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Abstract

Resistance to insulin action is a key cause of diabetic complications, yet much remains unknown 

about the molecular mechanisms that contribute to the defect. Glucose-induced insulin resistance 

in peripheral tissues such as the retina is mediated in part by the hexosamine biosynthetic pathway 

(HBP). Glucosamine (GAM), a leading dietary supplement marketed to relieve the discomfort of 

osteoarthritis, is metabolized by the HBP, and in doing so bypasses the rate-limiting enzyme of the 

pathway. Thus, exogenous GAM consumption potentially exacerbates the resistance to insulin 

action observed with diabetes-induced hyperglycemia. In the present study, we evaluated the 

effect of GAM on insulin action in retinal Müller cells in culture. Addition of GAM to Müller cell 

culture repressed insulin-induced activation of the Akt/mTORC1 signaling pathway. However, the 

effect was not recapitulated by chemical inhibition to promote protein O-GlcNAcylation, nor was 

blockade of O-GlcNAcylation sufficient to prevent the effects of GAM. Instead, GAM induced 

ER stress and subsequent expression of the protein Regulated in DNA Damage and Development 

(REDD1), which was necessary for GAM to repress insulin-stimulated phosphorylation of Akt on 

Thr308. Overall, the findings support a model whereby GAM promotes ER stress in retinal Müller 

cells, resulting in elevated REDD1 expression and thus resistance to insulin action.
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1. Introduction

Diabetic retinopathy (DR) is the leading cause of blindness in working age adults in the 

USA. The pathogenesis of DR is caused by a combination of vascular and neuronal 

complications due to increased hyperglycemia and attenuated activation of signaling 

pathways associated with the action of insulin. Unlike some cell types that are able to reduce 

the rate of glucose uptake when exposed to hyperglycemia, certain cell types in the retina 

lack the molecular machinery to do so. Thus, diabetes increases the intracellular glucose 

concentration of retinal tissues (1). Most of this glucose is metabolized through glycolysis, 

via its conversion to glucose-6-phosphate and then fructose 6-phosphate (F6P). However, 2–

5% of F6P is diverted into the hexosamine biosynthetic pathway (HBP), via conversion to 

glucosamine-6-phosphate (GlcN6P) by the HBP’s rate limiting enzyme glutamine-
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fructose-6-phosphate amidotransferase (GFAT). GlcN6P is then irreversibly converted to 

the end-product of the HBP, UDP-N-acetylglucosamine (UDP-GlcNAc), which serves as 

the substrate for the post-translational modification of proteins by the covalent O-linked 

addition of N-acetylglucosamine (O-GlcNAc). Insulin resistance has been previously linked 

to elevated O-GlcNAc modification of key signaling proteins such as IRS1 (2) and Akt (3). 

Furthermore, increased glucose flux through the HBP at least in part mediates insulin 

desensitization in response to hyperglycemic conditions, as the effect can be eliminated by 

inhibition of GFAT [3,4].

In response to hyperglycemia, flux thought the HBP is moderated by allosteric feedback 

from UDP-GlcNAc to inhibit GFAT. However, metabolism of the amino monosaccharide 

glucosamine (GAM) bypasses GFAT as it is directly phosphorylated to generate GlcN6P. 

GAM is consumed by ~20% of the U.S. population over the age of 18 as a dietary 

supplement (4). GAM supplementation is marketed to relieve the symptoms of osteoarthritis 

by supporting joint structure and function. Notably, systemic inflammation resultant from 

diabetes-induced hyperglycemia has been linked to the symptoms of osteoarthritis (5). 

However, while some studies suggest that GAM supplementation has limited effects on 

glucose metabolism (6–8), others demonstrate exacerbation of insulin resistance in humans 

consuming doses used to treat osteoarthritis (9). GAM is transported into cells by facilitated 

transport, and notably GLUT2 functions as a high affinity (~20-fold lower Km for GAM 

than glucose) GAM transporter (10). Thus, even at relatively low plasma concentrations, 

GAM uptake by GLUT2-expressing cells has the potential to dramatically elevate UDP-

GlcNAc production and attenuate the activation of insulin responsive signaling pathways 

such as Akt/mTORC1.

In the retina, GLUT2 is exclusively localized to the apical surface of Müller cells (11). 

Retinal Müller cells are the principal glial cells of the retina and play a critical role in the 

modulation and maintenance of retinal neurons and vasculature, as they directly interact 

with those cells types. Furthermore, they are responsible for the synthesis and secretion of a 

number of hormones, such as the pro-angiogenic cytokine vascular endothelial growth factor 

(VEGF), that play an essential and causative role in retinal vascular complications (12). Our 

laboratory recently demonstrated that inhibition of the mTORC1 signaling pathway 

contributes to Müller cell derived synthesis of VEGF in response to diabetes (13). A key 

regulator of this effect is the translational repressor 4E-BP1. The interaction of 4E-BP1 with 

the mRNA cap-binding protein eIF4E is reversibly regulated by mTORC1-dependent 

phosphorylation of 4E-BP1 (14). Upon phosphorylation by mTORC1, 4E-BP1 is released 

from eIF4E, allowing eIF4E to bind to eIF4G to form the eIF4F-cap binding complex. 

Sequestration of eIF4E by 4E-BP1 is elevated in the retina of diabetic mice, and ablation of 

4E-BP1 is sufficient to prevent diabetes-induced VEGF expression (15). Thus, by altering 

the signaling pathways that regulate 4E-BP1, GAM potentially recapitulates some of the 

metabolic dysfunction associated with diabetes.

In the present study, we evaluated the hypothesis that GAM alters the responsiveness of the 

mTORC1 signaling pathway to insulin in retinal Müller cells. We report that the addition of 

GAM to cell culture medium was sufficient to promote eIF4E sequestration by 4E-BP1 and 

repress insulin-induced activation of mTORC1 in retinal Müller cells. Activation of the 
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serine/threonine kinase Akt is required for insulin-induced activation of mTORC1 to 

promote 4E-BP1 phosphorylation (14). Notably, GAM attenuated insulin-stimulated 

phosphorylation of Akt on Thr308, but not on Ser473. A similar effect on Akt 

phosphorylation has been reported in response to induction of the protein Regulated in DNA 

Damage and Development (REDD1), which promotes protein phosphatase 2A (PP2A)-

dependent dephosphorylation on Thr308, but not Ser473 (16). Indeed, REDD1 expression 

was elevated in Müller cells exposed to GAM and the protein was necessary for GAM to 

repress insulin-stimulated phosphorylation of Akt on Thr308. Overall, the findings support a 

model whereby GAM promotes ER stress in retinal Müller cells, resulting in elevated 

expression of REDD1 and thus resistance to insulin action.

2. Material and Methods

2.1 Materials

Preparation of the 4E-BP1 and eIF4E antibodies has been previously described (17,18). 

REDD1 and ATF4 antibodies were purchased from Proteintech. Goat anti-mouse and goat 

anti-rabbit IgG horseradish peroxidase-conjugated antibodies were purchased from Bethyl 

Laboratories. Anti-GAPDH antibody was purchased from Santa Cruz and anti-actin 

antibody was purchased from Sigma. All other antibodies, including anti-O-GlcNAc 

(CTD110.6), were obtained from Cell Signaling.

2.2 Cell culture

TR-MUL retinal Müller cells were provided by K. Hosoya (Toyama Medical and 

Pharmaceutical University), and REDD1+/+and REDD1−/− MEFs were provided by L. 

Ellison (Massachusetts General Hospital Cancer Center). Cells were maintained in DMEM 

containing 5 mM glucose and supplemented with 10% FBS (Atlas Biologicals) and 1% 

penicillin/streptomycin (Invitrogen). Cells were maintained at either 33°C (TR-MUL) or 

37°C (MEFs) and 5% CO2 atmosphere. Where indicated, cells were exposed to culture 

medium supplemented with either an additional 25 mM glucose, 3mM GAM (Sigma), 50 

nM Thiamet G, and/or 10 nM ST045849 (TimTec) or vehicle controls for 16 h. To assess 

insulin action, cells were deprived of serum for 3 h and then stimulated with 0–100 nM 

insulin (Novolin) for 30 min.

2.3 Protein analysis and immunoprecipitations

Whole cell lysates were collected in 1x SDS sample buffer, boiled for 5 min, and analyzed 

by Western blotting. Alternatively, cells were collected in lysis buffer [20 mM HEPES (pH 

7.4), 2 mM EGTA, 50 mM NaF, 100 mM KCl, 0.2 mM EDTA disodium salt, 50 mM β-

glycerophosphate, 1mM sodium vanadate, 1 mM benzamidine and 10 μg/mL protease 

inhibitor cocktail (Sigma)], incubated at 4°C for 20 min, and supernatant fractions were 

collected following centrifugation at 1,000 x g for 10 min. Immunoprecipitation of eIF4E 

from supernatant fractions was performed as previously described (19) and 

immunoprecipitates were analyzed by Western blotting.
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2.4 RNA isolation and PCR analysis

RNA was extracted from cells with TRIzol reagent (Invitrogen) according to the 

manufacturer’s instructions. RNA (1 μg) was reverse transcribed using a High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems) and subjected to quantitative real-

time PCR using QuantiTect SYBR Green (Qiagen) to assess REDD1 and actin mRNA 

levels as previously described (20). XBP1 processing was assessed as previously described 

(21) using the primers 5′-ACA CGC TTG GGG ATG AAT GC-3′ and 5′-CCA TGG GAA 

GAT GTT CTG GG-3′.

2.5 Statistical analysis

The data are expressed as mean + SE. Analysis of variance was used to identify differences 

between group means. When identified, student’s t test was used post hoc to compare 

differences among groups. p < 0.05 was considered statistically significant.

3 Results

3.1 Glucosamine impairs activation of mTORC1 by insulin in retinal TR-MUL cells in 
culture

When retinal TR-MUL cells were exposed to GAM, 4E-BP1 phosphorylation was 

diminished as evidenced by increased electrophoretic mobility (Fig 1A). To evaluate the 

functional consequence of diminished phosphorylation, sequestration of eIF4E by 4E-BP1 

was evaluated in TR-MUL cells by immunoprecipitation of eIF4E from cell lysates. GAM 

reduced co-immunoprecipitation of eIF4G with eIF4E (Fig 1B) and enhanced co-

immunoprecipitation of 4E-BP1 with eIF4E (Fig 1C). The best-characterized mechanism for 

controlling the interaction of eIF4G and 4E-BP1 with eIF4E involves mTORC1 dependent 

phosphorylation of 4E-BP1. To assess the effect of GAM on insulin-stimulated mTORC1 

activation, GAM was administered to TR-MUL cells cultured in medium containing either 

low (Fig 1D) or high (Fig 1E) glucose concentrations. Cells were then serum deprived and 

stimulated with insulin. GAM attenuated insulin-induced phosphorylation of the mTORC1 

substrates p70S6K1 and 4E-BP1 (Fig 1D). We previously demonstrated a similar 

attenuation of mTORC1 substrate phosphorylation in TR-MUL cells in response to 

hyperglycemic conditions (13). Notably, the repressive effect of GAM was independent of 

the glucose concentration in the cell culture medium (Fig 1E).

3.2 Glucosamine represses site-specific phosphorylation of Akt on Thr308

To further investigate the mechanism whereby GAM attenuates insulin action, we also 

evaluated phosphorylation of TSC2. TSC2 acts in a complex with TSC1 as a GTPase 

activating protein for Rheb. Direct binding of Rheb-GTP results in activation of mTORC1 

(22). Consistent with the effect of GAM on mTORC1, insulin-stimulated phosphorylation of 

TSC2 on Ser939 was impaired in the presence of GAM (Fig 2A). Since Akt mediates 

phosphorylation of TSC2 (23), we investigated site-specific phosphorylation of Akt. GAM 

specifically repressed insulin-induced phosphorylation of Akt on Thr308, but not on Ser473 

(Fig 2B). To determine if site-specific dephosphorylation on Thr308 was sufficient to 

repress Akt activity, we evaluated the phosphorylation of other Akt substrates including 

GSK3, FoxO, PRAS40. Indeed, insulin-induced phosphorylation of GSK3 on Ser21/9, 
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FoxO1/3a on Thr24/32, and PRAS40 on Ser246 were all attenuated following GAM 

addition to medium (Fig 2C). Overall these findings demonstrate that insulin-stimulated Akt 

activity was impaired in TR-MUL cells exposed to GAM.

3.3 The effect of glucosamine on insulin action is independent of O-GlcNAcylation

One potential mechanism whereby HBP flux represses insulin action is through O-

GlcNAcylation of key signaling proteins. To investigate the role of O-GlcNAcylation in 

impairment of insulin action in TR-MUL cells in culture, we used Thiamet G (TMG) to 

inhibit the activity of O-GlcNAcase. TMG elevated global levels of protein O-GlcNAc 

modification, however phosphorylation of p70S6K1 was not altered by TMG treatment in 

the presence of complete cell culture medium (Fig 3A). To determine if elevated O-

GlcNAcylation levels were sufficient to repress insulin action, cells were exposed to TMG 

and then deprived of serum. Notably, O-GlcNAcylation elevated levels were maintained 

during serum deprivation (Fig 3B). Nevertheless, insulin-induced phosphorylation of 

p70S6K1 and 4E-BP1 was not attenuated by TMG (Fig 3C). To determine if O-GlcNAc 

addition is necessary for the repressive effects of GAM on Akt/mTORC1 activation, cells 

were treated with the O-GlcNAc transferase inhibitor ST045849. ST045849 was not 

sufficient to block the repressive effect of GAM on p70S6K1 and 4E-BP1 phosphorylation 

(Fig 3D). Notably, under the conditions used here, we were unable to detect a GAM-induced 

elevation in global O-GlcNAcylation levels in TR-MUL cells in culture (Fig 3E). Overall, 

the findings suggest that GAM acts independent of O-GlcNAcylation to attenuate Akt/

mTORC1 signaling under the conditions employed in these experiments.

3.4 Glucosamine induces REDD1 to attenuate phosphorylation of Akt on Thr308

We recently demonstrated that REDD1 acts to repress mTORC1 signaling by promoting the 

association of protein phosphatase 2A with Akt, leading to the site-specific 

dephosphorylation of Akt on Thr308 (16). Following exposure to GAM, REDD1 protein 

(Fig 4A) and mRNA (Fig 4B) expression levels were elevated concomitant with attenuated 

phosphorylation of 4E-BP1, p70S6K1 on Thr389 and Akt on Thr308 (Fig 4A). To evaluate 

the role of REDD1 in GAM-induced attenuation of insulin action, REDD1+/+ and 

REDD1−/− cells were exposed to GAM, followed by serum deprivation and insulin 

treatment. Whereas GAM attenuated insulin-stimulated phosphorylation of Akt on Thr308 

in REDD1+/+ cells, GAM failed to diminish insulin-stimulated phosphorylation of this site 

in REDD1−/− cells (Fig 4C–D). Moreover, a similar effect was observed with p70S6K1 on 

Thr389 (Fig 4C). Thus, GAM-induced attenuation of insulin action was absent in cells 

deficient of REDD1.

3.5 Glucosamine induces ER stress in retinal TR-MUL cells in culture

Our laboratory previously reported that REDD1 mRNA expression is enhanced in response 

to ER stress (20). Moreover, others have previously reported the induction of ER stress in 

response to GAM (24,25). Therefore, biomarkers of ER-stress were examined to assess 

whether or not GAM-induced ER stress might be involved in the induction of REDD1 

expression in TR-MUL cells. Autophosphorylation of the cytoplasmic kinase domain of the 

eIF2α kinase PERK on Thr980 (Fig 5A) and XBP1 processing to remove a 26-base intron 

(Fig 5B) were both enhanced following exposure to GAM. Moreover, phosphorylation of 
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eIF2α on Ser51 was also transiently enhanced in response to GAM (Fig 5A). Under 

conditions that promote phosphorylation of eIF2α, expression of activating transcription 

factor 4 (ATF4) is enhanced (26). Enhanced expression of ATF4 is necessary for elevated 

REDD1 mRNA expression in response to ER stress (20). As expected, ATF4 expression 

was elevated in TR-MUL cells in response to GAM addition (Fig 5A). Overall, these 

findings support a model wherein GAM promotes ER stress in TR-MUL cells resulting in 

elevated REDD1 expression and thus attenuation of insulin action (Fig 5C).

4 Discussion

The findings of the present study demonstrate that exogenous GAM repressed insulin action 

in retinal Müller cells in culture through the induction of REDD1. This finding supports the 

conclusion that GAM exacerbates the metabolic dysfunction associated with diabetes. The 

pathogenesis of diabetic retinopathy is caused by a combination of hyperglycemia and 

reduced insulin-mediated signaling, which results in neurovascular complications in the 

retina. Müller cell dysfunction was initially suggested by b-wave electroretinogram 

abnormalities in diabetic patients with little to no vascular lesions (27). Since that time, 

diabetes-induced activation of Müller cells has been demonstrated in both rodent (28) and 

human retinas (29). Retinal Müller cell derived growth factors, including VEGF, play an 

essential and causative role in the development of diabetic complications. Thus, GAM-

induced attenuation of the signaling pathway through which insulin regulates Müller cell 

gene expression is of particular interest with regards to the development of complications 

associated with diabetic retinopathy.

A previous study concluded that GAM inhibited proliferation in cancer cells via mTOR 

independent dephosphorylation of p70S6K1 (30). However, in that study (30), site-specific 

phosphorylation of 4E-BP1 on Thr37/Ser46 was elevated in isoforms with greater 

electrophoretic mobility (i.e. less globally phosphorylated). Phosphorylation of 4E-BP1 on 

Thr37/46 serves as a priming event for subsequent mTORC1-dependent phosphorylation on 

Ser65 and Thr70, and Thr37/46 phosphorylation alone is not sufficient for release of eIF4E 

(31,32). Thus, GAM-induced eIF4E sequestration by 4E-BP1 is likely independent of 

Thr37/46 phosphorylation. The results presented herein demonstrate that the inhibitory 

effect of GAM on insulin action in Müller cells manifest upstream of mTORC1 in a manner 

that leads to attenuated phosphorylation of both Akt and mTORC1 substrates. Nevertheless, 

the effects of GAM potentially manifest differently in various cell types based on the 

presence of certain isoforms of glucose transporters and glycolytic enzymes.

Glucosamine is transported into cells by facilitated glucose transporters, and notably 

GLUT2 is a high affinity transporter (10) that in the retina is found exclusively in Müller 

cells (11). Another important consideration with regards to the impact of GAM on the retina 

is that retinal tissue homogenates exhibit glucokinase activity (33). Unlike hexokinase, 

glucokinase is not negatively regulated by the production of G6P. Moreover, glucokinase 

has Km for GAM of ~8 mM, whereas that of hexokinase is an order of magnitude lower 

(34). Since plasma GAM concentrations in individuals supplementing with GAM are in the 

low mM range, hexokinase is likely to be saturated, whereas glucokinase is not. Thus, the 

presence of glucokinase and GLUT2 transporters likely heighten the susceptibility of Müller 
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cells in the retina to the negative effects of GAM, particularly as compared to most other 

tissues (e.g., muscle).

Excess hexosamine biosynthesis plays a role in the potentiation of insulin resistance [4]. 

One mechanism for this effect is elevated protein O-GlcNAcylation, which reduced insulin-

induced phosphorylation on Thr308 of Akt (3), however a similar deficit was not observed 

on Ser473 of Akt in response to IGF-1 (35). While we have not exclusively ruled out a role 

for the site-specific O-GlcNAcylation of Akt or another insulin responsive protein following 

GAM treatment, the findings do not support such a mechanism of regulation; as the effect of 

GAM could not be recapitulated with chemical inhibition to promote protein O-

GlcNAcylation, nor was OGT inhibition to block O-GlcNAcylation sufficient to prevent the 

effects of GAM. Unlike a previous report where we observed a GAM-induced elevation in 

global O-GlcNAcylation in hepatocytes (19), here we were unable to recapitulate the effect 

in retinal Müller cells in culture. Instead, the findings reported herein support previous 

reports linking GAM to the induction of ER stress (24,25). In addition to its role as a 

substrate for O-linked glycation, UDP-GlcNAc also serves as a substrate for post-

translational N-linked glycation, and thus facilitates proper folding of nascent proteins in the 

ER. Moreover, GAM has also been found to promote expression of ATF4 (36). ATF4 is a 

master regulatory factor that promotes transcription of a number of genes that facilitate 

adaptation to ER stress, including REDD1 (20). The findings reported herein also extend the 

previous report that GAM negatively regulates Akt phosphorylation through the induction of 

endoplasmic reticulum (ER) stress (36).

In the present study we observed elevated REDD1 expression in retinal Müller cells 

following exposure to GAM, and demonstrated site-specific attenuation of Akt on Thr308 

that was REDD1 dependent. Whereas some reports demonstrate the effects of GAM 

upstream of Akt activation (36), others support deficiencies in Akt activity as the target of 

inhibitory action. In 3T3-L1 adipocytes, GAM impairs insulin-stimulated GLUT4 

translocation and glucose uptake by repressing Akt and p70S6K activity in the absence of 

altered IR, IRS-1/2, or PI3K activity (37). Notably, GAM-induced attenuation of Akt 

phosphorylation in the present study was specific to Thr308, rather than Ser473. Previous 

reports also support limited (38) or no effect (39) of GAM on phosphorylation of Akt on 

Ser473. However, it is important to note that the mechanism of GAM action is potentially 

different in various cell lines.

5 Conclusions

Overall, the findings support a model wherein GAM acts to attenuate insulin action by 

REDD1-mediated repression of Akt activity (Fig 5C). Since retinal Müller cells express both 

glucokinase and GLUT2 transporters they are likely to have heightened susceptibility to the 

elevated plasma GAM levels that are associated with dietary supplementation. Müller cells 

are responsible for the synthesis and secretion of a number of hormones, such as VEGF, that 

are essential and causative role in retinal vascular complications (12). Moreover, REDD1 is 

a key regulator of diabetes-induced VEGF expression in the retina (13). Thus, the results 

reported herein support a role for REDD1 in GAM-induced attenuation of insulin signaling 

and suggest that further studies are warranted to determine if dietary supplementation with 
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GAM is sufficient to alter gene expression patterns of Müller cells in a manner that 

contributes to visual dysfunction.
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F6P fructose 6-phosphate

HBP Hexosamine Biosynthetic Pathway

GlcN6P glucosamine-6-phosphate

GFAT glutamine-fructose-6-phosphate amidotransferase

UDP-GlcNAc UDP-N-acetylglucosamine

O-GlcNAc O-GlcNAcylation
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VEGF vascular endothelial growth factor

eIF eukaryotic initiation factor

4E-BP1 eIF4E Binding Protein 1

REDD1 Regulated in DNA Damage and Development 1

PP2A protein phosphatase 2A

p70S6K1 p70 ribosomal protein kinase 1

mTORC1 mammalian target of rapamycin in complex 1

HG High Glucose

LG Low Glucose

TMG Thiamet G

ATF4 Activating Transcription Factor 4
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Highlights

• Glucosamine addition to Müller cells in culture repressed insulin action.

• Glucosamine attenuated insulin-stimulated Akt phosphorylation on T308 but not 

S473.

• Expression of the Akt/mTORC1 repressor REDD1 was elevated by 

glucosamine.

• Glucosamine failed to attenuate Akt phosphorylation in REDD1 deficient cells.

• Glucosamine addition to Müller cells in culture promoted ER stress.
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Figure 1. Glucosamine attenuates insulin action in retinal TR-MUL cells in culture
Retinal TR-MUL Müller cells in culture were maintained in DMEM containing 5 mM 

glucose and supplemented with 10% FBS. Cells were exposed to medium supplemented 3 

mM glucosamine in the presence of low (5 mM, A–D) or high (30 mM, E) glucose 

concentrations for 16 h as indicated. Binding of eIF4G (B) and 4E-BP1 (C) to eIF4E was 

assessed in cell lysates by co-immunoprecipitation. D–E, Cells were deprived of serum for 3 

h prior to the addition of insulin as indicated. The phosphorylation of p70S6K1 on Thr389, 

as well as presence of eIF4G, 4E-BP1, eIF4E, p70S6K1, and GAPDH was assessed by 

Western blot analysis. Representative blots from 2 replicated experiments are shown. Values 

are means + S.E. (n = 4 ). Statistical significance is denoted *, p < 0.05 versus the absence of 

GAM.
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Figure 2. Glucosamine attenuates insulin-stimulated Akt activity in retinal TR-MUL cells in 
culture
A–C, Retinal TR-MUL Müller cells in culture were maintained in DMEM containing 5 mM 

glucose and supplemented with 10% FBS. Cells were exposed to medium supplemented 

with 3 mM glucosamine (GAM) for 16 h as indicated. Cells were then deprived of serum for 

3 h prior to the addition of insulin as indicated. The phosphorylation of Akt on Thr308 and 

Ser473, GSK3 on Ser21/9, FoxO1/3a on Thr24/32, PRAS40 on Ser246, TSC2 on Ser939, as 

well as total Akt, GSK3, FoxO1/3a, PRAS40, and TSC2 was assessed by Western blot 

analysis. Representative blots from 2 replicated experiments are shown.

Moore et al. Page 14

Cell Signal. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The effect of GAM on insulin action in retinal TR-MUL cells in culture is independent 
of changes in global O-GlcNAcylation
Retinal TR-MUL Müller cells in culture were maintained in DMEM containing 5 mM 

glucose and supplemented with 10% FBS. Cells were exposed to the O-GlcNAcase inhibitor 

Thiamet G (TMG) for 16 h as indicated. Cells were maintained in either complete medium 

(A–B, FM) or deprived of serum for 16 h (B, SFM). C, Cells were deprived of serum for 3 h 

prior to the addition of insulin as indicated. D, Cells were exposed to medium supplemented 

with either 10 nM of the O-GlcNAc Transferase inhibitor ST045849 (+ST) and/or 3 mM 

glucosamine (+GAM) for 16 h. E, Cells were exposed to 3 mM GAM as indicated. O-

GlcNAcylation of total cellular proteins was assessed by Western blotting with anti-O-

GlcNAc (CTD110.6). The phosphorylation of p70S6K1 on Thr389, 4E-BP1 on Ser-65, as 

well as expression of actin were also assessed by Western blot analysis. Representative blots 

from 2 replicated experiments are shown.
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Figure 4. Glucosamine induced REDD1 attenuates insulin stimulated phosphorylation of Akt on 
Thr308
A, Retinal TR-MUL Müller cells in culture were maintained in DMEM containing 5 mM 

glucose and supplemented with 10% FBS and exposed to 3 mM glucosamine (+GAM) for 

16 h as indicated. B. Cells were treated with GAM as described in A for either 6 or 16 h. 

REDD1 mRNA was assessed relative to actin by qRT-PCR. C–D, Wild-type REDD1+/+ 

(WT) or REDD1−/− knockout (KO) mouse embryonic fibroblasts were maintained in 

complete cell culture medium (CM) containing 5 mM glucose. Cells were exposed to 

medium containing 3 mM GAM for 16 h, serum deprived for 3 h and stimulated with 10 nM 

insulin for 30 min as indicated. The phosphorylation of Akt on Thr308, p70S6K1 on 

Thr389, as well as expression of REDD1 and actin were assessed by Western blot analysis. 

Representative blots from 2 replicated experiments are shown. ns, non-specific. D, 

Quantification of insulin stimulated phosphorylation of Akt on Thr308 from C. Values are 

means + S.E. (n = 10 in B and 4 in D). Statistical significance is denoted *, p < 0.05 versus 

the absence of GAM.
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Figure 5. Glucosamine induces ER stress in retinal TR-MUL cells in culture
A, Retinal TR-MUL Müller cell cultures were maintained in DMEM containing 5 mM 

glucose supplemented with 10% FBS and exposed to 3 mM glucosamine (+GAM) as 

indicated. The phosphorylation of PERK on Thr980, and eIF2α on Ser51, as well as 

expression of ATF4 and actin were assessed by Western blot analysis. Representative blots 

from 2 replicated experiments are shown. B. PCR analysis of XBP1 splicing was performed 

on TR-MUL cells 6 h after GAM addition. Values are means + S.E. (n = 6). Statistical 

significance is denoted *, p < 0.05 versus the absence of GAM. C. Working model for the 

mechanism whereby GAM attenuates insulin action in retinal TR-MUL cells.
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