. A, CeE, G, and H: Mice were

sacrificed after tail vein sampling, and retinal tissue was analyzed for AMP-activated kinase phosphorylated at Thr 172 (pAMPK) and acetyl CoA carboxylase

phosphorylated at Ser 79 (pACC; A and E), with results quantified in relation to a control protein (C, D, G, and H). Data were analyzed by two-way analysis of

variance with Bonferroni, Tukey, or Dunnett post hoc tests. Data represent means with SEM (BeD and FeH). *P < 0.05, **P < 0.01, ***P < 0.001, and

****P < 0.0001, comparing postinjection time points with the baseline; ɫP < 0.05, ɫɫP < 0.01, ɫɫɫP < 0.001, and ɫɫɫɫP < 0.0001, comparing db/m with db/db

for each time point.
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(Figure 3, A and D). Prolonged dark housing caused

approximately 30% reduction in retinal FAS activity

(Figure 3E). The effects of light deprivation were specific to

retinal tissues because liver levels of pAMPK, pACC, or

FAS activity were unaffected by extended dark exposure

(Figure 3, B and FeH). These data indicate that light

deprivation, presumably by increasing ATP turnover, pro-

motes retinal pAMPK signaling and suppresses pACC-FAS

lipogenesis.

Next, dark-induced changes to retinal pAMPK and

pACC in diabetes were examined. Under standard lighting

conditions, db/db mice had hypophosphorylated retinal

AMPK and ACC relative to db/m controls. However, after

2 weeks of dark housing, db/db mice had levels of pAMPK

and pACC comparable to light-adapted db/m mice

(Figure 3, IeK). Similarly, dark-adapted STZ-treated mice

had similar levels of retinal pAMPK and pACC as healthy

controls, and higher levels than STZ mice in standard

lighting (Figure 3, LeN). Consistent with a prior study,20

dark housing did not change metabolic parameters of the

treated mice, including fasting hyperglycemia. Therefore,

light deprivation in diabetic mice reversed retinal pAMPK

and pACC to levels of healthy controls in standard

lighting.

A previous study in mice showed that visual cycle inhi-

bition reduces DR severity.18 Visual cycle inhibition was

associated with reduced retinal reactive oxygen species in

that study, but no causative mechanistic relationships were

reported.18 This study therefore tested the hypothesis that

pharmacologic visual cycle inhibition prevents DR through

similar metabolic signaling mechanisms as prolonged light

deprivation. Mice were treated with retinylamine, a potent

inhibitor of retinoid isomerohydrolase RPE65 (RPE65). As

expected, a 2-week treatment was sufficient to reduce

scotopic electroretinographic responses with no observable

effects on photopic responses (Figure 4, AeD). Next, retinal

pAMPK and pACC levels were measured in mice treated

for 2 weeks with retinylamine or a vehicle control.

Compared with controls, retinylamine treatment was asso-

ciated with an approximately 50% increase in pAMPK/actin

ratio and an approximately twofold increase in pACC/actin

ratio (Figure 4, EeG). These results suggest that retinyl-

amine impedes scotopic visual transduction and, like pro-

longed dark adaptation, increases AMPK activity and

suppresses ACC.

Next, effects of retinylamine on retinal lipogenic

signaling in diabetes were assessed. Although retinas from

vehicle-treated db/db mice had hypophosphorylated AMPK

and ACC relative to retinas from healthy db/m littermates, 2

weeks of retinylamine treatment in db/db mice restored the

phosphorylation of both retinal enzymes to control levels

(Figure 4, HeJ). Likewise, in contrast to that in vehicle-

treated STZ mice, retinylamine treatment in STZ-treated

diabetic mice restored retinal pAMPK and pACC to con-

trol levels (Figure 4, KeM). For the treatment intervals

reported in this study, retinylamine did not affect levels of

hyperglycemia in mice with diabetes. Together, these results

strongly suggest that visual cycle inhibition in two models

of rodent DR reverses diabetes-associated suppression of

retinal AMPK and induction of retinal ACC.

Protective Effects of Visual Cycle Inhibition in the
Diabetic Retina Require Inhibition of Retinal
Lipogenesis

Next, whether suppression of ACC-driven lipogenesis is

required for the protective effect of retinylamine in DR was

examined. Gain-of-function mice expressing FAS R1812W,

which show increased susceptibility to DR, were used.19

Retinal pAMPK and pACC were elevated in mice treated

with retinylamine for 2 weeks compared with those given

vehicle controls. This increase was detected in both wild-

type (WT) and R1812W mice (Figure 5, AeC). In WT

mice, retinylamine reduced FAS activity in retinal lysates

compared with controls (Figure 5D). In contrast, retinas

from R1812W mice showed an approximately 30% increase

in FAS retinal enzyme activity over WT controls, which was

not reduced by retinylamine (Figure 5D). This indicates that

retinylamine exposure is associated with increased retinal

AMPK activity, suppressed ACC, but persistently elevated

FAS activity in R1812W mice.

Given these results, R1812W mice were used to deter-

mine whether retinylamine’s effects on DR are dependent

on lipogenic signaling. After diabetes induction with STZ

for 6 months, WT or R1812W mice were treated twice

weekly with i.p. retinylamine for a 3-month regimen.

Retinal capillary atrophy was assessed in STZ-treated mice

receiving vehicle injections and untreated healthy littermates

used as controls (Figure 5, E and F). In WT mice, STZ-

induced diabetes mellitus was associated with an approxi-

mately twofold increase in atrophic retinal capillaries,

whereas STZ-induced diabetes mellitus mice treated with

retinylamine showed background levels of capillary atrophy

on par with healthy controls (Figure 5G). In contrast, STZ-

treated FAS R1812W mice had increases in capillary atro-

phy over healthy controls that were not prevented by reti-

nylamine exposure (Figure 5H). These results implicate

suppression of FAS-regulated lipogenesis as a key

protective mechanism of visual cycle inhibition in DR.

Discussion

Since Arden7 introduced his alternative hypothesis to early

DR pathogenesis >20 years ago, the notion of modulating

photoreceptor metabolic activity to treat the disease has

been an attractive, yet elusive, goal.16 In important clinical

trials, effects of extended light adaptation on DR were tested

using light masks at night to lower rod photoreceptor ATP

demand and, by assumption, lessen demand on the retinal

vascular supply in diabetes. Yet, in the phase 3 setting, this

intervention did not demonstrate efficacy.17 Similarly,
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emixustatda visual cycle inhibitor acting via blockade of

RPE65 isomerase activitydfailed to reduce inflammatory

cytokine levels in a phase 2 trial of proliferative DR,

although it may have reduced macular thickness.40 On the

basis of the results in the present study, an alternative hy-

pothesis may explain both clinical outcomes.

This study confirmed in two different mouse models of

DR that retinal lipid metabolic signaling is fundamentally

changed by diabetes. Rather than engaging in resting cata-

bolic activities, with those activities increasing during

nutrient deprivation and decreasing during nutrient abun-

dance, the diabetic retina is engaged in constitutive anabolic

metabolism of lipids. The molecular signature of this

signaling is: i) suppressed AMPK (hypophosphorylated); ii)

activated ACC (hypophosphorylated); and iii) increased

enzymatic activity of FAS. This metabolic network is likely

involved in DR pathogenesis because reduction of FAS

activity in rods prevents early disease, whereas constitu-

tively active FAS increases susceptibility to it.19

The findings of the present study are best applied to DR

when its pathogenesis is modeled into at least two distinct

phases, beyond classic vascular staging systems.41,42 The

latter phase is characterized by visible microvasculopathy,

where tissue ischemia and vascular endothelial growth

factor secretion are driving factors. However, prodromal,

an early phase, is characterized by dysmetabolism of

photoreceptors, which engage in excess lipid synthetic

activity driven by systemic hyperglycemia and unchecked

intraretinal transport of glucose via noneinsulin-dependent

glucose transporter type 1 (GLUT1) and glucose trans-

porter type 3 (GLUT3).43 The results of this study suggest

that dark adaptation provides a physiological outlet for

excess ATP in the diabetic retina and reversal of the

anabolic drive. Indeed, phosphorylation states of retinal

AMPK and ACC in light-deprived diabetic mice were

comparable to those of healthy light-adapted controls

(Figure 3, IeN). Furthermore, prolonged dark adaptation

does not exacerbate tissue ischemia in prodromal DR,

because vascular endothelial growth factor levels are

normal and nonperfusion is absent or negligible during this

phase.20

Operating in a similar manner, visual cycle inhibition with

retinylamine decreased retinal anabolic activity, as character-

ized by hyper-phosphorylated AMPK and ACC (Figure 4).

More importantly, retinylamine treatment did not prevent

diabetes-induced retinal capillary damage in FAS R1812W

mice with constitutively active FAS, strongly suggesting that

visual cycle inhibition works to alleviate prodromal DR by

increasing energetic demands and inhibiting lipid anabolic

activity (Figure 5). Findings from a study using manganese-

enhanced magnetic resonance imaging and the RPE65 inhib-

itor emixustat suggest that visual cycle inhibition lowers the

metabolic demand of dark activity in the retina, rather than

increasing it, as observed in the current study.44 The discrep-

ancy may be due to differences in assessing metabolic de-

mand: this study used an endogenous cellular metabolic

sensordAMPKdto gauge metabolic demand, whereas they

used cation flux imaging; and distinct effects of retinylamine

compared with emixustat on RPE65 inhibition.

The effects observed in the present study with prolonged

dark adaptation and visual cycle inhibition on AMPK-

dependent cellular signaling in the retina are akin to the

molecular effects of aerobic exercise on skeletal muscle. In

response to exercise, muscle ATP consumption is

increased by >100-fold, leading to an increase in intra-

cellular AMP and an activation of AMPK in a time- and

intensity-dependent manner.45,46 AMPK signaling up-

regulates cellular pathways that produce ATP (catabolic

pathways) and inhibits those that store ATP for later use

(anabolic pathways). Similarly, in healthy and diabetic

retina, prolonged dark adaptation and visual cycle inhibi-

tion both cause activation of retinal AMPK, presumably by

increasing ATP turnover stemming from sustained activity

of the dark current in photoreceptors. This study also

showed that activation of AMPK by retinylamine reduced

DR severity, but that this protective effect was abolished in

the presence of constitutively active lipid anabolism (FAS

R1812W).

The results of this study suggest that ACC-FAS axis is a

crucial early driver of prodromal DR. On the basis of prior

studies using targeted genetic disruptions of FAS,19 it is

likely that aberrant signaling of rod photoreceptors is most

important for DR pathogenesis. How photoreceptor pa-

thology might impact retinal capillary health in diabetes

remains unclear. Among several explanations, some possi-

bilities include changes to regional blood flow patterns due

to photoreceptor dysmetabolism and subsequent tissue

hypoxia, impairment of neurovascular coupling mecha-

nisms, leading to direct vascular injury, or increases in outer

retinal oxidative stress and resulting inflammatory responses

Figure 3 Effects of prolonged dark adaptation on retinal cellular nutrient sensors and retinal de novo lipogenesis. The 3-montheold C57BL/6J littermate

mice were randomized to housing with normal 12-hour:12-hour light-dark cycle or to 24-hour dark cycles. After 2 weeks, retinal and liver tissues were

harvested and analyzed. AeH: Representative Western blot analyses for AMP-activated kinase phosphorylated at Thr 172 (pAMPK) and acetyl CoA carboxylase

phosphorylated at Ser 79 (pACC) are shown for retina (A) and liver (B), with quantification of values, normalized to b-actin (C, D, F, and G). In a subgroup of

mice, retinal (E) and liver (H) tissue was harvested and analyzed for fatty acid synthase (FAS) activity, normalized to total protein content. Data were analyzed

by t-tests. IeN: The 6-montheold db/db mice (IeK) or streptozotocin (STZ)etreated mice (LeN) were randomized to 2 weeks of 12-hour:12-hour light-dark

cycle housing or to 24-hour dark housing, and were analyzed for retinal pAMPK and pACC levels, compared with nondiabetic controls in normal light-dark cycles

(either db/m for db/db mice; or vehicle (Veh)etreated littermates for STZ-treated mice). J, K, M, and N: Levels of pAMPK or pACC, normalized to b-actin, were

compared across subgroups in each diabetes model. Data were analyzed by one-way analysis of variance with Tukey post hoc tests. Data represent means with

interquartile ranges (CeH, J, K, M, and N). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. NS, not statistically significant.
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Figure 4 Effects of visual cycle inhibition on

retinal cellular nutrient sensors and retinal de

novo lipogenesis. The 3-montheold C57BL/6J

littermate mice were randomized to treatment

with retinylamine (Ret-NH2) or vehicle, twice

weekly by i.p. injection for 2 weeks. Full-field

electroretinography was performed to assess ef-

fects of the drug. AeD: Scotopic responses to a

e1.20 log(cd$s/m2) luminance white flash (A)

and photopic responses to a 1.41 log(cd$s/m2)

luminance white flash (B) are shown, with quan-

tification of luminance-response curves of the

scotopic a-waves (C) and photopic b-waves (D).

Data were analyzed by two-way analysis of vari-

ance with Bonferroni post hoc tests. In the same

mice, retinal tissue was then harvested and

analyzed for AMP-activated kinase phosphorylated

at Thr 172 (pAMPK) and acetyl CoA carboxylase

phosphorylated at Ser 79 (pACC). EeG: Repre-

sentative blots (E) with quantification of values,

normalized to b-actin (F and G), are shown. Data

were analyzed by t-tests. HeM: The 6-montheold

db/db mice (HeJ) or streptozotocin (STZ)

etreated mice (KeM) were randomized to 2 weeks

of twice-weekly Ret-NH2 or vehicle treatment, and

were analyzed for retinal pAMPK and pACC levels,

compared with vehicle-treated nondiabetic con-

trols (either db/m for db/db mice; or citrate buffer

etreated littermates for STZ-treated mice). I, J, L,

and M: Levels of pAMPK or pACC, normalized to

b-actin, were compared across subgroups in each

diabetes model. Data were analyzed by one-way

analysis of variance with Tukey post hoc tests.

Data represent means with SEM (C and D) or

means with interquartile ranges (F, G, I, J, L,

and M). *P < 0.05, **P < 0.01, ***P < 0.001,

and ****P < 0.0001. NS, not statistically signif-

icant.
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that damage vessels. It is also possible that combinations of

some or all of these mechanisms are causative.

Pharmacotherapy directed at correcting early metabolic

abnormalities in rods could represent a novel DR interven-

tion at the prodromal stage, entirely independent of the

vascular endothelial growth factorecentric treatments that

are effective in manifest DR. Although the present study

assayed retinal capillary health as an end point of DR, in-

terventions were provided at much earlier stages, when

tissue hypoxia was not present. The results of this study

suggest that emixustat given at earlier stages than previously

studied, such as non-proliferative DR before Early Treat-

ment Diabetic Retinopathy Study level 47 or even earlier

(before the development of cascading ischemia), would be

more likely to produce a clinically meaningful response.

Moreover, emixustat would not be expected to show bene-

fits in proliferative DR, a condition with widespread retinal

nonperfusion and ischemia.

The results of this study also suggest that non-

pharmaceutical therapy could also be an important adjunct

to management of prodromal DR. Specifically, this study

showed that prolonged dark adaptation increased retinal

AMPK signaling and prevented late-stage DR.20 Although

the paradigm for light deprivation used here is neither

practical nor ethical in humans, perhaps improved artificial

light hygiene in patients with diabetes could be useful in

mitigating the onset of manifest DR. Indeed, the effects of

light pollution in modern lifestyles (ie, the prolongation of

the photoperiod, especially with the increasing use of bright

portable screens) on disruption of circadian biology are well

established.47 Although correcting those circadian abnor-

malities themselves is hypothesized to have beneficial

metabolic effects in diabetes,48 retinal health could be

improved by mechanisms largely independent of circadian

biology, specifically those mediated by reduction in photo-

receptor anabolic metabolism.

A

E F G H

B C D

Figure 5 Prevention of diabetic retinopathy by visual cycle inhibition in streptozotocin (STZ)etreated mice is dependent on inhibition of de novo

lipogenesis. The 3-montheold FASR18W transgenic mice or wild-type (WT) littermate control mice were randomized to treatment with retinylamine (Ret-NH2)

or vehicle (Veh), twice weekly by i.p. injection for 2 weeks. Retinal tissue was then harvested from all mice and analyzed for AMP-activated kinase phos-

phorylated at Thr 172 (pAMPK) and acetyl CoA carboxylase phosphorylated at Ser 79 (pACC). AeC: Representative blots (A) with quantification of values,

normalized to b-actin (B and C), are shown. D: In a subgroup of mice, retinal tissue was harvested and analyzed for fatty acid synthase (FAS) activity,

normalized to total protein content. Data were analyzed by one-way analysis of variance with Tukey post hoc tests. In a separate cohort, 6-montheold

STZ-treated mice (in either wild-type FAS or FAS R1812W genetic backgrounds) were treated with Ret-NH2 or vehicle twice weekly for 3 months. E and F:

Capillaries were then assessed in retinal trypsin digest preparations (E) with quantification of thin-atrophic capillaries (arrowheads; F). G and H: The number

of atrophic capillaries per field was compared across groups, including vehicle-injected nondiabetic controls. Data were analyzed by one-way analysis of

variance with Tukey post hoc tests. Data represent means with interquartile ranges (BeD, G, and H). *P < 0.05, **P < 0.01, ***P < 0.001, and

****P < 0.0001. Scale bars Z 50 mm (E and F). DM, diabetes mellitus; HPF, high-power field; NS, not statistically significant.
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