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SUMMARY

Chronic exposure of pancreatic b-cells to excess glucose can lead to metabolic acceleration and loss of

stimulus-secretion coupling. Here, we examined how exposure to excess glucose (defined here as con-

centrations above 5 mM) affects mTORC1 signaling and the metabolism of b-cells. Acute exposure to

excess glucose stimulated glycolysis-dependent mTORC1 signaling, without changes in the PI3K or

AMPK pathways. Prolonged exposure to excess glucose led to hyperactivation of mTORC1 andmeta-

bolic acceleration, characterized by higher basal respiration and maximal respiratory capacity,

increased energy demand, and enhanced flux through mitochondrial pyruvate metabolism. Inhibition

of pyruvate transport to the mitochondria decelerated the metabolism of b-cells chronically exposed

to excess glucose and re-established glucose-dependent mTORC1 signaling, disrupting a positive

feedback loop for mTORC1 hyperactivation. mTOR inhibition had positive and negative impacts on

various metabolic pathways and insulin secretion, demonstrating a role for mTOR signaling in the

long-term metabolic adaptation of b-cells to excess glucose.

INTRODUCTION

A tight stimulus-secretion coupling is critical for healthy b-cells to establish glucose homeostasis (Prentki

et al., 2013). Obese and/or pre-diabetic patients often present with increased fasting plasma insulin levels

and decreased post-prandial insulin secretion, which indicates loss of stimulus-secretion coupling in their

b-cells (Corkey, 2012; Pories and Dohm, 2012).

Proper stimulus-secretion coupling in b-cells is attributed to metabolic coupling factors that are generated

during the catabolism of glucose and other nutrients (Prentki et al., 2013). Changes in the ATP/ADP ratio,

and subsequent closing of ATP-sensitive potassium channels, is one of the metabolic coupling factors that

have been identified in b-cells, but other factors also contribute to insulin secretion at various levels of the

process, from sensing and amplification of the nutrient signal to triggering insulin granule exocytosis (La-

montagne et al., 2017; Mugabo et al., 2017). Environmental factors that disturb any of these metabolic fac-

tors could potentially promote loss of stimulus-secretion coupling (Nolan and Prentki, 2008).

Sugar and fat overload have been linked to loss of stimulus-secretion coupling (Deeney et al., 2000; Erion

et al., 2015; Irles et al., 2015; Li et al., 2006); however, the molecular mechanisms or metabolic coupling fac-

tors that contribute to increased basal and decreased stimulus-induced insulin secretion are poorly under-

stood. Here, we set up to test the hypothesis that hyperactivation of the nutrient-sensing kinase mTORC1

(mechanistic target of rapamycin complex 1) in b-cells in response to exposure to excess glucose results in

metabolic reprogramming and disruption of stimulus-secretion coupling.

mTORC1 signaling is activated in several tissues, either acutely following nutrient stimulation or chronically,

as a consequence of obesity (Gonzalez and Hall, 2017). The direct effect of chronic activation of mTORC1 in

b-cells was addressed using mice with tissue-specific knockout (KO) of the tuberous sclerosis complex

Tsc1/Tsc2 (which are negative regulators of mTORC1). These mice developed progressive hyperinsuline-

mia, with increased islet b-cell mass (Mori et al., 2009; Rachdi et al., 2008; Shigeyama et al., 2008) and

increased mitochondrial biogenesis (Koyanagi et al., 2011). These studies elegantly illustrate the role of

mTORC1 in the control of b-cell proliferation, which is an important positive adaptation to compensate

for increased insulin demand in response to hyper-caloric diets or obesity-induced insulin resistance.
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Figure 1. Glucose Stimulates mTORC1 Signaling through Glycolysis Only in b-Cells Cultured in Low Glucose

(A and B) INS-1 cells cultured in excess glucose were transferred to medium containing physiological glucose for 2, 24, or

48 h. Cells were then transferred to serum-free media and stimulated with the indicated glucose dose for 1 h. (A) Diagram

depicting the media composition and glucose concentrations throughout the different stages of the experimental

timeline for (B). (B) Bar graphs and representative western blot (WB) showing glucose dose-dependent activation of

mTORC1 signaling after excess glucose withdrawal for 2 (black bars), 24 (dark gray bars), or 48 h (light gray bars).

(C–E) INS-1 cells chronically cultured in physiological glucose were transferred to serum-free media and stimulated with

the indicated glucose dose for 1 h, with or without inhibitor. (C) Diagram depicting the media composition and glucose

concentrations throughout the different stages of the experimental timeline for Figure 1 (D–E) and Figure 2. (D–E) Bar

graphs and representative western blots showing glucose dose-dependent activation of mTORC1 signaling in the

presence of DMSO or UK5099 (D) or glucosamine (E). Bar graphs show the average and standard error of at least three

separate experiments in which the levels of phospho-S6 were quantified, corrected for loading, and normalized against

the 11 mM glucose data point. Statistical significance was calculated by Student’s t test. # indicate p values above 0.05, #*

indicates p = 0.057, * indicate 0.05 > p > 0.02, ** indicate 0.02 > p > 0.01, and *** indicate 0.01 > p > 0.001.
However, thesemice also presented with increased fasting insulin levels, a sign of loss of stimulus-secretion

coupling that cannot be explained by increased b-cell mass or number of mitochondria, as previously sug-

gested. In one study, b-cell-specific Tsc2 KOmice eventually developed b-cell failure and apoptosis, which

culminated in hyperglycemia and diabetes, revealing that prolongedmTORC1 signaling in b-cells can elicit

maladaptive responses (Shigeyama et al., 2008). In the present study, we examined how transient exposure

of b-cells to excess glucose under well-controlled culture conditions resulted in mTORC1 hyperactivation

and mTOR-dependent metabolic reprogramming of b-cells. Unlike most studies looking at the effects of

glucose on mTORC1 signaling, which typically involve complete glucose-starvation, we used concentra-

tions of glucose that ranged from normoglycemic (5 mM) to post-prandial levels (11 mM), to completely

avoid energy deprivation or glucotoxicity. This approach revealed a mode for acute mTORC1 activation

that did not require changes in phosphoinositide 3-kinase (PI3K) or AMP-dependent kinase (AMPK)

signaling. Instead, glucose-induced mTORC1 activation was glycolysis dependent and mitochondrial py-

ruvate metabolism independent. Prolonged mTORC1 activation by excess glucose promoted metabolic

acceleration of b-cells, which was characterized by increase in energy demand and flux through mitochon-

drial pyruvate metabolism. Increased mitochondrial pyruvate metabolism in turn stimulated basal

mTORC1 signaling, generating a positive feedback loop for mTORC1 hyperactivation. Furthermore,

mTOR inhibition positively and negatively impacted different metabolic pathways and insulin secretion,

demonstrating that mTORC1 signaling plays a complex role in the metabolic adaptation of b-cells to

excess glucose.
RESULTS

Excess-Glucose Withdrawal Reveals that mTORC1 Signaling in b-Cells Is Glucose Dose

Dependent

Insulinoma cells are typically cultured in medium containing 11 mM glucose, which is above the normogly-

cemic levels in the blood. Previous studies have shown that INS-1 cells chronically cultured under 11 mM

glucose have excess fuel, which is evidenced by the accumulation of lipids in the form of lipid droplets

(Erion et al., 2015). In contrast, INS-1 cells chronically cultured under 5 mM glucose have fewer lipid drop-

lets and a glucose dose-response curve for insulin secretion that more closely resembles the physiological

response, with low secretion at sub-stimulatory glucose concentrations (below 5 mM) and high secretion at

stimulatory glucose concentrations (above 8 mM), as compared with cells cultured in 11 mM glucose (Erion

et al., 2015). To better understand how culturing INS-1 cells in 11 mM glucose affects nutrient-sensing

signaling pathways, we transferred the cells to 5 mM glucose and examined howmTORC1 activity changes

over time, as determined by measurements of phospho-S6 and phospho-p70S6K (see Figure 1 A for exper-

imental design). From here on, we will refer to 5 mM glucose as physiological concentration, whereas

11 mM will be referred to as excess glucose, although we acknowledge that this comparison may not be

completely appropriate, given that INS-1 are transformed tumoral cells. In cells cultured in physiological

glucose for 2 h, basal mTORC1 signaling was elevated and did not significantly change in response to acute

glucose stimulation, whereas in cells cultured in physiological glucose for 24 h, basal mTORC1 signaling

decreased and sensitivity to glucose improved, with a small but significant increase after acute stimulation

with 11 mM glucose (Figure 1B). Remarkably, after 48 h in physiological glucose, mTORC1 signaling

became highly sensitive to small changes in glucose, with a significant increase from 5 to 7 mM glucose

and a 2-fold increase from 5 to 11 mM (Figure 1B). Thus, excess-glucose withdrawal from the culture media
iScience 23, 100858, February 21, 2020 3
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Figure 2. Up-Regulation of mTORC1 by Glucose Does Not Involve Changes in Insulin/PI3K/Akt or AMPK

Signaling

INS-1 cells or freshly isolated mouse islets were chronically cultured in physiological glucose, transferred to serum-free

media, and stimulated with the 11 mM glucose (12 mM in the case of islets) for 1 h, with or without inhibitor, as depicted in

Figure 1C.

(A and B) Representative western blots showing the effects of acute glucose stimulation on dispersed mouse islets (A) or

INS-1 cells (B) treated with or without inhibitors, as indicated. mTORC1 was measured by phosphorylation of p70S6K and

S6. PI3K signaling was measured by phosphorylation of Akt. AMPK signaling was measured by phosphorylation of AMPK/

Raptor.

(C–E) Glucose-induced mTORC1 signaling, as measured by S6 phosphorylation, in the absence or presence of the mTOR

inhibitor, KU, or the PI3K inhibitor, Ly (C); the Akt inhibitor, MK2206 (D); the inhibitor of glucose-stimulated insulin

secretion, DZ (E).

(F) Glucose-induced mTORC1 signaling, as measured by S6 phosphorylation, in the absence or presence of exogenous

insulin (100 nM). Tables underneath the blots indicate the quantification of the bands (arbitrary units). Bar graphs shown

are the average and standard error of at least three separate experiments in which the levels of phospho-S6 were

quantified, corrected for loading, and normalized against the 11 mM glucose data point. Statistical significance

was calculated by Student’s t test. # indicate p values above 0.05, * indicate 0.05 > p > 0.02, ** indicate 0.02 > p > 0.01, and

*** indicate 0.01 > p > 0.001.
improved glucose sensitivity for mTORC1 activation, with decreased signaling under basal levels of

glucose (5 mM) and an increased response to stimulatory glucose (11 mM).

Glucose Stimulates mTORC1 Signaling through Glycolysis

The mechanisms by which glucose activates mTORC1 are not completely understood and thought to

involve changes in energy status (Dibble and Manning, 2013; Herzig and Shaw, 2018). We used INS-1 cells

that had been cultured for several days under physiological glucose to investigate whether acute glucose

stimulation of mTORC1 depends on glucose catalysis through glycolysis and/or mitochondrial pyruvate

metabolism (see Figure 1C for experimental design). Treatment with UK5099, an inhibitor of the mitochon-

drial pyruvate carrier MPC-1 (Hildyard et al., 2005), reduced basal mTORC1 signaling but did not prevent

the glucose dose-dependent stimulation of mTORC1 (Figure 1D). In contrast, treatment with 10 mM

glucosamine, which is a competitive inhibitor of hexokinases, completely blocked glucose-dependent

mTORC1 signaling (Figures 1E and S1A). To confirm these results, we used freshly isolated mouse islets

that were cultured in 6 mM glucose overnight (6 mM glucose was chosen to mimic the normoglycemic

levels in mice). Figure 2A shows glucose-dependent mTORC1 stimulation in mouse islets, as measured

by phosphorylation of p70S6K and S6 (please note that, despite the low signal-to-noise ratio of the bands

for total S6, their levels largely reflected the levels of tubulin, which was used as a loading control). As for

INS-1 cells, glucose-dependent stimulation of mTORC1 signaling in islets was sensitive to glucosamine and

insensitive to UK5099 (Figure 2A). Glucokinase is the main hexokinase expressed in b-cells and is consid-

ered a glucose-sensor owing to its high Km for glucose. The glucose dose-response curve shown in Fig-

ure 1D suggested that glucokinase may be involved in the activation of mTORC1 signaling in b-cells. Unlike

other hexokinases, glucokinase is insensitive to inhibition by 2-deoxyglucose (2-DG). This is because 2-DG

is phosphorylated into 2-deoxyglucose-6-phosphate, which cannot be fully metabolized and accumulates

in cells, inhibiting hexokinase. Since glucokinase is not inhibited by glucose-6-phosphate (Matschinsky,

2002), it is insensitive to 2-DG. Interestingly, glucose-dependent mTORC1 activation was not inhibited

by 2-DG (Figure S1B). These results are consistent with a role for glucokinase on glucose-dependent

mTORC1 activation.

It is important to point out that glucose stimulation of mTORC1 signaling was observed in cells growing in

media containing supra-physiological levels of all amino acids. Therefore, it is unlikely that glucose

increased mTORC1 signaling through the biosynthesis of non-essential amino acids. Furthermore, under

amino acid deprivation, mTORC1 signaling was dramatically reduced, as expected, and glucose treatment

had no effect (Figure S1C), indicating that glucose-derived amino acids were insufficient to activate

mTORC1. Together, these results indicate that glucose stimulated mTORC1 signaling through glycolysis

and independently of pyruvate oxidative phosphorylation or amino acid biosynthesis.

Glucose Up-Regulates mTORC1 Signaling Independently of Changes in Growth-Factor or

Energy-Sensing Pathways

Growth factors activate mTORC1 through PI3K/Akt signaling (Gonzalez and Hall, 2017; Saxton and Saba-

tini, 2017). Therefore, we examined the contribution of this pathway to the glucose-induced mTORC1
iScience 23, 100858, February 21, 2020 5



stimulation (see Figure 1C for experimental design). In INS-1 cells and in freshly isolated mouse islets

cultured under physiological glucose, phospho-Akt levels were low and, in the case of INS-1, at the

threshold of detection (Figures 2A and 2B). Acute exposure to 11 mM glucose stimulated a 2.5-fold in-

crease in phospho-S6 in INS-1 cells (Figures 2B–2F). In mouse islets, 12 mM glucose induced a 5- to 16-

fold increase in phospho-S6 (Figures 2A and S6B). These were due to increased mTORC1 signaling, as

confirmed by measurements of the mobility shift of p70S6K (Figure S2A) and phosphorylation of p70S6K

(Figures 2A and S2B) and 4EBP (Figure S2B), which are direct substrates of mTORC1. Surprisingly, acute

exposure to 11–12 mM glucose did not increase phosphorylation of Akt (Figures 2A, 2B, S2B, and S2C)

or its substrate GSK3 (Figure S2B), suggesting that glucose simulates mTORC1 without changes in PI3K

signaling or mTORC2 activity. Inhibition of mTOR with KU0063794 (KU) or Ly294002 (Ly), which can inhibit

mTOR directly or through PI3K inhibition, completely abolished mTORC1 signaling, as expected (Figures

2B, 2C, and S2B). Inhibition of Akt with the pan-inhibitor MK2206 reduced the levels of both basal and

glucose-stimulated mTORC1, but it did not prevent the glucose-induced stimulation of mTORC1 signaling

in freshly isolated islets or INS-1 (Figure 2A, 2B, and 2D). These results indicated that glucose-dependent

stimulation of mTORC1 in b-cells does not involve further activation of Akt.

Next, we examined the role of AMPK signaling in the stimulation of mTORC1 by glucose. As a control, INS-

1 cells were treated with oligomycin, an inhibitor of ATP synthase, to stop mitochondrial ATP generation.

This confirmed that under energy deprivation pAMPK levels increased (indicating activation of AMPK) and

mTORC1 signaling decreased, as expected (Figure 2B). In contrast, acute stimulation with 11 mM glucose

did not decrease pAMPK levels (Figures 2B and S2D) or phosphorylation of the AMPK substrates Raptor

(pS792) and Tsc2 (pT1462) (Figures 2B and S2B), indicating that changes in energy status cannot explain

the effect of glucose on mTORC1. These results confirmed that under the conditions used (media contain-

ing 5 mM glucose and amino acids and supplemented with 1 mM sodium pyruvate) cells had sufficient nu-

trients to maintain a positive energy balance.

To test whether the effect of acute exposure to glucose on mTORC1 signaling could be explained by an

increase in insulin secreted into the media, we treated INS-1 cells and freshly isolated islets with diazoxide

(DZ), an activator of the ATP-dependent potassium channel, to inhibit glucose-stimulated insulin secretion

(GSIS). DZ treatment during acute glucose stimulation did not prevent the increase inmTORC1 signaling by

11–12 mM glucose (Figures 2A, 2B, and 2E), demonstrating that autocrine insulin stimulation cannot

explain the effects of glucose on mTORC1. This was further confirmed by the addition of exogenous insulin

to the media during acute glucose treatment, which stimulated Akt and S6 phosphorylation (Figure 2B),

likely through activation of the insulin and/or IGF1 receptors (Rhodes et al., 2013). Remarkably, exogenous

insulin synergized with glucose to stimulate mTORC1 (Figures 2B and 2F), suggesting that glucose and in-

sulin activate mTORC1 through independent pathways. Together, these results demonstrate that glucose

upregulates mTORC1 independently of changes in insulin secretion, PI3K, or AMPK signaling (energy

status).
Prolonged Exposure to Excess Glucose Results in Sustained Activation of mTORC1 Signaling

and Metabolic Acceleration

Prolonged exposure of INS-1 cells to excess glucose was previously shown to increase mitochondrial meta-

bolism, as measured by oxygen consumption rate (OCR) (Erion et al., 2015). To understand the role of

mTORC1 signaling in the metabolic adaptation of b-cells to prolonged excess glucose, we performed bio-

energetic studies in INS-1 cells that were cultured in 5 mM glucose and transiently exposed to 11 mM

glucose for 2–24 h. These cells had a gradual and sustained increase in mTORC1 signaling, as measured

by phosphorylation of p70S6K, S6, and 4EBP (Figures S3A–S3C), without increases in the levels of the ER

stress marker Grp78 (Figure S3A). To measure basal metabolic rate, cells exposed to excess glucose or

kept at physiological glucose were transferred to media containing 3 mM glucose and subjected to a mito-

chondrial stress test (see Figure 3A for experimental design). INS-1 cells exposed to excess glucose had a

gradual increase in basal respiration as compared with control cells (Figures 3B and 3C). Since this increase

in respiration was maintained even after the excess glucose was removed, we refer to it as metabolic ac-

celeration. Pre-exposure to excess glucose for 2 h was not sufficient to induce changes in respiration,

whereas 4-h exposure resulted in a small but significant increase in basal OCR (Figure 3C). Thus, metabolic

acceleration is not an acute response, but rather a delayed and gradual adaptation to excess glucose.

Increased basal respiration after 20–24 h of excess glucose exposure was due to a substantial increase

in ATP-coupled respiration (Figure S4A) and proton leak (Figure S4C), and a small but significant increase
6 iScience 23, 100858, February 21, 2020
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Figure 3. Exposure to Excess Glucose Accelerates the Metabolism of b-Cells Gradually and Dose-Dependently

owing to mTOR Signaling and Increased Energy Demand

INS-1 cells were pre-exposed to excess glucose (7–11mM) for 2–24 h or kept in physiological glucose and then transferred

to complete serum-free Seahorse base-media containing 3 mM glucose for 2 h, after which OCR was measured.

(A) Diagram depicting the media composition and glucose concentrations throughout the different stages of the

experimental timeline for (B)–(H).

(B) OCR trace along a mitochondrial stress test of cells at 3 mM glucose that had been pre-exposed to excess glucose

(11 mM) for the time indicated. Data shown are the average and standard error of four to six replicates and is

representative of more than three separate experiments.

(C) Calculated basal mitochondrial OCR (at 3 mMglucose) from cells that were pre-exposed to excess glucose (11 mM) for

2–24 h or kept in physiological glucose (time 0); data are the average and standard error from four to eight experiments

with three to six replicates each.

(D) Calculated basal mitochondrial OCR (at 3 mM glucose) from cells that were kept in physiological glucose (5 mM) or

pre-exposed to excess glucose (7–11 mM) for 20 h; data shown are the average and standard error of six replicates and is

representative of three separate experiments.

(E and F) OCR corresponding to ATP-coupled respiration (E) or maximal respiratory capacity (F) from INS-1 cells, at 3 mM

glucose, which had been pre-exposed to excess glucose (dark gray bars) for 20 h or kept in physiological glucose (light

gray bars), in the presence of KU (hatched bars) or DMSO (solid bars). Results shown are the average and standard error

from three separate experiments with four to six replicates each.

(G and H) OCR corresponding to ATP-coupled respiration (G) or maximal respiratory capacity (H) from INS-1 cells at 3 mM

glucose, which had been pre-exposed to excess glucose (dark gray bars) for 20 h or kept in physiological glucose (light

gray bars) and treated with cycloheximide (hatched bars) or vehicle (solid bars). Data shown are the average and standard

error calculated from four to six replicates and is representative of five separate experiments. # indicate no statistical

significance, * indicate 0.05 < p < 0.02, ** indicate 0.02 < p < 0.01, and *** indicate 0.01 < p < 0.003, as determine by

Student’s t tests. Arrows indicate the times when oligomycin (O), FCCP (f) or antimycin A (AA) were introduced into the cell

media.
in mitochondrial inefficiency, which is measured by the percentage increase in mitochondrial leak over

ATP-coupled respiration (Figure S4D). Prolonged exposure to excess glucose also increased the maximal

respiratory capacity of INS-1 cells (Figure S4B).

Next, we exposed INS-1 cells to various doses of glucose for 20 h and measured the effect on basal respi-

ration. Glucose pre-treatment promoted the metabolic acceleration of INS-1 cells in a dose-dependent

manner, with significant changes with 2-mM increments (Figures 3D and S4E–S4G), similar to its effects

on mTORC1 signaling (Figure 1D). The correlation between excess glucose-induced increase in mTORC1

signaling and in respiration indicates these may have a cause-and-effect relationship.

To demonstrate that mTOR is necessary for the metabolic acceleration of b-cells, we treated cells with KU

during exposure to excess glucose. KU treatment inhibited mTORC1 signaling in INS-1 cells kept in phys-

iological glucose or exposed to excess glucose (Figures S3A and S3C) and reduced ATP-coupled respira-

tion and maximal respiratory capacity (Figures 3E and 3F). The basal OCR of cells treated with excess

glucose in the presence of KU was similar to theOCR of cells kept under physiological glucose (Figure S5A).

Thus, mTOR inhibition prevented the metabolic acceleration by excess glucose. KU treatment decreased

ATP-coupled respiration (Figure 3E) and proton leak (Figure S5B) without significantly affecting the effi-

ciency of the mitochondria (Figure S5C). It is important to note that KU was only present at the time of

pre-treatment and not at the time of OCR measurements (see Figure 3A), which suggests that the effect

of mTOR inhibition on respiration is long-lasting. In fact, acute inhibition of mTOR during OCR measure-

ments had no immediate effect on cellular respiration (Figure S5D). Thus, mTOR activity is necessary for

the long-term metabolic adaptation of INS-1 cells to excess glucose.

The effect of KU on ATP-coupled respiration indicated that mTOR inhibition decreased energy demand in

INS-1 cells. Since protein translation is an mTORC1-regulated process that is highly energy demanding

(Nicholls, 2016), we examined the effects of cycloheximide, an inhibitor of protein translation, on respira-

tion. Cycloheximide treatment immediately and significantly decreased ATP-coupled respiration of INS-1

cells pre-treated with excess glucose (49%–50% inhibition) or kept in physiological glucose (41%–44% in-

hibition) and reduced the difference between these two experimental groups (Figures 3G and S5E). Impor-

tantly, acute cycloheximide treatment did not significantly decreasemaximum respiratory capacity (Figures

3H and S5E), demonstrating that decreased respiration is not due to depletion of enzymes in the metabolic

machinery. Together these results show that cells exposed to excess glucose have higher metabolic de-

mand, which is largely due to increased protein translation. Furthermore, inhibiting mTOR activity during
8 iScience 23, 100858, February 21, 2020
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Figure 4. Exposure to Excess Glucose Enhances Mitochondrial Pyruvate Metabolism

(A–F) INS-1 cells were kept in physiological glucose or pre-exposed to excess glucose for 20–24 h, then transferred to

complete serum-free Seahorse base-media containing 3 mM glucose for 2 h, after which OCR was measured. (A) Diagram

depicting the media composition and glucose concentrations throughout the different stages of the experimental

timeline for (B)–(F). (B) OCR trace along a mitochondrial stress test at 3 mM glucose with INS-1 cells that were either pre-

exposed to excess glucose for 20 h (dark gray squares, triangles, and exes) or kept in physiological glucose (light gray

circles, diamonds, and stars). Vehicle (circles and squares), etomoxir (stars and exes), or UK5099 (diamonds and triangles)

was injected into the media in between measurements, as indicated by the arrow. Arrows also indicate when oligomycin

(O), FCCP (f), and antimycin A (AA) were introduced into the cell media. Data shown are the average and standard error of

four to six replicates. (C and D) Calculated OCR corresponding to ATP-coupled respiration (C) or maximal respiratory

capacity (D) from the experiment shown in (B). Data shown are the average and standard error from four to six replicates,

and is representative of at least three separate experiments. (E) Calculated OCR corresponding to the ATP-coupled

respiration of INS-1 cells at 3 mM glucose, which was acutely treated at the time of OCR measurements with various sub-

optimum concentrations of UK5099, as indicated. (F) Calculated OCR corresponding to the ATP-coupled respiration of

INS-1 cells at 3 mM glucose measured with sodium pyruvate (hatched bars) or without (solid bars) in the media. Cells that

had been pre-exposed to excess glucose are shown in dark gray bars, whereas cells that were kept in physiological

glucose are shown in light gray bars. (E and F) Data shown are the average and standard error of three separate

experiments, with four to six replicates each. # indicate no statistical significance, * indicate 0.05 < p < 0.02, ** indicate

0.02 < p < 0.01, and *** indicate 0.01 < p < 0.003, as determined by Student’s t tests.
glucose exposure completely prevented themetabolic acceleration by excess glucose, which could be due

to mTORC1 and/or mTORC2 signaling. Given that excess glucose stimulated mTORC1 signaling without

significant changes in mTORC2 (as determined by measurements of pAkt, see above), we suspect that

glucose-induced metabolic reprogramming and increased protein translation is mostly regulated by

mTORC1 signaling.

Prolonged Exposure to Excess Glucose Results in Enhanced Flux through Pyruvate

Metabolism

To examine how prolonged exposure to excess glucose affected fuel utilization and preference, we treated

INS-1 cells with UK5099 or etomoxir to inhibit the mitochondrial transport of pyruvate or fatty acids, respec-

tively (see Figure 4A for experimental design). Inhibition of pyruvate transport to the mitochondria with

UK5099 significantly reduced ATP-coupled respiration (Figures 4B and 4C) and maximal respiratory capac-

ity (Figures 4B and 4D) of cells pre-exposed to excess glucose. ATP-coupled respiration in cells kept at

physiological glucose was also inhibited by UK5099, although to a lesser extent. In contrast, treatment

with etomoxir did not decrease respiration of INS-1 cells, whether they were pre-exposed to excess

glucose or not (Figures 4B–4D), demonstrating that these cells do not utilize fatty acids as a main source

of fuel. These results strongly indicate that pyruvate is the preferred mitochondrial fuel for INS-1 cells

and that pyruvate utilization is enhanced after exposure to excess glucose.

Next, we examined whether partial inhibition of mitochondrial pyruvate metabolism can reverse the meta-

bolic acceleration of cells exposed to excess glucose. UK5099 dose-dependently inhibited ATP-coupled

respiration of INS-1 cells starting at 0.02 mM (100-fold dilution from the suggested dose) (Figure 4E).

UK5099 treatment at 0.06 mM completely suppressed the increase in ATP-coupled respiration in response

to excess glucose (compare light bars with dark bars). These results demonstrate that mitochondrial pyru-

vate metabolism is a rate-limiting step in the metabolic acceleration by excess glucose. Furthermore,

removal of sodium pyruvate from the cell media right before measurements of OCR decelerated the meta-

bolism of cells exposed to excess glucose but did not affect cells kept at physiological glucose (Figure 4F).

These results confirm that mitochondrial pyruvate metabolism is accelerated in cells pre-exposed to excess

glucose, possibly due to increased energy demand.

Enhanced Mitochondrial Pyruvate Metabolism Results in a Positive Feedback Loop for

mTORC1 Hyperactivation

Next, we examined whether enhanced flux through mitochondrial pyruvate metabolism can explain the

elevated basal mTORC1 signaling in cells chronically cultured in excess glucose, as shown in Figure 1.

INS-1 cells cultured in physiological glucose were transiently exposed to 11 mM glucose for 20 h, returned

to 5 mM glucose for 2 h, and analyzed for glucose-dependent mTORC1 signaling in the presence or

absence of UK5099 (see Figure 5A for experimental design). In cells kept under physiological glucose, basal

mTORC1 signaling was low and increased upon acute stimulation with 2 mMglucose increments (Figure 5B

left panel, and C light bars). In contrast, cells pre-exposed to excess glucose had high basal mTORC1
10 iScience 23, 100858, February 21, 2020
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Figure 5. Exposure to Excess Glucose Results in mTORC1 Hyperactivation owing to Enhanced Mitochondrial

Pyruvate Metabolism

(A–E) INS-1 cells were kept in physiological glucose or transiently exposed to excess glucose for 20–24 h. Cells were then

returned to 5 mM glucose in serum-free media and stimulated with the indicated glucose dose for 1 h (acute stimulation).

(A) Diagram depicting the media composition and glucose concentrations throughout the different stages of the

experimental timeline for (B)–(E). (B) Representative western blot showing glucose dose-dependent activation of

mTORC1 signaling, as measured by S6 phosphorylation, in cells kept in physiological glucose (left lanes) or exposed to

excess glucose (right lanes) and stimulated with glucose in the presence or absence of pyruvate or UK5099, as indicated.

Blot shown is representative of four separate experiments. (C–E) Bar graphs showing the average and standard error of

four independent experiments (identical to the experiment shown in [B]) in which the levels of phospho-S6 were

quantified, corrected for loading, and normalized against the 11 mM glucose data point. Cells kept in physiological

glucose are shown in light gray bars and cells pre-exposed to excess glucose are shown in dark gray bars. In (D), cells were

treated with UK5099 at the time of glucose stimulation. In (E), cells were transferred to serum-free media without pyruvate

before treatment with the indicated glucose dose. Statistical significance was calculated by Student’s t test. # indicate p

values above 0.05, * indicate 0.05 > p > 0.02, ** indicate 0.02 > p > 0.01, and *** indicate 0.01 > p > 0.003.
signaling and loss of glucose dose-dependent stimulation of mTORC1 (Figure 5B, right panel and C, dark

bars). In freshly isolated mouse and human islets, basal mTORC1 signaling was also elevated after pre-

treatment with excess glucose and fold glucose stimulation of mTORC1 was blunted (Figure S6).

Treatment with UK5099 decreased mTORC1 signaling by about 40%–80%, as expected, and restored

glucose sensitivity in cells that had been pre-exposed to excess glucose (Figures 5B and 5D). Likewise,

removal of sodium pyruvate from the cell media during acute glucose stimulation improved sensitivity

to glucose, mostly due to a decrease in mTORC1 signaling at 5 mMglucose (Figures 5B and 5E), confirming

that pyruvate metabolism plays a significant role in the hyperactivation of basal mTORC1. Thus, mTORC1

hyperactivation by excess glucose was bimodal, with an initial pyruvate-independent component that is

activated during acute exposure (Figure 1C) followed by a pyruvate-dependent component that is acti-

vated after prolonged exposure (Figure 5D). Furthermore, pyruvate-dependent mTORC1 activation

masked the glucose dose-dependent mTORC1 activation in cells pre-exposed to excess glucose.

Exposure to Excess Glucose Stimulates mTOR-Sensitive and mTOR-Insensitive Metabolic

Changes

To better characterize the impact of prolonged excess glucose and mTOR hyperactivation in the meta-

bolism of b-cells, we used metabolomic analysis. Cells were either pre-exposed to excess glucose for

20 h or kept at physiological glucose, with or without KU, then switched to media containing 3 mM glucose

before metabolite extraction and analysis (see Figure 6A for experimental design). Since neither excess

glucose nor KU was present in the media at the time of metabolite extraction, only sustained metabolic

alterations were expected.

As compared with cells kept at physiological glucose, cells pre-exposed to excess glucose had increased

levels of all the glycolytic intermediates (excluding pyruvate, which was added as a supplement in the me-

dia), TCA cycle intermediates, and NADH/NAD (Figures 6B–6G and 7A–7D). These strongly suggest

increased flux through glycolysis, anaplerosis, and oxidative phosphorylation, which is consistent with

the metabolic acceleration characterized through measurements of oxygen consumption (Figure 3). None-

theless, the relative levels of ATP/ADP and the levels of AMP were similar when these two experimental

groups were compared (Figures 7E and 7F), confirming that there were no major differences in energy sta-

tus between cells kept under physiological glucose or pre-exposed to excess glucose.

Consistent with the observation that INS-1 cells exposed to excess glucose accumulate fat in the form of

lipid droplets (Erion et al., 2015; Mugabo et al., 2017), these cells had a significant increase in glycerol

3-phosphate (Figure 6K), which is a product of glycolysis and an intermediate in glycerolipid synthesis. Like-

wise, cells pre-exposed to excess glucose had significantly higher levels of many lipid species (Figures 6L,

6M, and 7G–7I).

The levels of several metabolites that increased in cells pre-exposed to excess glucose were KU sensitive,

including intermediates of the pentose-phosphate pathway (Figures 7J–7L), confirming previous findings

observed in cancer cells with Tsc1/2 knockdown (Duvel et al., 2010). Dihydroxyacetone phosphate

(DHAP) and phosphoenolpyruvate (PEP) were the only glycolysis intermediates that decreased with KU

treatment, although statistical significance was only reached for DHAP (Figures 7A and 7B).
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Figure 6. mTOR Inhibition Further Increased the Levels of a Subset of Metabolites that Were Induced by

Exposure to Excess Glucose.

(A–M) INS-1 cells were kept in physiological glucose or pre-exposed to excess glucose for 20–24 h, transferred to

complete serum-free media containing 3 mM glucose for 2 h, and lysed for metabolite extraction. (A) Diagram depicting

the media composition and glucose concentrations throughout the different stages of the experimental timeline for

Figures 6B–6M and 7A–7O. (B)–(M) Bar graphs depicting the levels (arbitrary units) of various metabolites extracted from
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Figure 6. Continued

INS-1 cells at 3 mM glucose. Cells that had been pre-exposed to excess glucose without KU are shown in solid dark

gray bars, with KU in hatched dark gray bars. Cells that were kept in physiological glucose without KU are shown in

solid light gray bars and with KU in hatched light gray bars. Data shown are the average and standard error from three

independently generated samples. # indicate no statistical significance, * indicate 0.05 < p < 0.02, ** indicate 0.02 <

p < 0.01, *** indicate 0.01 < p < 0.001, and **** indicate p % 0.001, as determine by Student’s t tests.
Surprisingly, most of the metabolites that were enhanced by exposure to excess glucose increased even

further with mTOR inhibition. For example, the glycolysis and TCA cycle intermediates, glucose-6-phos-

phate/fructose-6-phosphate, malate, and succinate, further increased with KU treatment (Figures 6B–

6G). Lactate production was also significantly enhanced bymTOR inhibition (Figure 6I), reflecting increased

anaerobic glycolysis in KU-treated cells. Despite that, cells treated with KU had slightly higher AMP levels

(Figure 7F), which indicates that they had some degree of energy deficit, likely owing to decreased mito-

chondrial respiration (see Figure 3E). We suspect that enhanced anaerobic glycolysis and anaplerosis in

KU-treated cells are secondary effects of mTOR inhibition, triggered by the need of cells to compensate

for lower mitochondrial respiration.

The intracellular content of 12 amino acids decreased slightly in cells pre-exposed to excess glucose (sta-

tistical significance was reached for 6 of them) and were all restored upon mTOR inhibition (statistical sig-

nificance was reached for all of them) (Figures 7M–7O and Table S1). Since these amino acids were supplied

in the media, we suggest that this decrease could be due to a higher demand for amino acids in cells pre-

exposed to excess nutrients, as a result of increased mTORC1-dependent protein translation (assuming

that the transport of these amino acids into the cells can be rate limiting). Alanine is the only amino acid

that increased upon pre-exposure to excess glucose and further increased upon mTOR inhibition (Fig-

ure 6J). Since alanine can be synthesized from pyruvate through alanine aminotransferase, we suspect

that these increases reflect high levels of cytosolic pyruvate.

Several of the lipid species that accumulated owing to exposure to excess glucose further increased upon

mTOR inhibition (Figures 6L and 6M and Table S1), which is consistent with increased fuel availability and

decreased energy demand. Increased fatty acid accumulation can also be explained by an increase in lipol-

ysis, which has been previously linked to mTORC1 inhibition (Ben-Sahra and Manning, 2017), without

concomitant increase in b-oxidation, which seems to be suppressed in these cells (see Figures 4B–4D).

However, a few lipid species, such as eicosenoic acid, linoleic acid, arachidic acid, and cholesterol (Figures

7G–7I and Table S1), were reduced in KU-treated cells. Most likely, these lipids are imported into the cells

from the serum (which is present in the growth medium during glucose exposure). Thus, it is unclear

whether mTOR inhibition increased the metabolism of these particular lipids or whether it prevented their

uptake through the membrane. However, we cannot rule out that some of them may be de novo synthe-

sized by the b-cell. In fact, mTORC1 has been previously shown to regulate SREBP-2, a transcription factor

that controls the expression of enzymes in the cholesterol synthesis pathway (Ben-Sahra and Manning,

2017).

Together, the results shown revealed that INS-1 cells under excess glucose and mTOR inhibition have

increased anaplerosis, flux through glycolysis, and glycerolipid synthesis, all indicative of excess fuel.

Yet, they also have signs of decreased mitochondrial pyruvate metabolism (higher lactate production)

and decreased anabolic processes (decreased flux through the pentose phosphate pathway and

decreased demand for amino acids). Thus, metabolic deceleration by mTOR inhibition can be explained

by a decrease in both energy demand and aerobic metabolism.
mTOR Inhibition in b-Cells Exposed to Excess Glucose Results in Altered Insulin Secretion

Several of the metabolic changes described above can potentially interfere with stimulus-secretion

coupling in b-cells (Nicholls, 2016). Thus, we examined the effect of excess glucose and KU treatment

on insulin secretion, with special emphasis on secretion at sub-stimulatory glucose doses. INS-1 cells

were pre-exposed to physiological or excess glucose for 20 h and then transferred to 2 mM glucose

for a resting period of 2 h, after which insulin secretion was measured (see Figure 8A for experimental

design). The data were normalized by secretion at 2 mM glucose to exclude any effects on proinsulin pro-

cessing, which has been previously linked to mTORC1 signaling (Alejandro et al., 2017; Blandino-Rosano

et al., 2017).
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Figure 7. mTOR Inhibition Prevented/Reduced the Changes Caused by Exposure to Excess Glucose on a Subset of

Metabolites

(A–O) INS-1 cells were kept in physiological glucose or pre-exposed to excess glucose for 20–24 h, transferred to

complete serum-free media containing 3 mM glucose for 2 h, and lysed for metabolite extraction (as described in

Figure 6A). (A-O) Bar graphs depicting the levels (arbitrary units) of various metabolites extracted from INS-1 cells at 3 mM

glucose. Cells that had been pre-exposed to excess glucose without KU are shown in solid dark gray bars and with KU in
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Figure 7. Continued

hatched dark gray bars. Cells that were kept in physiological glucose without KU are shown in solid light gray bars and

with KU in hatched light gray bars. Data shown are the average and standard error from three independently

generated samples. # indicate no statistical significance, * indicate 0.05 < p < 0.02, ** indicate 0.02 < p < 0.01, ***

indicate 0.01 < p < 0.001, and **** indicate p % 0.001, as determined by Student’s t tests.
Figure 8B shows that exposure of INS-1 cells to excess glucose caused a left-shift in the glucose dose-

response curve for insulin secretion, as previously reported (Erion et al., 2015). INS-1 cells chronically

cultured at physiological glucose had no basal insulin secretion (the amount of insulin secreted at 4 mM

glucose relative to the amount secreted at 2 mM equaled 1), whereas cells pre-exposed to excess glucose

had a significant increase in basal secretion (secretion at 4 mM glucose was more than 2-fold the secretion

at 2 mM) (Figure 8C). When cells were pre-exposed to excess glucose in the presence of KU, insulin secre-

tion was reduced and the glucose dose-response was similar to the response obtained from cells kept in

physiological glucose (Figures 8B and 8C).

The same experimental design was used to assess secretion in freshly isolated mouse islets, with a slight

adjustment in the concentrations of glucose used to better reflect the higher normoglycemic levels in

the mouse circulation. Paradoxically, we observed an increase in insulin secretion in islets co-treated

with excess glucose and KU (Figure 8D). These revealed that the net result of mTOR inhibition in islets is

different from that in INS-1 cells. It is possible that the compensatory increase in anaerobic glycolysis

and enhanced lipid accumulation seen with mTOR inhibition (Figure 6) promotes insulin secretion in islets,

but not in INS-1 cells, masking any potential effect of a lower pyruvate metabolism. In summary, our results

demonstrate that excess glucose-induced mTORC1 signaling has a complex and significant impact on in-

sulin secretion, likely due to its primary and secondary effects on the metabolism of b-cells.
DISCUSSION

mTORC1 is a major energy-sensing and signaling hub that regulates anabolic processes and allows cells to

adapt to an environment of nutrient surplus (Saxton and Sabatini, 2017). In the context of cancer, mTORC1

signaling is considered an important therapeutic target to slow down cell proliferation (Gomes et al., 2017).

In the context of diabetes, on the other hand, the use of mTORC1 inhibitors has generatedmixed outcomes

(Ardestani et al., 2018). This is likely because glucose homeostasis requires the concerted action of various

tissues, which may differ in the way they regulate and respond to mTORC1 signaling. Even within one cell

type, mTORC1 activation may have positive or negative implications for cell function, depending on the

intensity and duration of the signal. Transient mTORC1 activation signals for proliferation and survival,

which are positive adaptations; on the other hand, prolonged mTORC1 activation leads to ER stress and

apoptosis, which are negative adaptations (Ardestani et al., 2018). Here we showed that exposure of b-cells

to excess glucose leads to hyperactivation of mTORC1 and mTOR-dependent metabolic reprogramming

that severely affected stimulus-secretion coupling.

Unlike most published studies on the effect of glucose in b-cells, our work was performed within a short time

frame (up to 24 h) and a normal range for glucose variation in vivo, from normoglycemic (5 mM) to post-pran-

dial (11 mM). Thus, our experimental approach better mimics the environment that b-cells from overfed,

obese, or pre-diabetic patients may be subjected to, thereby avoiding more extreme mTORC1-mediated

responses such as glucotoxicity-induced ER stress or glucose starvation-induced autophagy. In a recent study,

INS-1 cells exposed to 25 mM glucose for 48 h had increased anaplerosis and flux through the pentose

phosphate pathway (Haythorne et al., 2019), which are consistent with our findings. In contrast, oxidativemeta-

bolism was reduced and pyruvate metabolism was blocked in INS-1 cells exposed to 25 mM glucose for 48 h,

which is the opposite result from what we obtained using 11 mM glucose and shorter exposure. Given that

mTORC1-mediated metabolic acceleration reported here was an early response to excess glucose (within

4–20 h exposure), it most likely precedes and may even contribute to other delayed events.

Our studies revealed that excess glucose-inducedmTORC1 activation is bimodal. By keeping b-cells under

a normoglycemic environment, we uncovered a mode for mTORC1 activation that is glycolysis dependent

but mitochondrial pyruvate metabolism independent (Figure 8E). This mechanism for mTORC1 activation

does not involve modulation by AMPK, as had been previously described in studies where the glucose ef-

fect was measured in cells subjected to complete glucose starvation. Instead, it is possible that excess
16 iScience 23, 100858, February 21, 2020
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Figure 8. mTOR Inhibition Affects Stimulus-Secretion Coupling in Cells Exposed to Excess Glucose

(A–D) INS-1 cells or intact mouse islets cultured in physiological glucose were exposed to excess glucose in the presence

or absence of KU, transferred to serum-free media, and stimulated with the indicated glucose dose for assessment of

insulin secretion. (A) Diagram depicting the media composition and glucose concentrations throughout the different

stages of the experimental timeline for (A)–(D). (B) Insulin secretion of INS-1 cells under sub-stimulatory (2 and 4 mM) and

stimulatory (8 mM) glucose. (C) Same data shown in (B) but highlighting the effect on secretion at sub-stimulatory glucose.

(D) Insulin secretion of freshly isolated mouse islets under sub-stimulatory (3 and 5 mM) and stimulatory (8 mM) glucose.

Islets were treated as described in (A), with small adjustments in the glucose concentrations used, which were 6 mM for

physiological, 12 mM for excess, and 3 mM for resting glucose. Cells kept in physiological glucose are shown in light gray

bars, and cells pre-exposed to excess glucose are shown in dark gray bars, with KU (hatched bars) or without (solid bars).

(B,C) Data shown are the secretion normalized by the 2 mM glucose dose and is the average and standard error of four

independent experiments with three replicates each. (D) Data shown are the average and standard error from three

separate replicas and are representative of three separate experiments.

(E) Potential model to explain the role of mTORC1 hyperactivation in metabolic reprograming due to exposure to excess

glucose.
glucose stimulated mTORC1 signaling in b-cells by increasing the levels of phosphatidic acid, a known

mTORC1 activator and intermediate in the glycerolipid synthetic pathway (Foster et al., 2014; Menon

et al., 2017). Another possibility is that glucokinase (hexokinase IV), which has a high Km for glucose and

thus functions as a major glucose sensor in b-cells, may directly bind to and sequester Raptor, the regula-

tory subunit of mTORC1, in a manner similar to the one that was described for hexokinase II in cardiomyo-

cytes (Roberts et al., 2014). The exact mechanism that links glycolysis to mTORC1 activation will be ad-

dressed in future work. Regardless of the mechanism, we predict that excess glucose-dependent

mTORC1 signaling will be more significant in b-cells, which respond poorly to insulin (Rhodes et al.,

2013), than in liver or muscle, which are insulin-responsive tissues.

Chronic exposure of b-cells to excess glucose triggered a second mode for mTORC1 activation that was

dependent on mitochondrial pyruvate metabolism. Pyruvate-dependent mTORC1 activation is likely to

involve direct sensing of ATP turnover by the mTORC1 complex (McDaniel et al., 2002). Since accelerated

metabolism of pyruvate in the mitochondria was mTORC1 dependent, our results revealed a positive feed-

back loop for activation of mTORC1 in b-cells under energy surplus (Figure 8E). Positive feedback loops are

often associated with pathological states and are critical steps for therapeutic intervention. In future

research, we hope to identify better drug targets for the treatment of b-cell dysfunction by further dissect-

ing the signals downstream of mTORC1 that elicit this positive feedback loop.

Excess glucose increased ATP-coupled respiration in a mTORC1-dependent manner (Figure 3). Interest-

ingly, this increase in ATP-coupled respiration was cycloheximide sensitive and glucose dose dependent,

with a significant increase from 5 (non-secretory dose) to 7 mM (secretory dose) glucose. Therefore, we sus-

pect that newly synthesized ATP is largely being used to translate more proinsulin to replenish insulin con-

tent and granules lost (Boland et al., 2017).

There are several metabolic coupling factors that can interfere with normal insulin secretion by the b-cell.

Based on our metabolomic analysis, we can identify several mTOR-dependent metabolites that could

affect stimulus-secretion coupling after exposure to excess glucose. For example, cholesterol, eicosenoic

acid, and arachidic acid are lipid species that were reduced by the treatment with KU and therefore could

potentially contribute to elevated basal secretion in INS-1 (Yaney and Corkey, 2003). Other lipid species

that further accumulated in KU-treated cells, such as myristate and omega-hydroxy tetradecanoate, could

potentially explain the effect of KU on potentiating islet secretion. In addition, accelerated flux through

mitochondrial metabolism per se could induce a shift in the glucose threshold for insulin secretion, given

the remarkable effect of KU in preventing the excess glucose-induced metabolic acceleration. Future

research will focus on dissecting the downstream effectors of mTORC1 that mediate specific metabolic

changes and their effect on secretion, to distinguish which mTOR responses are beneficial and which

are detrimental to proper b-cell function.
Limitations of the Study

Bioenergetics and metabolomic experiments were performed using a b-cell line, INS-1. The use of primary

islets in these analyses is complicated by the fact that primary islets contain alpha and delta cells in addition

to b-cells, which can affect the outcome of the analysis. Therefore, the findings from these analyses are
18 iScience 23, 100858, February 21, 2020



suggestive but cannot be conclusive in the absence of primary cell data. Our studies on glucose-depen-

dent mTORC1 signaling in mouse islets are limited by low signal-to-noise ratio of the total S6 blots. Our

studies on glucose-dependent mTORC1 signaling in human islets are limited by lack of additional pheno-

typic information on donors. Although the results obtained with human islets are consistent with those of

mice islets and INS-1 cells, in the absence of donor information the potential impact of other confounding

factors cannot be conclusively ruled out. Animal studies will be necessary to confirm the in vitro/ex vivo find-

ings. The exact mechanism that links glycolysis to mTORC1 activation has not been uncovered and will be

addressed in future work.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.100858.
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SUPPLEMENTAL FIGURE LEGENDS: 

 

Figure S1: Glucose stimulates mTORC1 signaling in INS-1 cells through glycolysis (related to 

Figure 1). INS-1 cells were treated as described in figure 1C and stimulated with glucose for 1 hr 

in the presence of various doses of glucosamine, as indicated (A) or in the presence of 10 mM 2-

deoxiglucose (2-DG) or 10 mM glucosamine (B). (C) INS-1 cells were treated as described in 

figure 1C, except that for the cells in PBS, the media was changed to PBS with insulin (100 nM) 

just prior to glucose stimulation. Bar graphs shown are the average and standard error of at 

least 3 separate experiments in which the levels of phospho-S6 were quantified, corrected for 

loading and normalized against the 11 mM glucose data point. Western blots shown are 

representative of at least 3 experiments. Statistical significance was calculated by Student's T 

test. # indicate P values above 0.05, * indicate 0.05>P>0.02, ** indicate 0.02>P>0.01, *** 

indicate 0.01>P>0.001, **** indicate P value lower than 0.001. 

 

Figure S2: Glucose stimulates mTORC1 signaling independently of changes in PI3K or AMPK 

signaling (related to Figure 2). INS-1 cells were treated as described in figure 1C. (A) 

Representative western-blot showing that acute treatment with 11 mM glucose stimulates the 

electrophoretic mobility shift of p70S6K. (B) Representative western-blot showing that acute 

treatment with 11 mM glucose stimulates phosphorylation of S6, p70S6K and 4E-BP, without 

increasing phosphorylation of Akt or GSK3 and without decreasing phosphorylation of AMPK, 

Raptor or Tsc2. In (B) cells were treated with DMSO, KU or Ly just prior to glucose stimulation as 

described in Fig 1C. (C-D) Quantification of the effects of 11 mM glucose on phospho-Akt (C) or 

phospho-AMPK (D). Bar graphs shown are the average and standard error of at least 3 separate 

experiments in which the levels of phospho-protein were quantified, corrected for loading and 

normalized against the 11 mM glucose data point. Statistical significance was calculated by 

Student's T test. # indicate P values above 0.05. 

 

Figure S3: Chronic excess glucose stimulates sustained mTORC1 activation (related to Figure 

3). (A-C) INS-1 cells cultured in physiological glucose were exposed to excess glucose in the 

presence or absence of KU for the time indicated. (A-B) Representative western-blots showing 

the time-course for mTORC1 activation by excess glucose and the lack of effect of excess glucose 

on AMPK signaling (measured by phosphorylation of ACC, AMPK and Raptor) or ER-stress 
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(measured by the levels of Grp78). (C) Bar graph showing quantification of mTORC1 activation 

over time of exposure to excess glucose, with or without KU (as for A). TORC1 activition was 

determined by the levels of phospho-S6 over total S6. Cells growing in physiological glucose are 

shown in light grey bars, cells exposed to excess glucose are shown in dark grey bars, in the 

absence (solid bars) or presence of KU (stripped bars). Data plotted are the average and 

standard error of 3 independent experiments (without KU) or the median and range of 2 

independent experiments (with KU). 

 

Figure S4: Transient exposure to excess glucose accelerates the metabolism of INS-1 cells 

(related to Figure 3). 

INS-1 cells were treated as depicted in Fig. 3A. (A-D) Calculated ATP-coupled respiration (A), 

maximal respiratory capacity (B) and proton leak (C-D) from cells that were pre-exposed to 

excess glucose for 20-24 hrs (dark grey bars) or kept in physiological glucose (light grey bars). In 

(C) proton leak was plotted as absolute OCR, while in (D) the proton leak was plotted as a 

percentage of total mitochondrial respiration (mitochondrial inefficiency). (A-D) Data shown are 

the average and standard error calculated from at least 3 separate experiments with 4-6 

replicates each. (E) OCR trace along a mitochondrial stress test at 3 mM glucose with INS-1 cells 

that were either kept in physiological glucose (circles) or pre-exposed for 20 hrs to 7 mM 

glucose (triangles), 9 mM glucose (diamonds) or 11 mM glucose (squares). Arrows indicate the 

times when oligomycin (O), FCCP (f) and antimycin A (AA) were introduced into the cell media. 

Data shown is the average and standard error of four to six replicates. (F and G) Calculated OCR 

corresponding to ATP-coupled respiration (F) or maximal respiratory capacity (G) from INS-1 

cells, treated as shown for (E). (E-G) are related to Fig 3D. 

 

Figure S5: Effect of KU and cycloheximide in the metabolic rate of INS-1 cells (related to Figure 

3). (A) Representative OCR trace along a mitochondrial stress test at 3 mM glucose with INS-1 

cells that were either kept in physiological glucose without KU (circles) or with KU (diamonds) or 

pre-exposed to excess glucose for 20 hrs without KU (squares) or with KU (triangles). Data 

shown is the average and standard error of four to six replicates. (B-C) Calculated proton leak 

from cells that were treated as in A. In (B) proton leak was plotted as absolute OCR, while in (C) 

the proton leak was plotted as a percentage of total mitochondrial respiration (mitochondrial 

inefficiency). (B-C) Data shown are the average and standard error calculated from at least 3 
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separate experiments with 4-6 replicates each, and is related to Fig. 3E and 3F. (D) 

Representative OCR trace along a mitochondrial stress test at 3 mM glucose with INS-1 cells that 

were either pre-exposed to excess glucose for 20 hrs (triangles and squares) or kept in 

physiological glucose (circles).  Arrow indicates the time when DMSO (squares) or KU (triangles) 

was injected into the media, in between OCR measurements. Data shown is the average and 

standard error of four to six replicates. (E) Representative OCR trace along a mitochondrial 

stress test at 3 mM glucose with INS-1 cells that were either pre-exposed to excess glucose for 

20 hrs (triangles and squares) or kept in physiological glucose (circles and diamonds). Arrow 

indicates the time when DMSO (squares and circles) or cycloheximide (triangles and diamonds) 

was injected into the media, in between OCR measurements. Data shown is the average and 

standard error of four to six replicates. The data shown in E are related to Fig. 3 G and 3H. 

Arrows also indicate the times when oligomycin (O), FCCP (f) and antimycin A (AA) were 

introduced into the cell media. 

 

Figure S6: Exposure to excess glucose results in mTORC1 hyperactivation in islets (related to 

Figure 4). (A-B) Freshly isolated mouse islets were kept in physiological glucose (6 mM) or 

transiently exposed to excess glucose (12 mM) for 20-24 hrs. Islets were then returned to 6 mM 

glucose in serum-free media and stimulated with the indicated glucose dose for 1 hr. (A) 

representative western-blot of lysates from mouse islets showing mTORC1 signaling, as 

measured by phosphorylation of p70S6K and S6, and unchanged phospho-Akt levels. (B) Bar 

graph showing the average and standard error of 4 independent experiments (similar to the 

experiment shown in A) in which the levels of phospho-S6 were quantified, corrected for loading 

and normalized against the 12 mM glucose data point. Cells kept in physiological glucose are 

shown in light grey bars and cells pre-exposed to excess glucose are shown in dark grey bars. (C) 

Freshly isolated human islets were kept in physiological glucose (5 mM) or transiently exposed 

to excess glucose (11 mM) for 20-24 hrs. Islets were either kept in cultured media (with 5 or 11 

mM glucose) or were placed in media containing 2 mM glucose for 2 hrs (resting period), as 

indicated. A set of these islets were then re-stimulated with 11 mM glucose for 30 minutes, as 

indicated, to determine acute glucose response. Stars indicate statistical significance with P 

values between 0.05 and 0.02 (one star), between 0.02 and 0.01 (two stars), between 0.01 and 

0.001 (three stars), between 0.001 and lower (four stars), as determine by student T tests. 
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TRANSPARENT METHODS: 

Cell culture 

INS-1 832/13 cells were cultured with RPMI 1640 growth medium containing either 

physiological (5 mM) or excess glucose (11 mM), as indicated in each experiment, and 

supplemented with 10mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate and 10% FBS in a 

37°C incubator with 5% CO2. Cells kept in 5 mM glucose were cultured for a minimum of 5 days 

and a maximum of 21 days. For chronic excess glucose exposure, glucose was added to the 

culture media (see above) for a final concentration of 11 mM. Human islets obtained from the 

BADERC consortium were cultured in CMRL media containing 5.5 mM glucose and 

supplemented with 10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, essential amino 

acid mixture, pen/strep and 10% FBS in a 37°C incubator with 5% CO2. 

Islet isolation and culture: Intact mouse islets were isolated from 8-10 weeks old male C57Bl/6J 

mice through the services offered by the VUMC Islet Procurement and Analysis Core. For 

western blots, islets were dispersed using trypsine. Dispersed or intact islets were cultured in 

DMEM containing 6 mM glucose and supplemented with 10 mM HEPES, 1 mM sodium pyruvate, 

pen/strep and 10% FBS in a 37°C incubator with 5% CO2. Human islets obtained from the 

BADERC consortium were cultured in CMRL media containing 5.5 mM glucose and 

supplemented with 10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, essential amino 

acid mixture, pen/strep and 10% FBS in a 37°C incubator with 5% CO2. 

Western Blots: 

INS-1 cells were plated on a 24-well plate at a density of 350,000 to 500,000 cells per well. For 

western-blot of dispersed islets, 30 to 60 islets were used per condition. The day after plating, 

cells were kept in physiological glucose (5 mM) or treated with excess glucose (11 mM) 

according to each experiment (see Fig. 1C and 5A). Just prior to protein extraction, cells were 

washed and incubated with serum-free RPMI media containing 5 mM glucose, 2 mM glutamine 

and 1 mM sodium pyruvate (complete media) for 2 hrs (resting period), as shown in Fig. 1 C and 

5A, except for the experiments shown on supplemental figure 2, in which proteins were 

extracted right after glucose pre-treatment. After the resting period, cells were treated with 

glucose for 30 to 60 minutes, with or without inhibitors, as indicated for each experiment. Final 

concentrations used were 0.4 µM KU, 10 µM Ly, 10 µM MK2206, 0.22 mM DZ, 5 µM oligomycin, 

0.8 µM UK5099. Cells were washed in PBS and protein lysates were collected using denaturing 

lysis buffer [50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1% Triton-X100, 1.5 % SDS, 100 
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mM DTT and 10% glycerol] containing protease inhibitor cocktail (Sigma) and phosphatase 

inhibitors (1 mM sodium orthovanadate, 2 mg/ml sodium fluoride and 2 mg/ml ß-

glycerophosphate). Lysates were shaken for 30 minutes at 1400 rpm and 75oC to mechanically 

disrupt the DNA. Proteins were resolved by SDS-PAGE using pre-cast polyacrylamide gradient 

mini gels (4-15%) and transferred to nitrocellulose. After blocking the membranes with 5% non-

fat milk and incubating with primary antibody overnight, blots were developed using IR-680 or 

IR-800 conjugated secondary antibodies and fluorescence was detected and quantified using Li-

Cor Odyssey system. Antibodies against pS6 (S235/236), total S6, pAMPK (T172), pAkt (S473), 

pRaptor (S792), pTsc2 (pT1462), actin, tubulin, pACC (pS79), pUlk (pS757), pp70S6K (pT389), 

pGSK3 (pS9), non-phospho 4E-BP (T46) antibodies were from Cell Signaling Technologies; Grp78 

(anti-KDEL); rabbit IR680 and mouse IR800 were from Invitrogen and Li-Cor. Please note that for 

most antibodies used in our analysis, the proteins extracted from 30-60 mouse islets were 

sufficient to obtain a robust signal, with the exception of total S6, which had a low signal-to-

noise ratio. 

Respirometry 

The XFe96 Extracellular Flux Analyzer (Seahorse Bioscience) was used to measure oxygen 

consumption rate (OCR). INS-1 cells were seeded in XF96 cell culture plates pre-coated with 

poly-lysine D. Optimal seeding density was determined to be 30,000 cells per well. The following 

day, cells were kept in 5 mM or treated with excess glucose, with or without KU (0.4 µM), 

according to each experiment. 48 hrs after plating, cells were washed in Seahorse base media 

(Li-Cor) supplemented with 3 mM glucose, 2 mM glutamine and 1 mM sodium pyruvate (unless 

indicated otherwise) and incubated in a 37°C incubator without CO2 for 1 to 1:30 hr prior to 

analysis (resting period). The inhibitors cycloheximide (10 µg/ml), UK5099 (0.8 µM or as 

indicated) or etomoxir (6.4 µM) followed by oligomycin (5 µM), FCCP (1 µM) and antimycin A (5 

µM) were sequentially injected into the media during analysis. At the end of the analysis, cells 

were fixed with formaldehyde, stained with dapi and the total cell number in each well was 

determined using Celigo Imaging Cytometer, for the purpose of normalization. Basal respiration 

was calculated by obtaining the difference between baseline OCR (last point taken before 

injection of oligomycin) and non-mitochondrial respiration (minimum OCR following antamycin 

A treatment). Proton leak was calculated by obtaining the difference between the oligomycin-

resistant OCR (minimum OCR following oligomycin treatment) and non-mitochondrial 

respiration. ATP-coupled respiration was calculated by obtaining the difference between basal 
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respiration and proton leak. Maximal respiratory capacity was calculated by obtaining the 

difference between the uncoupled OCR (the maximum OCR following FCCP treatment) and non-

mitochondrial respiration. Spare capacity was calculated by obtaining the difference between 

the basal respiration and maximal respiratory capacity. Percentage leak (mitochondrial 

inefficiency) was calculated relative to basal respiration. 

Metabolomic analysis:  

INS-1 cells were plated in 6-well plates at a density of 2,500,000 cells per well. 24 hrs later, cells 

were kept at 5 mM or exposed to 11mM glucose, with or without the addition of KU (0.4 µM). 

20 hrs after glucose addition, cells were washed and incubated with serum-free RPMI media 

containing 3 mM glucose, 2 mM glutamine and 1 mM sodium pyruvate for 2 hrs (resting period). 

After the resting period, metabolite extraction was performed as described (Liu et al., 2015). 

The supernatant was transferred to a new Eppendorf tube and dried in vacuum concentrator at 

room temperature. The dry pellets were reconstituted into 30 µl sample solvent 

(water:methanol:acetonitrile, 2:1:1, v/v) and 3 µl was further analyzed by liquid 

chromatography-mass spectrometry (LC-MS). 

 LC-MS method- Ultimate 3000 UHPLC (Dionex) is coupled to Q Exactive Plus-Mass 

spectrometer (QE-MS, Thermo Scientific) for metabolite profiling. A hydrophilic interaction 

chromatography method (HILIC) employing an Xbridge amide column (100 x 2.1 mm i.d., 3.5 

µm; Waters) is used for polar metabolite separation. Detailed LC method was described 

previously (Liu et al., 2014) except that mobile phase A was replaced with water containing 5 

mM ammonium acetate (pH 6.8). The QE-MS is equipped with a HESI probe with related 

parameters set as below: heater temperature, 120 °C; sheath gas, 30; auxiliary gas, 10; sweep 

gas, 3; spray voltage, 3.0 kV for the positive mode and 2.5 kV for the negative mode; capillary 

temperature, 320 °C; S-lens, 55; A scan range (m/z) of 70 to 900 was used in positive mode from 

1.31 to 12.5 minutes.  For negative mode, a scan range of 70 to 900 was used from 1.31 to 

6.6 minutes and then 100 to 1,000 from 6.61 to 12.5 minutes; resolution: 70000; automated 

gain control (AGC), 3 × 106 ions. Customized mass calibration was performed before data 

acquisition. LC-MS peak extraction and integration were performed using commercially available 

software Sieve 2.2 (Thermo Scientific). The peak area was used to represent the relative 

abundance of each metabolite in different samples. The missing values were handled as 

described in previous study (Liu et al., 2014). 
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Basal Insulin secretion measurements 

INS-1 cells were plated in 48-well plates at a density of 100,000 cells per well and 24 hrs later 

were exposed to 11mM glucose, with or without the addition of KU (0.4 µM). Prior to insulin 

secretion measurements, cells were incubated in RPMI containing 2 mM glucose for 2 hrs 

(resting period). Cells were then incubated in 2mM glucose Krebs-Ringer bicarbonate buffer 

(KREBS) supplemented with glutamine (2 mM) for 30 min at 37 °C (equilibration period). After 

the equilibration period, cells were incubated in KREBS containing 2 mM or 4 mM glucose for 2 

hours at 37 °C, after which the supernatant was collected, cleared of cell debris and assayed for 

insulin using FRET-based HTRF insulin assay (CisBio, Bedford, MA). At the end of the assay, cells 

were fixed with formaldehyde, stained with dapi and the total cell number in each well was 

determined using Celigo Imaging Cytometer, for the purpose of normalization. The amount of 

insulin secreted in each condition was calculated based on a titration curve and using three 

independently generated biological replicates. Basal insulin secretion (defined here as secretion 

under sub-stimulatory doses of glucose) was determined by dividing the value of insulin 

secreted at 4mM by the insulin secreted at 2mM glucose. Therefore, any values over 1 

represent an increase in basal secretion and any values under 1 represent a decrease in basal 

secretion. 

 

Supplemental References: 

Liu, X., Sadhukhan, S., Sun, S., Wagner, G.R., Hirschey, M.D., Qi, L., Lin, H., and Locasale, J.W. 
(2015). High-Resolution Metabolomics with Acyl-CoA Profiling Reveals Widespread Remodeling 
in Response to Diet. Mol Cell Proteomics 14, 1489-1500. 
 
Liu, X., Ser, Z., and Locasale, J.W. (2014). Development and quantitative evaluation of a high-
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