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Diabetes profoundly alters fuel metabolism; both insulin deficiency and insulin resistance are characterized by inefficient
mitochondrial coupling and excessive production of reactive oxygen species (ROS) despite their association with normal
to high oxygen consumption. Altered mitochondrial function in diabetes can be traced to insulin’s pivotal role in
maintaining mitochondrial proteome abundance and quality by enhancing mitochondrial biogenesis and preventing
proteome damage and degradation, respectively. Although insulin enhances gene transcription, it also induces decreases
in amino acids. Thus, if amino acid depletion is not corrected, increased transcription will not result in enhanced
translation of transcripts to proteins. Mitochondrial biology varies among tissues, and although most studies in humans
are performed in skeletal muscle, abnormalities have been reported in multiple organs in preclinical models of diabetes.
Nutrient excess, especially fat excess, alters mitochondrial physiology by driving excess ROS emission that impairs
insulin action. Excessive ROS irreversibly damages DNA and proteome with adverse effects on cellular functions. In
insulin-resistant people, aerobic exercise stimulates both mitochondrial biogenesis and efficiency concurrent with
enhancement of insulin action. This Review discusses the association between both insulin-deficient and insulin-resistant
diabetes and alterations in mitochondrial proteome homeostasis and function that adversely affect cellular functions, likely
contributing to many diabetic complications.
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Introduction
The worldwide prevalence of diabetes, especially type 2 diabetes 
(T2D), and the associated global economic burden are substan-
tial and rapidly growing, with major adverse impacts on health 
and social security systems (1). Although T2D, characterized by 
insulin resistance and insufficient insulin secretion, and type 1 
diabetes mellitus (T1D), characterized by absolute insulin defi-
ciency, have different etiologies (2), both profoundly derange fuel 
metabolism, including metabolism of glucose, fat, and amino  
acids (AAs), the main energy sources for humans. Moreover, 
well-documented upregulation of whole-body oxygen consump-
tion in T1D and T2D indicates higher resting energy expenditure 
in untreated individuals (3–6). Emerging evidence clearly indi-
cates that these alterations in energy metabolism can be traced 
to mitochondria, organelles that produce the majority of a cell’s 
ATP from macronutrients through cellular respiration and oxida-
tive phosphorylation (OXPHOS).

Mitochondria’s chief role, cellular respiration, is in turn asso-
ciated with various functions, including reactive oxygen species 
(ROS) production and detoxification; β-oxidation and processing 
of acetyl-CoA, generated from fatty acids (FAs), glucose, and AA 
oxidation through the tricarboxylic acid (TCA) cycle; and mito-
chondrial electron transport chain (ETC) complex activities (7, 
8). Mitochondria possess approximately 1,500 predominantly  
nuclear-encoded proteins in addition to 13 proteins encoded by 
their own DNA (mtDNA). In humans, mtDNA contains 37 genes, 
which also encode 22 transfer RNAs and two RNA subunits, and 

all are critical to maintaining mitochondrial function (9). mtDNA  
replication, mitochondrial biogenesis (involving transcription, 
translation, and proteome homeostasis), and mitochondrial func-
tion are tightly regulated and highly complex. As almost all cellu-
lar processes require ATP, it is unsurprising that both physiological 
and pathological alterations in energy demand and fuel supply 
influence mitochondrial functions, including mitochon drial 
dynamics (fusion and fission), biogenesis, and mitophagy (10). 
Insulin, the predominant hormone involved in fuel metabolism, is 
involved in many cellular functions, including protein turnover, a 
highly ATP-dependent process; moreover, insulin impairment in 
diabetes is associated with altered energy metabolism.

Here, we synthesize results showing insulin’s key role in 
mitochondrial function and in regulation of mitochondrial  
proteome homeostasis, including biogenesis, at the transcrip-
tional, translational, and posttranslational levels, as well as 
in mitophagy. Our primary aim is to broadly highlight how 
insulin deficiency in T1D and insulin resistance in T2D (and 
other conditions such as polycystic ovarian syndrome) have 
detrimental effects on mitochondrial function, primarily in 
skeletal muscle. We also provide data on mitochondrial func-
tion in heart, liver, kidney, adipose tissue (AT), and brain. 
Detailed review of mitochondrial functions in other aspects of 
metabolism and in specific tissues is beyond the scope of this 
Review, but readers are referred to other publications (11–15).  
Additionally, we discuss how altered mitochondrial function 
can adversely affect insulin’s actions. We propose that impaired 
insulin secretion and action may explain many of the alter-
ations in mitochondrial function observed in T1D and T2D, 
respectively, and in turn explain how altered mitochondrial  
function contributes to many pathologies in diabetes.

Diabetes profoundly alters fuel metabolism; both insulin deficiency and insulin resistance are characterized by inefficient 
mitochondrial coupling and excessive production of reactive oxygen species (ROS) despite their association with normal to 
high oxygen consumption. Altered mitochondrial function in diabetes can be traced to insulin’s pivotal role in maintaining 
mitochondrial proteome abundance and quality by enhancing mitochondrial biogenesis and preventing proteome damage 
and degradation, respectively. Although insulin enhances gene transcription, it also induces decreases in amino acids. 
Thus, if amino acid depletion is not corrected, increased transcription will not result in enhanced translation of transcripts 
to proteins. Mitochondrial biology varies among tissues, and although most studies in humans are performed in skeletal 
muscle, abnormalities have been reported in multiple organs in preclinical models of diabetes. Nutrient excess, especially fat 
excess, alters mitochondrial physiology by driving excess ROS emission that impairs insulin action. Excessive ROS irreversibly 
damages DNA and proteome with adverse effects on cellular functions. In insulin-resistant people, aerobic exercise stimulates 
both mitochondrial biogenesis and efficiency concurrent with enhancement of insulin action. This Review discusses the 
association between both insulin-deficient and insulin-resistant diabetes and alterations in mitochondrial proteome 
homeostasis and function that adversely affect cellular functions, likely contributing to many diabetic complications.
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tions are present. Insulin inhibits not only degradation of endoge-
nous proteins but also fat storage. Thus, when carbohydrate alone 
is ingested, insulin signaling promotes carbohydrate utilization for 
energy needs, preserving protein and fat stores. Since both AAs 
and insulin are needed for protein synthesis, carbohydrate or fat 
alone is unlikely to promote protein synthesis. Not surprisingly, 
protein ingestion is associated with higher thermogenesis than 
carbohydrate and fat ingestion, likely because of protein synthe-
sis’s higher ATP demand (34). It remains undetermined whether 
carbohydrate-induced increases in insulin signaling fail to stimu-
late protein synthesis in muscle (especially mitochondria) in order 
to reserve AAs for synthesis of essential proteins, such as clotting 
factors in liver, when AA availability is limited.

Gene manipulation studies in mice have provided molecu-
lar links between insulin signaling and mitochondrial function. 
IR deletion in muscle, heart, and brain decreases mitochondrial  
respiration and increases oxidative stress (35–37). It also impairs 
ATP production and FA oxidation (FAO) in the heart (35).  
Adipose-specific IR knockout decreases mitochondrial content 
and oxygen consumption in brown AT (BAT), while depleting 
white AT (WAT) mass by over 90% (38). Similarly, ATP produc-
tion is decreased in β cell–specific IR-knockout mice despite 
increased oxygen consumption, and restoring IR expression in 
β cells restored deficits in mitochondrial ATP production, sug-
gesting that insulin regulates β cell mitochondrial function (39). 
The cardiomyocyte-specific deletion of Irs1 and Irs2 decreased 
ADP-stimulated mitochondrial oxygen consumption and ATP 
production concomitant with downregulation of OXPHOS and 
FAO genes (40). Similar impairments in mitochondrial FAO and 
mitochondrial morphology in the heart were observed following 
double knockout (DKO) of IR and IGF1 receptor (Igf1r), whose  
signaling cascades converge at IRS proteins (41).

Studies in Irs1/2–DKO mice provided mechanistic links 
between hepatic insulin action and mitochondrial function. 
Blocking hepatic insulin signaling in Irs1/2–DKO mice led to insu-
lin resistance and FOXO1 hyperactivation, which disrupted ETC  
complexes and reduced NAD+ concentration (42). Consequently,  
the NAD+-dependent protein deacetylase SIRT1 reduces its de a-
cetylation of PGC1A, decreasing mitochondrial biogenesis and 
drastically impairing mitochondrial coupling and ATP production 
(19). Thus, insulin may enhance mitochondrial function through 
redox regulation of PGC1A.

Recent studies show that insulin stimulates mitochondrial res-
piration in isolated cortical neurons from healthy mice but not Alz-
heimer’s disease–prone (AD-prone) apolipoprotein E ε4–knockin 
mice (43). Given that 80% of AD patients display impaired glucose 
tolerance or T2D (44), and the AD brain displays insulin resistance 
and impaired mitochondrial function (45, 46), strategies that 
enhance insulin sensitivity in diabetes may also have therapeutic 
value in AD. Collectively, these data demonstrate insulin’s impor-
tance for normal mitochondrial function in multiple tissues.

Effects of insulin deficiency on  
mitochondrial function
T1D results from insulin deficiency and produces long-term mac-
rovascular and microvascular complications. Alterations in cellular 
oxidation and ATP production likely contribute to the pathogene-

Insulin regulates mitochondrial biogenesis, 
degradation, and function
In canonical insulin signaling, insulin binds to insulin receptor 
(IR), inducing IR autophosphorylation, recruitment of insulin 
receptor substrate (IRS) adaptor proteins, and AKT pathway stim-
ulation (16). The insulin/IRS/AKT pathway is central to glucose 
homeostasis and regulates multiple ATP-dependent processes, 
including stimulating glucose uptake in muscle and AT, inhibiting 
glycogenosis and glucose release in the liver, promoting lipid syn-
thesis and storage in liver and AT, and regulating protein synthesis 
and degradation. The insulin/IRS/AKT pathway’s regulation of 
mTOR activity and FOXO transcription factors has key implica-
tions for mitochondrial function, as mTOR (17, 18) and FOXO1 
(19, 20) control mitochondrial oxidative function via regulation 
of PPARγ coactivator 1α (PGC1A). PGC1A is a master regulator 
of mitochondrial biogenesis via the transcription factors nuclear  
respiratory factor 1 (NRF1) and NRF2, which control nuclear- 
encoded and mitochondrial-encoded genes via transcription fac-
tor A, mitochondrial (TFAM) (ref. 21 and Figure 1). All nuclear- 
encoded mitochondrial proteins are synthesized in cytosolic ribo-
somes and imported into mitochondria, whereas mitochondrial 
ribosomes synthesize 13 mitochondrial proteins (22). Mitochon-
drial complexes are formed with both nuclear-encoded imported 
proteins and mitochondrial-encoded proteins. Insulin’s role in 
these mitochondrial outer and inner membrane transporters and 
complex formation remains unclear.

Mitochondrial protein synthesis and turnover are critical 
for maintaining protein quality and function (23–25). Insu-
lin’s effects on protein synthesis vary considerably between 
different proteins and tissues (26). Stump et al. (27) demon-
strated that high physiological-level insulin infusion in healthy 
humans increased maximal ATP production in freshly isolated 
mitochondria from human skeletal muscle. Similarly, insulin 
infusion increased mRNA levels of mitochondrial genes (e.g., 
NADH dehydrogenase subunit IV [MT-ND4]) and nuclear genes 
encoding mitochondrial proteins (e.g., cytochrome c oxidase 
subunit IV [COX4])) increased mitochondrial protein synthesis, 
and increased activities of the key metabolic enzymes COX and 
citrate synthase (CS) in muscle. In healthy humans, high insu-
lin concentrations stimulate mitochondrial protein synthesis in 
muscle, but only when coinfused with AAs (28), as acute insu-
lin infusion lowers plasma AA concentrations by suppressing  
protein degradation (29, 30).

Like mitochondrial protein synthesis, increases in mitochon-
drial enzyme activities and ATP production also depend on AA 
availability. In healthy adults, insulin infusion without AA supple-
mentation upregulated the mRNA expression of COX3, PGC1A, 
and NRF1; however, insulin alone failed to increase muscle mito-
chondrial protein synthesis, COX and CS activity, ATP production, 
and phosphorylation of the protein synthesis activators mTOR, 
4EBP1, and p70S6K (31). Similarly, Ling et al. (32) associated 
increased muscle PGC1A mRNA with increased glucose oxidation 
following insulin infusion but noted that PGC1A protein level was 
unaltered. These observations (27, 28, 31, 33) indicate that insu-
lin stimulates transcription of specific genes with potential effects 
on mitochondrial function, but only enhances mitochondrial  
protein expression and function when appropriate AA concentra-
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similarly wasted nondiabetic controls who had lower whole-body 
oxygen consumption (48). More recent observations show that 
transient withdrawal from insulin in insulin-treated T1D increased 
within-individual whole-body oxygen consumption and energy 

sis of diabetes-related complications. Benedict and Joslin’s semi-
nal findings before the discovery of insulin showed that whole-
body oxygen consumption is increased in untreated T1D (47), but 
this observation was criticized because the comparison was with 

Figure 1. The mitochondrial proteome in the presence and absence of insulin signaling. (A) Insulin binding to the insulin receptor (IR) initiates a down-
stream signaling cascade leading to the phosphorylation of insulin receptor substrates (IRS1/2) and activation of AKT, the major node of insulin signaling. 
Of the many downstream effectors of AKT, the inhibition of FOXO1 influences the expression and activity of PPARγ coactivator 1α (PGC1A), which activates 
transcription factors (e.g., myocyte enhancer factor 2 [MEF2], nuclear respiratory factor 1 [NRF1], NRF2) that control nuclear-encoded mitochondrial gene 
expression. PGC1A also enhances the transcription of mitochondrial genes through transcription factor A, mitochondrial (TFAM). In the presence of appro-
priate amino acid concentrations, activation of mTOR and its downstream targets increases the synthesis of nuclear-encoded mitochondrial proteins in the 
cytoplasm, which are imported into the mitochondria to form TCA cycle, β-oxidation, and ETC complex proteins. Mitochondrial-encoded genes are synthe-
sized in the mitochondria and form ETC complex proteins. Collectively, these increase the mitochondrial proteome and ATP production. (B) Insulin deficiency 
decreases the transcription of nuclear-encoded and mitochondrial-encoded mitochondrial genes and the synthesis of mitochondrial proteins, and increases 
oxidative stress and gene expression central to the proteasome pathway (e.g., the E3 ubiquitin ligase TRIM63) and autophagy pathway (e.g., Beclin), leading 
to increased degradation of mitochondrial proteins. Collectively, these responses decrease the mitochondrial proteome and ATP production.  
Additional abbreviations: 4EBP1, eukaryotic translation initiation factor 4E–binding protein 1; p70S6K, 70-kDa ribosomal S6 kinase.
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TRIM63), primary protein degradation pathways (55). Mitophagy, 
the specific autophagic targeting of mitochondria, is the primary 
pathway for degrading mitochondrial proteins (56). Thus, mito-
phagic signaling is likely upregulated during insulin deficiency to 
remove damaged mitochondria. Both STZ mice and T1D humans 
showed that insulin deficiency selectively increased the peptides 
in muscle that represent in vivo degradation of proteins involving 
mitochondrial function (e.g., ATP synthase subunit-γ and COX6) 
and protein translation (55). These studies suggest that insulin 
deficiency in T1D increases muscle mitochondrial protein degra-
dation, leading to reduced mitochondrial protein expression and 
impaired mitochondrial function.

Paradoxically, proteins involved in myocellular uptake of FAs, 
muscular glycogen breakdown, and glycolysis were upregulated  
by insulin deprivation, while mitochondrial proteins involved in 
β-oxidation were downregulated, leading to the accumulation 
of short-chain acyl-carnitines, ceramides, and incomplete FA  
β-oxidation products (54, 57). Similarly, treating mouse myotubes 
with the FA palmitate in the presence of a β-oxidation inhibitor 
reduced mitochondrial coupling and increased ROS emission, 
suggesting that incomplete β-oxidation and increased accumu-
lation of intramuscular lipids and lipid metabolites impair mito-
chondrial function during insulin deprivation (54).

Mitochondrial dysfunction in diabetic cardiomyopathy. 
Altered mitochondrial function in T1D is central to the pro-
gression of diabetic cardiomyopathy (DCM), a leading cause 
of heart failure and death among diabetic patients. In the 
Akita T1D mouse model, which develops diabetes as a conse-
quence of a single–base pair substitution in Ins2, maximal ADP- 
stimulated mitochondrial respiration and ATP synthesis 
decreased despite unchanged ROS emission in cardiac tissue 
(58). Similarly, mRNA levels of transcriptional regulators of 
mitochondrial mass and function (e.g., Pgc1a, Pgc1b, Tfam) were 
downregulated in Akita mouse hearts (59). Proteomic analysis 
of OVE26 mice, a model of early-onset T1D in which trans-
genic overexpression of calmodulin in β cells leads to deficient 
insulin production, revealed that mitochondrial proteins were 
upregulated in DCM, corresponding with increased mitochon-
dria number and area, although mitochondria had severely 
damaged morphology and decreased respiration (60). Similar-
ly, mitochondria in coronary epithelial cells of STZ mice and 
mitochondria from human coronary epithelial cells exposed to 
high glucose are fragmented, suggesting that altered mitochon-
drial dynamics influence endothelial function in T1D, an effect 
that is secondary to increased oxidative stress (60). Proteomic 
and microarray analyses in the hearts of rats with STZ-induced  
diabetes also suggest increased cardiac FAO, in addition to  
modest reductions in ETC proteins that may impair ATP synthe-
sis (60, 61). These studies suggest that increased oxidative stress 
likely diminishes cardiac mitochondrial function in T1D, which 
may promote protein damage and coincident compensatory 
mitochondrial biogenesis, depending on the model organism.

Diabetes-induced mitochondrial impairments in the kidney. 
Diabetes is the leading cause of kidney failure and kidney trans-
plantation, and roughly 25% diabetic adults have kidney disease 
(62). Various rodent models of T1D display impairments in kid-
ney mitochondrial functions, such as increased basal membrane 

expenditure; these were also elevated in comparison with pre-
dicted energy values for non-T1D people of similar age and body 
composition (4, 49). Moreover, glucagon, whose effects on blood 
glucose counteract insulin’s, has a thermogenic effect (50). Fur-
ther studies have shown that high glucagon concentrations during 
insulin deficiency may explain increased oxygen consumption 
(49), suggesting that the liver, which is rich in glucagon receptors, 
mediates this observed increase in oxygen consumption. Glucagon 
promotes gluconeogenesis (4) and increased protein turnover (34, 
51), both ATP-dependent processes. However, many other insulin- 
dependent cellular processes involving energy storage, including 
glycogen synthesis and lipogenesis, are reduced during insulin 
deficiency and thus reduce ATP demand (4), prompting a hypoth-
esis that insulin deficiency causes uncoupling of mitochondrial  
respiration pathways and thereby increases energy waste.

In support of the uncoupled mitochondrial respiration 
hypothesis, it has been shown that despite increasing whole-
body oxygen consumption, transient insulin deficiency in T1D 
patients decreased maximal ATP production in mitochondria 
isolated from muscle and downregulated expression of TCA 
and OXPHOS mRNA (52). These results were concurrent with 
increased inflammation, cytoskeleton signaling, and mRNA 
expression of integrin signaling proteins, suggesting potential 
interaction between these important pathways, mitochondrial  
function, and associated metabolic derangement; however, 
these observations may be secondary to hyperglycemia and 
increased metabolism of FAs, AAs, and ketones that occur fol-
lowing insulin deficiency (52). Insulin treatment maintains 
mitochondrial function in T1D patients, as resting or postexer-
cise mitochondrial capacity and maximal oxidative ATP synthe-
sis were unchanged in in vivo measurements from the calf mus-
cle of treated T1D patients compared with nondiabetic controls 
(53). However, among the diabetic patients, elevated hemoglo-
bin A1c, a blood-based marker of glycemic control, negatively 
correlated with mitochondrial capacity (53), suggesting that 
reduced insulin action and/or hyperglycemia adversely affects 
mitochondrial capacity.

Insulin deprivation impairs mitochondrial function in muscle. Recent 
proteomic and lipidomic studies have provided mechanistic insight 
into altered muscle mitochondrial function during insulin deficiency. 
Zabielski et al. compared mice with streptozotocin-induced diabetes 
(STZ mice) continuously treated with insulin implants and mice in 
which insulin implants were removed after the reestablishment of 
healthy glycemic control (54). Insulin deprivation did not significantly 
change ex vivo maximal mitochondrial oxygen consumption but led 
to significant declines in coupling efficiency and ATP production in  
isolated muscle mitochondria, concurrent with marked increases in 
ROS emission that caused oxidative damage to proteins. The above 
changes were explained on the basis of substantial downregulation 
of mitochondrial proteins involved in OXPHOS, TCA cycle, and  
β-oxidation in comparison with nondiabetic controls. However,  
insulin treatment prevented deficits in mitochondrial function, sup-
porting the hypothesis that insulin is critical to maintaining mitochon-
drial proteome and functional homeostasis.

Insulin deprivation in STZ mice also substantially increased 
mitochondrial protein degradation and markers of mitophagy  
(Beclin) and proteasome degradation (E3 ubiquitin ligase 
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oxidative capacity leads to accumulation of intramuscular lipids, 
which in turn promote the development of insulin resistance. This 
hypothesis is supported by in vivo reports that the incorporation 
of 13C-acetate into glutamate and mitochondrial phosphorylation 
was approximately 30% lower in muscle of insulin-resistant ver-
sus lean individuals (81, 83). However, muscle’s resting energy 
demand is very low compared with its maximal oxygen uptake, 
which can increase approximately 150-fold during maximal exer-
cise in well-trained individuals (84), and it is argued that a 30% 
reduction in mitochondrial content or decrease in energetics 
would not influence FAO at rest (85).

Insulin resistance is not always associated with reduced mito-
chondrial respiration, as reported in rodents on a high-fat diet 
(HFD) (86–89) or in humans (90). Weight loss by caloric restric-
tion in obese people enhanced insulin sensitivity but did not 
improve maximal mitochondrial oxidative capacity in isolated  
mitochondria or mitochondrial content (91, 92). Moreover, 
high-intensity interval training enhanced maximal mitochondrial  
function in isolated mitochondria in offspring of individuals 
with T2D, but failed to improve insulin sensitivity, in contrast to 
its effects in the offspring of nondiabetic mothers (93). Animals 
with severely impaired mitochondrial function and increased 
myocellular fat also demonstrated dissociation between insulin- 
stimulated glucose uptake in muscle and mitochondrial deficiency  
(94, 95). However, HFD has been shown to increase muscle mito-
chondrial ROS emission that adversely affects insulin sensitivity 
(96) despite increasing mitochondrial respiration (88). Addition-
ally, overexpressing the antioxidant enzyme catalase in muscle 
mitochondria completely preserved insulin sensitivity despite 
HFD (96), supporting the notion that insulin resistance results 
from oxidative stress. Similarly, maximal ex vivo mitochondrial 
respiration and content did not differ in young, lean people versus 
obese, insulin-resistant people despite increased H2O2 emission 
in the obese group, suggesting that reductions in mitochondrial 
respiratory capacity and content are not required for the initial 
manifestation of insulin resistance (97). Rather, excessive ROS 
emission may lead to the serine phosphorylation of IRS proteins, 
thus inhibiting insulin signaling (98). Collectively, these studies 
support a hypothesis that insulin sensitivity and mitochondrial  
function mutually influence each other, possibly promoting a 
cycle whereby insulin resistance further impairs mitochondrial 
function, and vice versa (Figure 2).

Women with PCOS are insulin-resistant, but their muscle has 
similar maximal mitochondrial oxygen flux to insulin-sensitive 
lean women’s, despite displaying lower mitochondrial coupling 
and phosphorylation efficiencies and higher ROS emission (99). 
Moreover, 12 weeks of aerobic exercise training corrected mito-
chondrial abnormalities besides improving insulin sensitivity in 
women with PCOS (99). These results, together with the obser-
vation that high physiological insulin induced enhancement of 
mitochondrial oxidative capacity in nondiabetic but not in insulin- 
resistant T2D people (27), suggest that interactions between 
insulin resistance and mitochondrial abnormalities are more 
complex than the previous notion that reduced muscle mito-
chondrial respiration may cause insulin resistance. The reduced 
mitochondrial response to insulin also is consistent with reduced 
thermic response to meals and hyperinsulinemic-euglycemic 

potential, oxidized glutathione level, and H2O2 production; alter-
ations in mitochondrial respiration; and decreased ETC complex 
protein activities (63–66). Insulin treatment appeared ineffective 
at correcting alterations in kidney mitochondrial respiration in 
T1D (64). Studies from Akita T1D mice suggest that morphology 
and function of renal mitochondria are minimally affected (59). 
Studies on kidney mitochondrial function in T1D patients are  
limited, although the development of T1D renal disease is asso-
ciated with specific methylation patterns of genes affecting  
mitochondrial function (67).

Influence of T1D on brain mitochondrial function. How T1D 
affects mitochondrial function in the CNS is unclear. Studies in 
rodents have concluded that the brain may be spared from alter-
ations to mitochondrial morphology and function in T1D (59, 68, 
69). However, increased NRF2 protein levels and mtDNA copy 
number were observed in the cortex during insulin deficiency, 
suggesting that compensatory mechanisms protect the CNS from 
the effects of impaired mitochondrial function (69). It is important 
to study specific areas of the brain that are rich in IRs (e.g., hypo-
thalamus, hippocampus, and cortex) to clearly evaluate whether 
insulin deficiency or resistance affects the brain’s mitochondrial 
homeostasis. Additionally, human studies testing the effect of 
insulin withdrawal on in vivo brain mitochondrial functions are 
lacking and require measurement of mitochondrial function by 
noninvasive approaches such as NMR spectroscopy. As insulin 
(70) and mitochondrial function (71, 72) are implicated in multi-
ple brain-related diseases (e.g., neurodegeneration, mood disor-
ders), there is a critical need to investigate how insulin and T1D  
influence brain mitochondrial function.

In summary, insulin deficiency with and without concurrent 
hyperglycemia alters mitochondrial function in multiple organs. 
The impact of insulin deficiency and resulting hyperglycemia on 
mitochondrial function is tissue-specific, although it affects mostly  
tissues with high glucose uptake, including muscle, heart, kidney, 
and brain (73, 74).

Insulin resistance and T2D mutually influence 
mitochondrial function
Alterations in mitochondrial function that implicate insulin 
resistance mechanisms have stimulated substantial interest (75, 
76). T2D is much more prevalent than T1D, and etiologically, 
insulin resistance is the primary factor leading to insufficient β 
cell responses to increasing blood glucose levels. Moreover, insu-
lin resistance in muscle occurs in a variety of conditions, includ-
ing obesity, polycystic ovarian syndrome (PCOS), and hyperten-
sion. Various features of mitochondrial function are impaired in  
insulin-resistant muscle; however, the causal relationship 
between impaired mitochondrial oxidative capacity and insulin 
resistance is highly debated.

Mitochondrial function in insulin-resistant muscle. Kelley and 
colleagues (75, 77) reported decreased mitochondrial enzymatic 
activity, content, and FAO in muscle from adults with obesity and/
or T2D during insulin resistance. Additional studies confirmed 
that mitochondrial content is decreased and many factors regulat-
ing mitochondria are altered in obese, insulin-resistant adults as 
well as the offspring of parents with T2D (33, 78–82). These find-
ings formed the basis for the notion that decreased mitochondrial 
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clamp reported in T2D (5, 6). It also is important to consider the 
implication of observations that T2D individuals require lower 
rates of glucose infusion to maintain similar glucose levels than 
nondiabetic controls during high-dose insulin infusion. Most of 
the increased oxygen consumption following glucose/insulin 
administration is used for disposing glucose, and insulin itself has 
only a small effect (100), thus supporting a notion that the lack 
of increased ATP production in T2D individuals during high-dose 

insulin infusion may arise from lower amounts of glucose infusion 
needed to maintain euglycemia, linking insulin resistance directly 
to reduced mitochondrial response. It is clear, however, that both 
insulin deficiency and resistance adversely affect mitochondrial 
coupling efficiency and increase oxidative stress.

As in T1D, decreased expression of OXPHOS genes is a poten-
tial molecular basis for altered mitochondrial function in T2D. 
Initial gene array analysis of muscle from T2D patients following 
a 2-week withdrawal of insulin treatment for hyperglycemia iden-
tified 85 altered transcripts in comparison with nondiabetic con-
trols; moreover, decreased expression of mRNA central to mito-
chondrial maintenance (e.g., mitochondrial superoxide dismutase 
[SOD2]) and mitochondrial OXHPOS was prominent in T2D 
(82). In the same study, insulin treatment reduced the difference 
between diabetic and nondiabetic individuals in all but 11 mRNA 
transcripts, and transcripts pertaining to mitochondrial mainte-
nance and energy production were almost completely normalized, 
suggesting that loss of insulin action contributes to altered mito-
chondrial gene expression and function in T2D (82). Insulin resis-
tance and T2D are also associated with reduced mRNA expression 
of PGC1A and multiple NRF1-dependent genes encoding enzymes 
that are key to OXPHOS and mitochondrial function (80).

Mitochondrial dynamics during insulin resistance. Mitophagy’s 
influence on mitochondrial quality and insulin sensitivity is an 
emerging research area. Studies in mice support mitophagy’s ben-
eficial effect in maintaining mitochondrial quality and insulin sen-
sitivity (101, 102). Similarly, mitophagy mediators such as HSP72 
(103, 104) and PTEN-induced putative kinase 1 (PINK1) (105) 
were reported as decreased in obesity and T2D, while another  
report showed no change in mitophagic muscle in T2D (106). 
Interestingly, transgenic mice with muscle deletion of autophagy- 
related 7 (Atg7), a manipulation that impairs basal autophagy, have 
poorly functioning mitochondria but are protected against devel-
oping insulin resistance (107). Similarly, muscle-specific deletion 
of FUN14 domain–containing 1 (Fundc1), which mediates mito-
phagy, also impairs mitochondrial function but alleviates HFD- 
induced obesity and insulin resistance (108). Thus, the relation-
ship between mitophagy, mitochondrial function, and insulin 
resistance requires additional research. Other reviews discuss the 
relationship between mitophagy and insulin resistance in more 
detail (10, 56, 109).

Mitochondrial fission and fusion also play a key role in main-
taining the mitochondrial network. Obesity and T2D downregu-
late mitofusin 2 (MFN2) mRNA, suggesting an imbalance between 
mitochondrial fusion and fission (110, 111). Additionally, muscle 
MFN2 mRNA positively associates with insulin-mediated glucose  
oxidation, and increased MFN2 mRNA level may explain 
in creased glucose oxidation following bariatric surgery (111).

Mitochondrial function in the insulin-resistant heart. T2D is 
also associated with myocardial insulin resistance and increased 
myocellular lipid accumulation. 31P-NMR studies show decreased 
phosphocreatine/ATP ratios in cardiac tissue of obese and T2D 
subjects (112–114). Data for right atrium heart biopsies in T2D 
patients demonstrated decreased maximal mitochondrial respi-
ratory capacity for glutamate and FA substrates, and increases 
in myocardial triglycerides, mitochondrial ROS emission, pro-
pensity for mitochondrial permeability transition pore opening, 

Figure 2. Proposed interactions between decreased insulin sensitivity, 
insulin deficiency, and impaired mitochondrial function in skeletal mus-
cle and in the pathophysiology of diabetes and its complications. Excess 
nutrient overload and high-fat diet increase leak respiration and ROS emis-
sion, which contributes to insulin resistance and protein and DNA damage. 
Conversely, insulin resistance enhances leak respiration and ROS emission 
and damages protein and DNA. Similarly, insulin deficiency increases 
leak respiration and ROS emission, and decreases mitochondrial protein 
synthesis and increases degradation of mitochondrial proteins. Damage 
to protein and DNA also contributes to decreased mitochondrial protein 
synthesis and increased mitochondrial protein degradation and damage, 
as well as decreases mtDNA and protein content. Lower mitochondrial 
content and its quality also impair mitochondrial respiration, ATP produc-
tion, and ATP-dependent processes. Impairments in mitochondrial ATP 
production and ATP-dependent processes (e.g., protein turnover) lead 
to declines in many cellular functions, including those in mitochondria. 
Reduced ATP availability and ROS-induced damage to proteins and DNA 
likely contribute to age-related sarcopenia and frailty that, in combination 
with sedentariness, contribute to increased fat accumulation, decreased 
energy expenditure, and type 2 diabetes and its complications. CVD, 
cardiovascular disease.
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and caspase-9 activity, leading to persistent oxidative stress and 
apoptosis (115, 116). Animal studies also support a role for T2D in 
altering myocardial mitochondrial function, such as decreased 
maximal mitochondrial ATP production despite increased mito-
chondrial biogenesis, altered palmitate and glucose oxidation, 
increased ROS emission, and increased mitochondrial uncou-
pling (117, 118). Decrements in myocardial mitochondrial func-
tion appear more severe with advanced T2D progression. High- 
resolution respirometry of human right atrial tissue in lean, over-
weight, obese nondiabetic, and T2D individuals found decreases 
in mitochondrial respiration and mitochondrial coupling effi-
ciency and increased ROS emission in the T2D individuals, while 
similar observations were absent in nondiabetic individuals (119). 
Impaired mitochondrial function in the T2D heart associated with 
increased mitochondrial fragmentation and approximately 5-fold 
decreased MFN1 protein levels irrespective of BMI (119). These 
observations show that T2D associates with decreased myocar-
dial mitochondrial respiration, increased oxidative stress, and 
mitochondrial fragmentation independent of BMI, while deficits 
in mitochondrial oxidative capacity and redox balance are less  
pronounced in obesity.

Mitochondrial function in insulin-resistant AT. Mitochondrial 
activity in adipocytes crucially regulates the release of free FAs 
into the circulation, where they can promote insulin resistance 
and T2D (120). Several studies report reduced mitochondrial con-
tent and OXPHOS, PGC1A, and NRF1 mRNA in subcutaneous 
AT (SAT) in T2D and obesity (121–124). Maximal mitochondrial  
respiration did not differ in SAT of obese and T2D subjects, sug-
gesting that altered AT mitochondrial function may be secondary 
to increased BMI rather than T2D (125). The influence of obesity  
and T2D on AT mitochondrial function also appears to be 
depot-specific. In contrast to SAT, obesity increased mitochondrial  
content in visceral AT, although maximal respiration decreased 
when normalized to mitochondrial content, indicating impaired 
mitochondrial function in obesity (126).

Mitochondrial function in the insulin-resistant liver. Insulin 
resistance appears to have tissue-specific effects on mitochon-
drial characteristics that likely correlate with the vastly different 
metabolic demands of divergent insulin-sensitive tissues. For 
example, initial gene expression studies revealed altered meta-
bolic pathways in T2D patient livers, specifically the upregulation 
of mRNAs central to OXPHOS, ROS generation, and glucone-
ogenesis (127, 128), which contrasts with the downregulation of 
mitochondrial mRNAs in muscle. Additionally, increased hepat-
ic OXPHOS mRNA expression was predictive of fasting blood  
glucose independent of age, BMI, or fasting insulin levels (127). The 
presence of insulin-dependent and insulin-independent glucose 
uptake in myocytes and hepatocytes, respectively, may influence 
how a tissue’s energy status regulates its mitochondrial function 
(129). However, as in muscle, 31P-NMR measurements of hepatic 
mitochondrial ATP production reveal 23%–26% decreased ATP 
production in T2D individuals compared with age- and weight-
matched nondiabetic controls (130, 131). In these studies, hepatic  
ATP production more strongly associated with hepatic than 
peripheral insulin sensitivity (130, 131). Further, postprandial 
increases in hepatic ATP concentration were increased 6-fold in 
obese, insulin-resistant subjects compared with lean controls, 

suggesting augmented postprandial hepatic metabolism during 
insulin resistance (132). Likewise, high fructose consumption in 
obese, T2D individuals depleted hepatic ATP concentrations and 
impaired recovery from ATP depletion (133). Hepatic ATP content 
also inversely correlated with BMI (134). These data suggest that 
despite increasing mitochondrial mRNA expression, T2D impairs 
hepatic ATP production. The unknown mechanism underly-
ing intriguing differences between hepatic and muscle tissue in 
response to a meal indicates the need for additional measures of 
mitochondrial function in T2D patients.

Potential therapies to rescue mitochondrial 
defects with insulin resistance
Exercise. Aerobic exercise is a powerful stimulant of mitochondrial  
respiration and ATP production (135, 136) and improves insulin 
sensitivity (137). As mentioned above, in obese, insulin-resistant 
women with PCOS, 12 weeks of aerobic exercise increased mito-
chondrial respiration and coupling efficiency while decreasing 
ROS emission and irreversible DNA damage toward those of lean, 
insulin-sensitive individuals (99). Additionally, improvements 
in mitochondrial energetics paralleled improvements in insu-
lin sensitivity, which were likely due to improved cellular redox 
status (99). Mouse experiments also demonstrated that Irs1 and 
Irs2 were indispensable for increased PGC1A protein content, 
mitochondrial respiration and ATP production, and mtDNA copy 
number following exercise training, suggesting that exercise 
modulates mitochondrial function though insulin signaling (138).  
Aerobic exercise also prevented age-related declines in mitochon-
drial oxidative capacity (93, 136, 139, 140) concurrent with improve-
ment in insulin sensitivity. Recent findings indicate that high- 
intensity interval training, rather than moderate aerobic exercise, 
has the greatest impact toward increasing mitochondrial oxidative  
capacity and mitochondrial protein synthesis and content while 
concurrently improving insulin sensitivity in older adults (141). 
Thus, sedentary lifestyles exacerbate mitochondrial deficits asso-
ciated with insulin resistance and T2D, which may be at least  
partially rescued by moderate aerobic or high-intensity exercise.

Mitochondrial uncoupling. OXPHOS, oxidative stress, and heat 
production are intimately interconnected, and perturbation in one 
component affects the other two. Mitochondrial uncoupling is the 
process by which the ETC’s proton-motive force uncouples from 
OXPHOS by proton leak or by uncoupling proteins (UCPs) in the 
inner mitochondrial membrane, thus generating heat rather than 
ATP. Under conditions of high dietary fat and glucose, modest 
mitochondrial uncoupling and heat production can function as a 
sink for excessive substrates to alleviate oxidative stress, in turn 
modulating the development of obesity and insulin resistance 
(142). Muscle-specific Ucp3 overexpression rendered mice resis-
tant to diet-induced obesity despite hyperphagia (143). Similarly, 
UCP3 mRNA was decreased in muscle from obese women who 
were resistant to weight loss following caloric restriction (144), 
and UCP3 positively correlated with resting metabolic rate in Pima 
Indians, a T2D-susceptible population (145). No clear evidence 
directly links UCPs with physiological regulation of metabolic rate 
and energy balance in humans. However, recent reports reveal-
ing significant amounts of metabolically active BAT in adults 
(146, 147) indicated a potential role of this mitochondria-rich fat 
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Mitochondria are highly adaptable and dynamic within different 
environments, including various cell types and tissues. Consider-
ation of this adaptability is critically important in planning and inter-
preting studies using variable experimental conditions (e.g., in vivo 
versus in vitro, different tissue/cell types, temperature differences, 
etc.). These aspects are reviewed elsewhere (e.g., refs. 152, 153).

Although mitochondrial respiration in resting muscle is 
unlikely to have any major impact on energy balance or fuel 
metabolism, maximal mitochondrial capacity to produce ATP is a 
key determinant of maximal aerobic capacity (154), which in turn 
determines exercise capacity with substantial impact on reduc-
ing mortality in various chronic diseases, including T2D (155). 
However, in many other organs, including brain and liver, meth-
odologies to measure resting-state mitochondrial respiration are 
critically important to understanding the role of mitochondria in 
normal physiology and pathological states in diabetes. Given the 
epidemic levels of T2D and high incidence of comorbid demen-
tia, understanding links between diabetes and mitochondrial 
impairment in cognitive decline is of great interest. However, 
unlike muscle, different anatomical regions of brain have dis-
tinct functions and variable distribution of mitochondria and IRs, 
necessitating studies with brain region–specific focus. Greater 
understanding of the molecular regulatory points altered by insu-
lin resistance and deficiency offers opportunities to target ther-
apeutic molecules to mitochondria with the potential to prevent 
T2D and diabetic complications.
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in energy regulation. Preclinical studies indicate BAT’s potential 
role in glucose homeostasis (148). Furthermore, exercise-induced 
“browning” of WAT via many molecular factors has been pro-
posed as a potential approach to influencing energy balance (149).

Oral ingestion of niclosamide ethanolamine salt, which induces 
mild mitochondrial uncoupling, by diabetic db/db mice increased 
energy expenditure, prevented HFD-induced insulin resistance, 
and improved glycemic control (150). Thus, mild mitochondrial 
uncoupling may offer therapeutic value for the treatment of T2D. 
However, it should be noted that uncontrolled mitochondrial 
uncoupling could lead to a life-threatening increase in body tem-
perature and ATP depletion (151).

Concluding remarks
Recently our understanding of the dynamic relationship between 
mitochondrial function and diabetes has advanced tremendously.  
This interactive relationship is not surprising given that altered 
fuel metabolism characterizes both insulin-deficient and insulin- 
resistant diabetes. Research has identified insulin as a critical 
regulator of mitochondrial biogenesis and function in numerous 
tissues. Both insulin deficiency and resistance result in oxidative 
stress and consequent oxidative damage to DNA and proteins that 
likely contribute to diabetic complications. Insulin not only regu-
lates oxidative metabolism and ROS emission, but ROS can affect 
insulin actions, as occurs following HFD. Although development of 
insulin resistance does not require impaired mitochondrial func-
tion, pathways promoting insulin resistance may impair mitochon-
drial function and further increase ROS production, resulting in a 
detrimental feedback loop. Aerobic exercise and caloric restriction 
disrupt this vicious loop potentially by preventing accumulation 
of damaged mitochondrial proteome with substantial improve-
ment of insulin sensitivity. Although therapies targeted to enhance  
β-oxidation, as occurs following exercise, may improve insulin  
sensitivity by reducing adiposity, it remains to be determined 
whether increased fuel oxidation may increase oxidative stress.
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