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Abstract

The rates of formation of superoxide and hydrogen peroxide at different electron-donating sites 

in isolated mitochondria are critically dependent on the substrates that are added, through their 

effects on the reduction level of each site and the components of the protonmotive force. However, 

in intact cells the acute effects of added substrates on different sites of cytosolic and mitochondrial 

hydrogen peroxide production are unclear. Here we tested the effects of substrate addition on 

cytosolic and mitochondrial hydrogen peroxide release from intact AML12 liver cells. In 30-min 

starved cells replete with endogenous substrates, addition of glucose, fructose, palmitate, alanine, 

leucine or glutamine had no effect on the rate or origin of cellular hydrogen peroxide release. 

However, following 150-min starvation of the cells to deplete endogenous glycogen (and other 

substrates), cellular hydrogen peroxide production, particularly from NADPH oxidases (NOXs), 

was decreased, GSH/GSSH ratio increased, and antioxidant gene expression was unchanged. 

Addition of glucose or glutamine (but not the other substrates) increased hydrogen peroxide 

release. There were similar relative increases from each of the three major sites of production: 

mitochondrial sites IQ and IIIQo, and cytosolic NOXs. Glucose supplementation also restored 

ATP production and mitochondrial NAD reduction level, suggesting that the increased rates 

of hydrogen peroxide release from the mitochondrial sites were driven by increases in the 

protonmotive force and the degree of reduction of the electron transport chain. Long-term (24 h) 

glucose or glutamine deprivation also diminished hydrogen peroxide release rate, ATP production 

rate and (for glucose deprivation) NAD reduction level. We conclude that the rates of superoxide 

and hydrogen peroxide production from mitochondrial sites in liver cells are insensitive to extra 

added substrates when endogenous substrates are not depleted, but these rates are decreased when 

endogenous substrates are lowered by 150 min of starvation, and can be enhanced by restoring 

glucose or glutamine supply through improvements in mitochondrial energetic state.
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1. Introduction

It is half a century since mitochondria were first reported to generate superoxide and 

hydrogen peroxide [1–3], and there is now overwhelming evidence that mitochondria-

derived superoxide and hydrogen peroxide play decisive roles in both physiological 

signaling and acute and chronic pathologies [4–6]. These reactive oxygen species are 

generated when electrons from reduced substrates, such as sugars, fatty acids and amino 

acids, react prematurely with molecular oxygen instead of passing down the mitochondrial 

electron transport chain to pump protons across the mitochondrial inner membrane and set 

up the protonmotive force that drives oxidative phosphorylation of ADP to ATP. Within 

the electron transport chain and the associated substrate dehydrogenases of mammalian 

mitochondria, at least 11 different sites that can generate superoxide and/or hydrogen 

peroxide under contrived conditions have been characterized [7].

Which of these sites run in isolated mitochondria is completely dependent on the 

experimental conditions, in particular which substrates are presented to the mitochondria 

[7–15]. The nature of the substrate determines not only which mitochondrial redox centers 

become reduced and hence able to pass their electrons directly to oxygen, but also the 

magnitude of the protonmotive force [16], which can modulate the reactivity of these 

reduced centers. In particular, the rate of superoxide and/or hydrogen peroxide formation 

at the flavin site of complex I of the electron transport chain, site IF, is determined by 

the matrix NAD pool size and reduction state [17,18]. The rate at the site in complex I 

associated with binding of ubiquinone, site IQ, is determined mostly by the ubiquinone 

(Q-pool) reduction state, and partly by the matrix NAD reduction state, and requires high 

protonmotive force [19,20], particularly the ΔpH component [21]. The rate at the flavin 

site of complex II, site IIF, is determined by succinate concentration and Q-pool reduction 

[22], and the rate from the outer ubiquinone-binding site of complex III, site IIIQo, is 

determined by Q-pool reduction and is depressed by the membrane potential component of 

the protonmotive force [18,23,24].

Which mitochondrial sites generate superoxide and hydrogen peroxide in cells and in vivo? 

When isolated rat skeletal muscle mitochondria were incubated in a complex medium 

containing the respiratory substrates found in the cytosol of resting rat skeletal muscle, at 

appropriate concentrations, the main sites were IF, IQ, IIF, and IIIQo [25,26], suggesting 

that these sites may run in muscle cells and in skeletal muscle in vivo. The sites running 

in cultured cells can be quantified directly from the effects of specific suppressors of 

superoxide/hydrogen peroxide production by mitochondrial sites IQ (S1QELs) [27,28] 

and IIIQo (S3QELs) [29] and the effects of inhibitors of cytosolic NADPH oxidases 

(NOXs) (GKT136901 and ML171) [30]. This approach showed that in C2C12 cells (mouse 

myoblasts and myocytes) NOXs were the main hydrogen peroxide generators; the main 

mitochondrial generators were sites IQ and IIIQo, with site IQ dominant in the mitochondrial 
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matrix [26,31 ]. The same was true in a range of cell lines from disparate species and tissues 

[32]. The protective effects of S1QELs against pathologies driven by a lack of superoxide 

dismutase show that site IQ can be a significant source of superoxide in vivo [33]; the 

protective effects of S3QELs against pathological effects of a high-fat diet in the gut show 

the same for site IIIQo [34].

It is clear from these results that mitochondrial sites IQ and IIIQo can be significant sources 

of superoxide and hydrogen peroxide in cells and in vivo, but also that the nature of 

the substrate can be a decisive determinant of the contributions of these sites in isolated 

mitochondria. What remains unclear is the extent to which acute changes in substrate supply 

are important determinants of the engagement of these mitochondrial sites in cells or in 
vivo. Increases in the supply of substrates such as glucose or fatty acids in vivo have been 

proposed to cause increases in the mitochondrial production of superoxide and hydrogen 

peroxide, as an integral step in the development of pathologies such as type II diabetes 

and diabetic nephropathy [35–40]. Here we investigate the dependence of mitochondrial 

superoxide and hydrogen peroxide production in a mouse liver cell line (AML12) on the 

acute and chronic manipulation of different metabolic substrates.

2. Materials and methods

2.1. Reagents

Amplex UltraRed was from ThermoFisher (Cat No. A36006); horseradish peroxidase (HRP) 

was from Sigma (Cat No. P8125); superoxide dismutase 1 (SOD1) was from Sigma (Cat 

No. S7571); NOX1/4 inhibitor ML171 was from Sigma (Cat No. 492002); S1QEL2.1 and 

S3QEL1.2 were provided by Calico Life Sciences LLC (South San Francisco, CA) and 

AbbVie Inc. (Chicago, IL). Palmitic acid (PA) was from Sigma (Cat No. P5585); fatty 

acid-free bovine serum albumin (BSA) was from Sigma (Cat No. A7030).

2.2. Cells

AML12 (alpha mouse liver 12) cells from ATCC were cultured under 5% (v/v) CO2 in air 

at 37 °C in DMEM/F12 culture medium (Gibco, Cat No. 11320082), containing 10% (v/v) 

fetal bovine serum (FBS) (GeminiBio, Cat No. 100-106), 50 U/mL Penicillin-Streptomycin 

(Thermo Fisher, Cat No. 15070063), 1X Insulin-Transferrin-Selenium (Thermo Fisher, 

Cat No. 41400045), and 40 ng/ml dexamethasone (Sigma, Cat No. D4902). DMEM/F12 

(Control non-deprived) culture medium was made of a non-fluorescent powder formulation 

of DMEM/F12 (potentiometric medium powder; a gift from Image Analyst Software 

(Novato, CA)) adjusted to contain 1.8 mM CaCl2, 100 mM NaCl, 20 mM HEPES, 44 

mM NaHCO3, 1 mM pyruvate, 25 mM glucose and 10 mM glutamine; pH 7.4 at 37 °C. 

“Gluc-deprived” and “Gln-deprived” had glucose or glutamine omitted respectively.

2.3. Experimental design

7500 - 12,000 cells/well were seeded into 100 μL/well of DMEM/F12 culture medium in 96-

well black microtiter plates (Corning, Cat No. 3340) and grown for 48 h until just confluent. 

They were then subjected to one of two different incubation conditions before assay of 

extracellular H2O2 release (in the presence or absence of NOX inhibitor, S1QEL or S3QEL), 
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oxygen consumption rate (OCR), extracellular acidification rate (ECAR), mitochondrial 

NAD reduction level and glycogen content.

For 30-min starvation, culture medium was replaced by KRB-BSA minimal medium (Krebs 

Ringer Modified Buffer (KRB): 135 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.4 mM 

K2HPO4, 2 mM CaCl2, 20 mM HEPES, pH 7.4 at 37 °C) with 0.1% w/v (15 μM) bovine 

serum albumin (BSA) for 30 min under air, then by KRB-BSA containing appropriate 

assay ingredients plus no substrate (control) or 25 mM glucose, 25 mM fructose, 200 μM 

palmitate in 33 μM BSA prepared as described [41], 10 mM alanine, 5 mM leucine or 

10 mM glutamine, and assayed immediately under air. Because palmitate was added in 33 

μM BSA, it was always run in parallel with a separate no-substrate control containing an 

additional 33 μM BSA.

For 150-min starvation, culture medium was replaced by KRB with no added substrates. 

Cells were incubated under air for 150 min, then the medium was replaced by KRB 

containing appropriate assay ingredients and substrates as for ‘30-min starvation’ and 

assayed immediately.

For chronic 24-h substrate deprivation, cells were cultured for 24 h, switched to a non-

fluorescent formulation of DMEM/F12 containing both 25 mM glucose and 10 mM 

glutamine (non-deprived), 10 mM glutamine without glucose (Gluc-deprived) or 25 mM 

glucose without glutamine (Gln-deprived) for 24 h, then switched into KRB and assayed 

immediately.

2.4. Hydrogen peroxide production rate

The rate of appearance of hydrogen peroxide in the medium and the contributions of 

different cytosolic and mitochondrial sites were measured as described [31,32] with slight 

modifications. Cells were assayed in KRB-BSA (non-starved cells) or KRB (acutely-starved 

cells) containing the additional assay ingredients 25 μM Amplex UltraRed, 5 U/mL 

horseradish peroxidase and 25 U/mL superoxide dismutase-1. Fluorescence (Ex 540 nm/Em 

590 nm) was monitored using a PHERAStar FS(X) platereader. The rate was calculated as 

the slope of a plot of signal against time for 15–25 cycles (70 s/cycle) after subtraction of the 

small rate in the absence of cells in parallel wells for each experiment. The contributions of 

NOXs, site IQ, and site IIIQo to hydrogen peroxide release were assessed by supplementing 

the medium with 1 μL/mL DMSO (control), 2 μM NOX1/4 inhibitor (ML171), 1 μM 

S1QEL2.1 or 1 μM S3QEL1.2 in the same volume of DMSO, and calculating the difference 

between inhibited and control rates. The following text uses “NOXs” to indicate NOX1 

and/or NOX4. Undefined sources were calculated as the difference between total and 

assigned sources. Hydrogen peroxide release was calibrated by addition of known amounts 

of hydrogen peroxide. ML171 decreased assay sensitivity, so calibrations included inhibitor 

as appropriate.

2.5. Glycogen content

Glycogen content was measured using a glycogen assay kit (Sigma, Cat No. MAK016). 

Fluorescence (Ex 540 nm/Em 590 nm) was monitored using a PHERAStar FS(X) 

platereader.
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2.6. GSH/GSSH ratio

GSH/GSSH ratio was measured using a GSH/GSSG ratio detection assay Kit (Abcam, 

Cat No. ab138881). Fluorescence (Ex 490 nm/Em 520 nm) was monitored using a 

CLARIOstarplus platereader.

2.7. RT-qPCR

Total cellular RNA was isolated using a Quick-RNA Mini-Prep (ZYMO research, Cat No. 

R1055). RNA samples (2 μg each) were then reverse-transcribed into cDNA using iScript™ 

Reverse Transcription Supermix (BioRad, Cat No. 1708841). Quantitative real-time PCR 

was carried out using a Maxima SYBR Green/ROX (Thermo Fisher, Cat No. K0223) and 

BioRad CFX384 qPCR machine, following the manufacturer’s instructions. The primers 

used are listed in Supplementary Table 1, and the relative levels of expression of each gene 

were normalized to β-actin and calculated as 2−ΔΔCT.

2.8. Oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and ATP 
production rate

As described [32], 10,000 AML12 hepatocytes/well were seeded into XFe24 microplates 

(Agilent) and grown for 24 h or until confluent. The medium over 30-min-starved and 

24-h substrate-deprived cells was replaced by KRB-BSA then the cells were incubated 

for 30 min (Seahorse calibration time) under air at 37 °C before assay with substrates 

added as indicated. The medium over 150-min-starved cells was replaced by KRB then 

the cells were incubated for 2 h (including Seahorse calibration time) under air at 37 

°C before assay with substrates added as indicated. Rates of oxygen consumption and 

extracellular acidification were assessed using a Seahorse XFe24 extracellular flux analyzer 

(Agilent). They were normalized to cell protein in each well, then scaled to the mean 

control values in the first three timepoints before substrates were added. Mitochondrial 

respiration was assessed after subtracting rates with 1 μM rotenone plus 1 μM myxothiazol 

in each well. Basal rates were calculated from the last point before addition of 2 μM 

oligomycin. Maximal oxygen consumption rate was induced by 2 μM carbonylcyanide 

p-trifluoromethoxyphenylhydrazone (FCCP) and calculated as the mean of three time points. 

In prior experiments FCCP was added at 0.5, 1, 2, 5, and 10 μM; 2 μM was found 

to be optimal. Cells were lysed using 0.1% (v/v) triton X-100 and protein content was 

assessed using a BCA kit (Thermo Fisher, Cat No. 23235). The rate of ATP production 

before addition of oligomycin was calculated as described [42], using a buffering power 

of 0.047 for this medium [43]. Glutamine was assumed to be converted completely to 

lactate−, CO2 and NH4
+ (via glutamate, succinate, oxaloacetate and pyruvate) as described 

by the equation C5H10N2O3 + 3 O + 3H2O C3H5O3
− + H+ + 2HCO3

− + 2NH4
+, which gives 

net H+/O2 = 0.667 after accounting for ammonium and bicarbonate production and overall 

net P/O = 2.606 (2.364 from oxidative phosphorylation and 0.242 from substrate-linked 

phosphorylation in the citric acid cycle).

2.9. Mitochondrial NADH2/NAD reduction state

The extent of mitochondrial NAD reduction was monitored as NAD(P)H2 autofluorescence 

(Ex 340 nm/Em 460 nm) as described by Ref. [18] but using a PHERAStar FS(X) 
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platereader. Most of the signal comes from NADH2 in the mitochondrial matrix, and 

NADPH2 and cytosolic NADH2 are assumed not to change acutely on addition of FCCP 

or electron transport chain inhibitors. The minimum reduction of NAD (0%) in the 

mitochondria was calibrated with 2 μM FCCP, and the maximum (100%) was calibrated 

with 1 μM rotenone plus 1 μM myxothiazol.

2.10. Statistics

Data are mean ± SEM unless SD is specified, and were analyzed by one-way ANOVA, with 

inter-group differences detected by Dunnett’s test. ns, not significant; *p < 0.05; **p < 0.01; 

***p < 0.001; ****p < 0.0001.

3. Results and discussion

3.1. Absence or presence of different added substrates does not alter hydrogen peroxide 
release from AML12 liver cells starved for 30 min

We examined whether acute addition of different sugars, fatty acids and amino acids affected 

the rate of hydrogen peroxide release from AML12 liver cells incubated for 30 min in a 

minimal salts medium, in the experimental design shown in Fig. 1A. The absolute rate of 

hydrogen peroxide appearance in the medium of cells grown in DMEM/F12 and assayed in 

substrate-free KRB-BSA was 89 ± 7 (SD) pmol/min/mg cell protein, similar to the value 

of 84 ± 5 (SD) pmol/min/mg protein produced by this cell line in the same medium in the 

presence of 17.5 mM glucose [32]. Fig. 1B–D shows that this rate was not significantly 

affected by acute addition of 25 mM glucose, 25 mM fructose, 200 μM palmitate in 

BSA, 10 mM alanine, 5 mM leucine or 10 mM glutamine, suggesting that the presence 

of endogenous substrates was sufficient to support normal production of hydrogen peroxide 

in these cells even in the short-term absence of added substrates. The contributions of 

mitochondrial sites IQ and IIIQo and cytosolic NOXs to overall hydrogen peroxide release 

were determined by assaying its sensitivity to acute additions of specific inhibitors of each 

site as described in Refs. [31,32]. Fig. 1B shows that the absolute contributions were 45.0 

± 1.1% from NOXs, 17.4 ± 1.4% from site IQ and 20.0 ± 1.9% from site IIIQo, similar to 

the proportions we reported previously for AML12 cells [32]. The absolute rates of these 

sites were not changed significantly by the addition of any of the substrates (Fig. 1B–D), 

and neither were their relative contributions scaled to the corresponding total rates for each 

substrate (Fig. 1E–G), suggesting that acute addition of substrates to these 30-min-starved 

cells did not affect the absolute or relative importance of any of the sites of cellular hydrogen 

peroxide production.

3.2. Acute addition of particular substrates to AML12 liver cells starved for 150 min 
partially restores hydrogen peroxide release without altering the relative contributions of 
individual sites

To test whether depletion of endogenous substrates could lower overall hydrogen peroxide 

production rates and reveal effects of subsequent acute addition of different sugars, fatty 

acids and amino acids, we measured the rate of hydrogen peroxide release from AML12 

liver cells after acute 150-min starvation, in the experimental design shown in Fig. 2A. 

This short-term treatment did not alter live cell number (trypan blue assay) or the protein 
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content of the wells. Fig. 2B shows that cellular glycogen levels were severely depleted by 

150-min-starvation, confirming that endogenous substrate reserves were indeed affected by 

this starvation regime. The ratio of GSH to GSSG (GSH/GSSG) is commonly used as an 

indicator of cellular redox status, and we measured GSH and GSSG levels (Supplementary 

Fig. 1) and calculated the GSH/GSSG ratio after 30-min-starvation and 150-min-starvation 

(Fig. 2C). As Fig. 2C shows, the GSH/GSSG ratio after 150-min-starvation was significantly 

higher than after 30-min-starvation. As cellular redox status is affected by oxidoreductases 

and enzymes involved in signaling pathways, we measured an expression panel of genes 

related to redox status. As shown in Supplementary Fig. 2, most of the genes were not 

significantly changed after 150-min-starvation compared to 30-min-starvation except Sirtuin 
1. This may be because it will take relatively longer for the transcriptional activation of 

other genes in response to the redox status changes. Next, we measured the H2O2 production 

rate after 150-min fasting. Fig. 2D shows that 150-min starvation decreased the total rate 

of hydrogen peroxide appearance in the medium by about 40% compared to 30-min-starved 

cells. This decrease was not caused by increased cellular peroxidase activity, as controls 

showed no increase, but instead a small decrease, in the rate of clearance of an exogenous 

hydrogen peroxide challenge after 150-min starvation (data not shown). The only significant 

contributors to the decrease of the absolute rate were the NOXs (Fig. 2D). Fig. 2E shows 

that, when rescaled as % of total rate in each condition, the relative contribution of NOXs 

was significantly decreased by acute starvation, and the relative contributions of sites IQ and 

IIIQo were correspondingly increased. Thus acute 150-min-starvation depletes the glycogen 

stores in these liver cells, and (perhaps because the pentose phosphate pathway is provided 

with less glucose 6-phosphate to generate NADPH) NADPH oxidases run more slowly but 

the two mitochondrial sites are not greatly affected. Therefore, and consistently with the 

observed decreased peroxidase activity, the observed increased GSH/GSSH ratio is expected 

to be a result of decreased H2O2 production. Furthermore, the decreased total cellular H2O2 

production cannot be due to increased scavenging by a panel of antioxidant pathways.

We then tested whether acute addition of different substrates could restore hydrogen 

peroxide release from these 150-min-starved cells, and if so, which sites were increased. Fig. 

2F–H shows that the overall rate of hydrogen peroxide release was significantly increased 

by acute addition of glucose (Fig. 2F) or glutamine (Fig. 2H), although not completely 

restored to the rates exhibited by non-starved cells (compare Fig. 2D). The overall rates from 

150-min-starved cells were not significantly increased by fructose, palmitate, alanine, or 

leucine. The contributions of mitochondrial sites IQ and IIIQo and cytosolic NOXs to overall 

hydrogen peroxide release were determined as above. Fig. 2F–H shows that the absolute 

contributions from all sites were increased significantly by addition of glucose (Fig. 2F) 

or (for site IQ) glutamine (Fig. 2H) but not by the other substrates. Fig. 2I–K shows the 

relative contributions scaled to the corresponding total rates for each substrate (Fig. 2F–H); 

despite partial restoration of the total rates of hydrogen peroxide release by 150-min-starved 

cells following acute addition of glucose or glutamine, none of the sites altered its relative 

contribution. Thus, acute addition of glucose or glutamine to these 150-min-starved cells 

partially restored the absolute rates of hydrogen peroxide release, but did so by stimulating 

all sites to about the same extent. The other substrates tested did not restore hydrogen 

peroxide release, perhaps because they were less readily metabolized.
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3.3. 24-h deprivation of glucose or glutamine diminishes hydrogen peroxide release and 
alters the contributions of individual sites

To test the longer-term effects of specific substrates on hydrogen peroxide release, we 

omitted individual substrates from the culture medium for 24 h. Fig. 2 shows that after 

150-min starvation only addition of glucose or glutamine significantly increased hydrogen 

peroxide release, so we tested the effects of 24-h glucose or glutamine deprivation (Fig. 

3). We cultured cells for 24 h, then switched them to DMEM/F12 containing both 25 

mM glucose and 10 mM glutamine (non-deprived) or 10 mM glutamine without glucose 

(gluc-deprived) or 25 mM glucose without glutamine (gln-deprived) for 24 h, then switched 

them into KRB and assayed immediately (Fig. 3A). Overall hydrogen peroxide release 

dropped significantly after 24-h deprivation of glucose or glutamine (Fig. 3B). Under 

glucose deprivation, all of the sites (IQ, IIIQo and NOXs) slowed significantly whereas 

under glutamine deprivation, only the NOXs slowed significantly (Fig. 3C), suggesting that 

glutamine may be the main substrate driving hydrogen peroxide generation in the cytosol. 

Fig. 3D and E shows the effects on the relative contributions of the different sites. Since 

the cells were deprived of glucose or glutamine for 24 h, the expression of many genes 

may have changed adaptively, potentially altering the bioenergetic and redox networks and 

making it hard to separate out the underlying mechanisms.

3.4. The rate of ATP production as a proxy for the bioenergetic state of AML12 cells 
during substrate manipulation

To probe the extent of metabolic disturbance caused by substrate manipulation, we 

determined the rate of cellular ATP production as a proxy for the energetic state of 

the mitochondria. 30-min-starved, 150-min-starved, and 24-h-deprived AML12 cells were 

subjected to a standard cell respiratory control experiment [44] in minimal medium in 

a Seahorse extracellular flux analyzer, and the rates of ATP production by oxidative 

phosphorylation and glycolysis after addition of vehicle, glucose or glutamine were 

calculated from the observed rates of oxygen consumption and extracellular acidification 

[42,45] (Fig. 4).

Addition of glutamine to 30-min-starved AML12 cells had little effect or moderately 

increased oxygen consumption rate (Fig. 4A) and lowered extracellular acidification rate 

(Fig. 4B), and made no significant change to the rate of, or the contributors to, ATP 

production (Fig. 4C).

Addition of glucose to 30-min-starved AML12 cells depressed oxygen consumption rate 

(Fig. 4A) and oxidative ATP production rate (Fig. 4C) and stimulated extracellular 

acidification rate (Fig. 4B), and glycolytic ATP production rate (Fig. 4C). There was no 

change in the total ATP production rate. This is the Crabtree effect; the suppression of 

oxidative phosphorylation by ATP supplied by glycolysis [42,46]. These results reinforce 

the conclusion reached in section 3.1 that 30-min-starved AML12 cells retain sufficient 

endogenous substrates to satisfy their energetic requirements, and show little response to 

added substrates other than increasing glycolytic ATP production rate and correspondingly 

slowing oxidative ATP production rate when glucose is present.
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Compared to 30-min-starved cells, 150-min-starved cells without added substrates had 

depressed basal rates of oxygen consumption (Fig. 4D), extracellular acidification (Fig. 4E) 

and ATP production (Fig. 4F), consistent with the depletion of endogenous glycogen (Fig. 

2B) and presumably other endogenous substrates. Their energetics were strongly responsive 

to the addition of glucose or glutamine. Acute addition of glucose after 150-min-starvation 

triggered a very strong Crabtree effect, with depressed oxygen consumption rate (Fig. 

4D) and oxidative ATP production rate (Fig. 4F) and stimulated extracellular acidification 

rate (Fig. 4E), and glycolytic and total ATP production rate (Fig. 4F). Acute addition of 

glutamine stimulated basal (and maximal) oxygen consumption rate (Fig. 4D) and oxidative 

and total ATP production rate (Fig. 4F). These effects indicate that the addition of glucose or 

glutamine improved the mitochondrial energetic state of 150-min-starved cells by providing 

mitochondrial substrates (pyruvate and glutamine respectively), which is expected to lead 

directly to a greater reduction of the electron transport chain, greater protonmotive force, 

and hence greater hydrogen peroxide production. In addition, glucose also drove glycolytic 

ATP production, which spared oxidative phosphorylation, and again, this is expected to 

lead to greater protonmotive force, greater reduction of the electron transport chain and 

greater hydrogen peroxide production. These improvements in energetic state are plausible 

candidates for the restored hydrogen peroxide production seen in Fig. 2E,G.

Compared to ‘non-deprived’, 24-h glucose or glutamine deprivation caused depressed basal 

rates of oxygen consumption (Fig. 4G), extracellular acidification (Fig. 4H) and ATP 

production (Fig. 4I), which suggests that at least some of the effects of 24-h substrate 

deprivation on hydrogen peroxide release rates (Fig. 3) may be caused by energetic effects 

(lower protonmotive force and lower reduction of respiratory chain components). However, 

putative changes in gene expression make this suggestion tentative at best.

3.5. Glucose or glutamine effects on the reduction level of mitochondrial NAD

In section 3.4 we interpreted the changes in the rate of ATP turnover in Fig. 4F as driven 

by changes in ATP supply dependent on substrate availability. However, in principle ATP 

production might instead have been stimulated by the demand for ATP to process the added 

substrates, for example, for repletion of cellular glycogen. This would be accompanied 

by a lower protonmotive force and decreased reduction of the electron transport chain. 

To distinguish between these possibilities and to explore energetics further, we measured 

the reduction level of the mitochondrial NAD pool using autofluorescence. Fig. 5A and B 

shows that in 30-min-starved cells, the mitochondrial NAD signal was about 50% reduced, 

and addition of glucose or glutamine had no effect. However, in 150-min-starved cells 

(Fig. 5C and D), the mitochondrial NAD signal was only about 15% reduced, consistent 

with the depletion of endogenous glycogen (Fig. 2B) and other endogenous substrates. 

Acute addition of glucose or glutamine significantly restored the reduction level of the 

mitochondrial NAD (Fig. 5C and D). 24-h glucose-deprivation caused a depressed reduction 

level of mitochondrial NAD (Fig. 5E and F), but glutamine-deprivation did not (Fig. 5E 

and F), which is consistent with long-term glutamine deprivation lowering only hydrogen 

peroxide from the cytosolic NOXs (Fig. 3C). These effects are those predicted for a 

limitation of electron supply rather than a limitation of ATP demand during acute starvation. 
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Conversely, after acute addition of substrates, restoration of electron supply rather than 

increased ATP demand is consistent with the conclusions drawn in section 3.4.

6. Conclusions

We conclude that the rates of superoxide and hydrogen peroxide production from cytosolic 

and mitochondrial sites in 30-min-starved AML12 liver cells switched into a minimal 

medium are insensitive to the presence or absence of common substrates in the assay 

medium. As summarized by Fig. 6, we infer that endogenous substrates are adequate to keep 

cytosolic NADP sufficiently reduced to maintain hydrogen peroxide production from NOXs, 

and to keep the mitochondrial electron transport chain sufficiently reduced and the proton 

motive force sufficiently high to maintain a high rate of oxidative ATP production and high 

rates of superoxide/hydrogen peroxide production from mitochondrial sites IQ and IIIQo.

However, in 150-min-starved AML12 liver cells the rates of superoxide and hydrogen 

peroxide production from mitochondrial sites are decreased because of inadequate substrate 

availability, as evidenced by slowed rates of ATP production and a lowered reduction level 

of mitochondrial NAD. Furthermore, this decrease was not due to increased peroxidase 

activity or to changes to other scavenging pathways, and GSH/GSSG was likely increased 

as a result of lowered oxidation. Addition of glucose (or to some extent glutamine), but not 

the other substrates tested, raises cytosolic NADP reduction and mitochondrial NAD and Q 

reduction, leading to increased protonmotive force. The increased cytosolic NADP reduction 

state partially restores hydrogen peroxide production from NOXs, and the improvements 

in mitochondrial energetic state restore rates of ATP production, and increase the rates of 

superoxide and hydrogen peroxide production from sites IQ and IIIQo of the mitochondrial 

electron transport chain.

Similar effects occurred in cells depleted of glucose or glutamine for 24 h. Deprivation 

of glucose decreased hydrogen peroxide release from all three sites, whereas deprivation 

of glutamine decreased only the contribution of NOXs. The effects on mitochondrial sites 

may be partially caused by changes in energetics, but gene expression changes cloud the 

interpretation in the 24-h deprivation model.

30-min-starved liver cells in minimal medium have sufficient endogenous substrates to drive 

hydrogen peroxide release, and, unlike isolated mitochondria [11], this release is insensitive 

to the presence or absence of external sugars, fatty acids or amino acids. Only when 

endogenous substrates are depleted by deprivation of extracellular substrates for 150 min do 

the cells respond to acute additions of glucose or glutamine. Liver cells are specialized by 

having the metabolic flexibility to maintain circulating substrates for other tissues [47], so 

30-min-starved liver cells may be exceptional in not altering their hydrogen peroxide release 

when presented with additional exogenous substrates. Whether this is the case in cells from 

other tissues has yet to be explored.
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Fig. 1. 
Effects of acute addition of different substrates on rates of hydrogen peroxide release 

from 30-min-starved AML12 cells. (A) AML12 cells were grown in DMEM/F12 medium. 

“Wash” indicates that this medium was replaced by KRB-BSA medium for 30 min, 

then replaced by KRB-BSA containing no substrate (control, marked ‘-’ in B,D,E,G, or 

control containing 33 μM BSA in C,F) or the substrates indicated in B-G (pink circles) 

and immediately assayed for 30 min for the rate of appearance of extracellular hydrogen 

peroxide in the absence (to define total rate) or presence of S1QEL, S3QEL or NOX 

inhibitor (to define the contributions of individual sites). (B–D) Total hydrogen peroxide 

release rates (heights of stacked columns) scaled to the relevant no-substrate control, and 

contributions of site IQ, site IIIQo, NOXs, and undefined sources (colored boxes) after acute 

addition of (B) sugars (Gluc, 25 mM glucose, Fruc, 25 mM fructose), (C) fatty acid (33 

μM BSA with 200 μM PA, palmitate) and (D) amino acids (10 mM alanine, 5 mM leucine, 

10 mM glutamine). (E–G) Contributions of site IQ, site IIIQo, NOXs and undefined sources 
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scaled to each corresponding total rate in B-D. The total hydrogen peroxide release rates in 

B-D were not significantly different between each substrate and the relevant control (ns, not 

significant). The contributions (B-D) and relative proportions (E-G) from each site (same 

color boxes) were not significantly different from their values in the relevant no-substrate 

control. Values are means ± SEM (N ≥ 3 independent experiments each the mean of three 

biological replicates). (For interpretation of the references to color in this figure legend, the 

reader is referred to the Web version of this article.)
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Fig. 2. 
Effects of acute addition of different substrates on rates of hydrogen peroxide release from 

150-min-starved AML12 cells. (A) AML12 cells were grown in DMEM/F12 medium. 

“Wash” indicates that this medium was replaced by KRB containing no substrate for 150 

min, then by KRB containing no substrate (control, marked ‘-’ in F, H, I, K, or control 

containing 33 μM BSA in G, J) or the substrates indicated in F–K (pink circles). The 

rates of appearance of extracellular hydrogen peroxide were then recorded for 30 min in 

the absence (to define total rate) or presence of S1QEL, S3QEL or NOX inhibitor (to 
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define the contributions of individual sites). (B) Glycogen levels in 30 min-starved and 

150-min-starved cells. (C) GSH/GSSG ratios in 30 min-starved and 150-min-starved cells. 

(D) Total hydrogen peroxide release rates (heights of stacked columns) scaled to the non-

starved control and contributions of site IQ, site IIIQo, NOXs, and undefined sources (colored 

boxes). (E) Relative contributions of site IQ, site IIIQo and NOXs scaled to the corresponding 

total rate in D. (F–H) Total hydrogen peroxide release rates (heights of stacked columns) 

scaled to the relevant no-substrate control and contributions of site IQ, site IIIQo, NOXs, and 

undefined sources (colored boxes) after acute addition of (F) sugars (Gluc, 25 mM glucose, 

Fruc, 25 mM fructose), (G) fatty acid (33 μM BSA with 200 μM PA, palmitate) and (H) 

amino acids (10 mM alanine, 5 mM leucine, 10 mM glutamine). (I–K) Contributions of site 

IQ, site IIIQo, NOXs and undefined sources scaled to each corresponding total rate in F–H. 

Values are means ± SEM (N ≥ 3 independent experiments each the mean of three biological 

replicates). (For interpretation of the references to color in this figure legend, the reader is 

referred to the Web version of this article.)
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Fig. 3. 
Effects of 24-h glucose or glutamine deprivation on rates of hydrogen peroxide release from 

AML12 cells. (A) AML12 cells were grown in DMEM/F12 medium for 24 h. “Wash” 

indicates that this medium was replaced by a non-fluorescent formulation of DMEM/F12 

containing both 25 mM glucose and 10 mM glutamine (non-deprived), 10 mM glutamine 

without glucose (Gluc-deprived) or 25 mM glucose without glutamine (Gln-deprived) for 

24 h, then switched into KRB and assayed immediately. (B) Total hydrogen peroxide 

release rates (heights of stacked columns) and contributions of site IQ, site IIIQo, NOXs, 

and undefined sources (colored boxes) after 24 h culture (non-deprived), 24-h glucose 

deprivation (Gluc-deprived), or 24-h glutamine deprivation (Gln-deprived). (C) Statistical 

analysis of the absolute rates from sites IQ, IIIQo and NOXs shown in B. (D) Relative 

contributions of site IQ, site IIIQo and NOXs scaled to the corresponding total rate in C. (E) 
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Statistical analysis of the relative rates from sites IQ, IIIQo and NOXs shown in D. Values are 

means ± SEM (N ≥ 3 independent experiments each the mean of three biological replicates).
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Fig. 4. 
Effects of addition of glucose and glutamine on the rate of ATP production in 30-min-

starved, 150-min-starved and 24-h-deprived AML12 cells. (A–C) 30-min-starved cells; (D–

F) 150-min-starved cells; (G–H) 24-h glucose- or glutamine-deprived cells. (A, D, G) 

Oxygen consumption rate (OCR); (B, E, H) extracellular acidification rate (ECAR); (C, F, 

I) total and pathway-dependent rates of ATP production just before addition of oligomycin 

calculated from OCR, ECAR and the buffering power of the medium, as described in Ref. 

[42] and Section 2.6. Values are means ± SEM (N ≥ 3 independent experiments each the 

mean of three biological replicates). Port additions where indicated were Substrates: control 

(vehicle), 25 mM glucose (Gluc) or 10 mM glutamine (Gln); Oligo, 2 μM oligomycin; 

FCCP: 2 μM FCCP; Myx + Rot: 1 μM myxothiazol plus 1 μM rotenone.
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Fig. 5. 
Effects of glucose and glutamine on the reduction level of mitochondrial NAD. (A, B) 

30-min-starved cells; (C, D) 150-min-starved cells; (E, F) 24-h non-deprived and glucose 

(or glutamine) deprived cells. Vehicle, 25 mM glucose (Gluc) or 10 mM glutamine (Gln) 

was added at the start of each run in A and C. Additions where indicated were 2 μM FCCP 

to define 0% reduced and 1 μM myxothiazol plus 1 μM rotenone to define 100% reduced. 

Each point in B, D and F represents the mean reduction state over 15 min before FCCP 
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addition. All values are means ± SEM (N ≥ 3 independent experiments each the mean of 

three biological replicates).
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Fig. 6. 
Model for the mechanisms by which glucose and glutamine induce hydrogen peroxide 

release from AML12 cells. In non-starved cells, endogenous substrates such as glycogen 

are sufficient to keep cytosolic NADP reduced and drive cytosolic NOXs to generate about 

45% of the total hydrogen peroxide released by the cells. These endogenous substrates 

are also sufficient to keep the mitochondrial NAD and Q-pools reduced and drive the 

generation of protonmotive force (pmf) and maintain high rates of ATP synthesis (JATP). 

The strong reduction of the NAD and Q-pools and the high protonmotive force drive 

superoxide and hydrogen peroxide from sites IQ and IIIQo of the electron transport chain, 

to generate 35–40% of the total hydrogen peroxide released by the cells. Site IQ is also 

driven by the high ΔpH across the mitochondrial inner membrane, whereas site IIIQo is 

depressed by the membrane potential (ΔΨ). Acute addition of substrates to 30-min-starved 

cells has little effect on hydrogen peroxide release, ATP production or NAD reduction level 

because endogenous substrates are already adequate. In cells acutely starved for 150 min, 

the levels of glycogen and other endogenous substrates drop, compromising the reduction 

of the NADP, NAD and Q-pools and the consequent production of ATP and release of 

hydrogen peroxide. In these cells, acute addition of glucose (and to some extent glutamine), 

but not fructose, palmitate, leucine or alanine, partially reverses these effects and mostly 

restores ATP production, NAD reduction level and hydrogen peroxide release emanating 

from NOXs, site IQ and site IIIQo.
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