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Abstract

Uncoupling proteins (UCPs) are modulators of mitochondrial metabolism that have been 

implicated in the development of both insulin resistance and insulin insufficiency, the two major 

pathophysiological events associated with type 2 diabetes. UCP2 mRNA is expressed in a wide 

range of tissues; however UCP2 protein expression is restricted to fewer tissues, including the 

endocrine pancreas, spleen, stomach, brain and the lung. To date, its role in the pathophysiology of 

diabetes has been most strongly associated with impaired glucose-stimulated insulin secretion 

from the β-cell, particularly after its induction by free fatty acids. The physiological role of UCP2 

remains controversial, but it may act as a downstream signal transducer of superoxide. UCP3 

mRNA and protein are expressed in relatively few tissues, predominately skeletal muscle, brown 

adipose tissue and heart. Increased expression of UCP3 in skeletal muscle is associated with 

protection from diet-induced insulin resistance in mice. In patients with type 2 diabetes UCP3 

protein in muscle is reduced by 50% compared to healthy controls. The primary physiological role 

of the novel UCPs does not appear to be protection against positive energy balance and obesity; 

this is based largely on findings from studies of UCP2 and UCP3 knockout mice and from 

observed increases in UCP3 expression with fasting. The mechanism(s) of action of UCP2 and 

UCP3 are poorly understood. However, findings support roles for UCP2 and UCP3 as modifiers of 

fatty acid metabolism and in mitigating damage from reactive oxygen species.
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Type 2 Diabetes: the double jeopardy of β-cell dysfunction and insulin 

resistance

It is generally acknowledged that the common variants of type 2 diabetes mellitus (T2DM) 

require both reduced insulin action at target tissues (i.e. insulin resistance) and impaired 
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glucose-stimulated insulin secretion resulting from biochemical changes in insulin-secreting 

pancreatic β-cells. This review describes the accumulating evidence that uncoupling proteins 

are implicated in the pathophysiology of both insulin resistance and impaired insulin 

secretion.

Characteristics of β-cell dysfunction in type 2 diabetes

Models of pancreatic islet β-cell dysfunction can be created by exposing isolated islets or 

clonal cells to combination of high glucose and lipid concentrations, which is detrimental to 

insulin secretion and islet survival [1] and has been termed “glucolipotoxicity”. In vivo, 

hyperglycemia and hyperlipidemia are common in obesity, the most important predictor of 

the development of T2DM [2]. Several excellent recent reviews describe in more detail the 

changes in islet biochemistry that result in β-cell dysfunction [3–5]. Briefly, the 

characteristic pattern of insulin secretion in glucolipotoxic states is elevated basal secretion 

and reduced responsiveness to glucose stimulation. Both glucose and fatty acids influence 

the expression of a multitude of β-cell genes through changes in activation of transcription 

factors such as the peroxisome proliferator-activated receptors (PPARs), sterol response 

element binding proteins (SREBPs), hepatic nuclear factors (HNFs) and others [6,7]. 

Prolonged activation results in adaptive and eventually maladaptive responses to the 

glucolipotoxic conditions. In addition, obesity is now considered to be a condition of chronic 

inflammation [8], which implicates cytokines and adipokines (see below) as stimulants for 

altered β-cell gene expression and an increase in oxidative stress that leads to insufficient 

insulin secretion.

Insulin resistance

The other major pathophysiological event associated with T2DM is insulin resistance. 

Insulin resistance results collectively from maladaptive events in peripheral tissues such as 

skeletal muscle and adipose tissue as well as in the liver. In the liver, the negative feedback 

mechanisms that are normally initiated by insulin become defective and despite frank 

hyperglycemia, there is glycogenolysis and gluconeogenesis. In the insulin-sensitive tissues 

of the periphery, insulin becomes less effective in the stimulation of glucose uptake. Adipose 

tissue and skeletal muscle are predominantly affected.

In adipose tissue, recent research has identified the release of a wide range of factors that are 

important in the development of, as well as the protection from, insulin resistance. Beyond 

free fatty acids and fatty acid-derived molecules, adipocytes release the adipokines, defined 

as proteins produced by and secreted specifically from adipocytes. The importance of 

adipokines in the development of insulin resistance is increasingly being recognized [9]. 

During the development of T2DM, adipose tissue exhibits a low-grade chronic 

inflammation, infiltration with macrophages and release of pro-inflammatory cytokines, 

such as tumor necrosis factor-〈 (TNF〈) and interleukin-6 (IL6) [10,11]. While some 

adipokines, such as TNF〈 and resistin contribute to the development of insulin resistance in 

muscle, others mitigate insulin resistance, and include leptin and adiponectin. Thus, factors 

released from adipose tissue play important roles in whole body glucose metabolism.
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Skeletal muscle is the major site of glucose disposal, which is controlled by insulin and 

modulated by adipokines (reviewed in [12]). Fatty acids and fatty acid-derived metabolites 

in muscle impair glucose metabolism, but the underlying mechanisms are as yet debated. 

Over forty years ago the Randle hypothesis was forwarded as a mechanistic explanation for 

the effect [13]. It held essentially that fatty acids compete with glucose for metabolism, and 

that fatty acid-derived metabolites, such as acetyl CoA and citrate, inhibit pathways of 

glucose oxidation, which would subsequently inhibit insulin-stimulated glucose uptake in 

muscle. This original concept of direct competition between energy substrates has been 

challenged in the last decade. In muscle of human subjects in vivo, it has been demonstrated 

that fatty acids and/or metabolites of fatty acids (e.g., diacylglycerol) directly inhibit insulin-

stimulated glucose transport [14,15]. Moreover, impaired mitochondrial fatty acid oxidation, 

leading to the accumulation of fatty acid metabolites in muscle, is proposed as a key factor 

in the development of insulin resistance in muscle [16,17]. Recent clinical studies have 

identified mitochondrial dysfunction as potentially very important. In muscle of insulin-

resistant offspring of T2DM patients, studies have revealed decreases in mitochondrial 

activity and increases in intramuscular fat [18]. Gene microarray analyses further 

demonstrate reductions in the expression of genes that code for key proteins involved in 

oxidative phosphorylation and fatty acid metabolism in muscle of subjects with T2DM, or 

who have a family history of T2DM [19,20].

Uncoupling proteins: Overview

The most important facet of mitochondrial metabolism is the production of ATP, which 

occurs when energy derived from nutrient fuels is captured from an electrochemical gradient 

traversing the mitochondrial inner membrane (the protonomotive force) by ATP synthase 

(Fig. (1)). Metabolic uncoupling refers to a state in which nutrient fuels are oxidized but the 

resultant energy is not linked to ATP synthesis but rather is dissipated as heat. Thus, the 

degree of metabolic efficiency is determined largely by the amount of uncoupling occurring 

in a tissue. Uncoupling can be mediated by specific proteins found in the inner 

mitochondrial membrane, called uncoupling proteins, which are the focus of this paper. In 

addition, complexes such as the mitochondrial transition pore can also contribute to 

uncoupling [21] and other mitochondrial inner membrane proteins, such as the adenine 

nucleotide translocator, participate in fatty acid cycling, one of the postulated mechanisms of 

uncoupling [22].

The members of the uncoupling protein family in mammals include UCPs 1–4 and brain 

mitochondrial carrier protein-1 (also called UCP5) [23]. It has however been argued that 

UCPs 4 and 5 should not be classified as uncoupling proteins given their unknown 

physiological function and the low degree of homology to the archetypal UCP1 [24]. UCP1 

homologues have also been found in fish [25] and birds [26]; in plants, homologues referred 

to as StUCP (also called PUMP) and AtUCP have been identified. [27]. Homologues of 

uncoupling proteins have also been documented in Drosophila and Caenorhabditis elegans 
[28]. The structure and function of UCP1 has been studied for over 30 years. Its 

biochemistry formed the basis of our hypotheses of the potential physiological roles of the 

other family members when they were discovered [29–33]. Yet, as will be described below, 
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the emerging functions of UCP2 and UCP3, in particular, are markedly different than the 

function of UCP1 despite the high degree of molecular homology.

The first uncoupling protein discovered was UCP1, expressed in brown adipose tissue and 

shown to be an important thermogenic molecule in rodents and in a wide range of neonatal 

mammals [34–38]. UCP1 elicits uncoupling by transporting protons across the inner 

membrane into the matrix of the mitochondria [39–45], thus dissipating the protonmotive 

force as heat [29,46]. UCP1 activity in brown fat of rodents is an important determinant of 

whole-body energy expenditure [29,46]. Studies of UCP1 knockout mice demonstrate that 

UCP1 is important in regulating heat production during cold exposure in rodents [29]. The 

mechanism of proton transfer is still debated (Fig. (1)). In the first model, the uncoupling 

protein dimers form a protonophore in the membrane, thus functioning as an ion-selective 

channel. In the second model, cycling of protonated fatty acids across the membrane is 

dependent on outward movement of fatty acid anion, which interact with on amino acid 

moieties in the uncoupling protein transmembrane structure. As described in a recent review, 

these two views are not mutually exclusive and may depend upon the ambient fatty acid 

concentrations [27].

Uncoupling protein-2

UCP2 was discovered when UCP1 knockout mice failed to become obese as predicted [29], 

prompting a search for homologous proteins. UCP2 shares 56–59% identity with UCP1 at 

the amino acid level [30,31]. UCP2 mRNA is expressed in white adipose tissue, heart, lung, 

skeletal muscle and kidney of both mice and humans [31]. Like UCP1 [47], the UCP2 gene 

encodes a protein of ~300 amino acids, with 6 exons corresponding to transmembrane 

domains [48]. A postulated role for UCP2 in thermoregulation, which would mimic that of 

UCP1 in brown adipose tissue, was quickly ruled out. First, UCP1 knockout mice are cold-

intolerant despite strong induction of UCP2 [29]. Second, UCP2 knockout mice have normal 

body temperature even when cold-exposed [49].

Interest in UCP2 now focuses on several tissue-specific functions: (1) response to oxidative 

stress in liver [50], brain [51,52] and other tissues; (2) regulation of energy availability in 

heart [53]; (3) regulation of fatty acid metabolism in white adipose tissue [54] and skeletal 

muscle [55] (4) regulation of insulin secretion in pancreatic β-cells [56].

Type 2 diabetes, insulin secretion and uncoupling protein-2

UCP2 has been cited as a candidate T2DM gene [57]. For this to be true, mutations in UCP2 

may associate with T2DM susceptibility or elements of the pre-diabetes internal milieu may 

cause transcriptional or post-transcriptional alterations in UCP2 expression and/or function.

Genetic association of UCP2 and type 2 diabetes

Linkage studies show that the UCP2 gene is associated strongly with obesity loci in the 

human genome [30,58]. Of the mutations found within the coding region, the A/V55 variant 

is linked to energy expenditure [59–61] but not insulin resistance or diabetes [62–64]. A 45-

bp insertion variant in the untranslated region of exon 8 is associated with obesity in most 
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[61,65–67] but not all [64] populations studied. Other less common polymorphisms within 

the coding region have not been associated with altered metabolism or diabetes.

Interestingly, the genetic variant with the strongest association to T2DM is the −866G/A 

polymorphism, which is in the gene promoter region. In several populations, individuals 

homozygous for the A allele are more likely to be diabetic [68–70] and diabetic patients 

with the A allele are more likely to require insulin [71] and have dyslipidemia [72]. The 

proposed mechanism is that higher promoter activity of the A allele leads to increased UCP2 

expression, resulting in impaired insulin secretion [71]. Nondiabetic individuals 

homozygous for the A allele have lower glucose-stimulated insulin secretion during oral 

glucose tolerance tests and in vitro than those with −866G/A or −866G/G genotypes [73]. 

The −866G/A polymorphism is also associated with another facet of the metabolic 

syndrome, hypertension [74] but generally not with obesity [75–77]. However, one other 

study noted an association of the G allele with T2DM [78]. Moreover, UCP2 gene 

interaction with PPAR© polymorphisms contributing to T2DM has been proposed [68,79]; 

given the polygenic origins of typical T2DM, such interactions are expected. Thus, across a 

range of populations from Asia to Europe to North America, there appears to be evidence 

that at least one genetic variant of UCP2 contributes either to the onset or severity of T2DM 

and perhaps other elements of the metabolic syndrome. However, changes in function or 

expression of UCP2 caused by altered environment rather than genetics are also thought to 

be important in impaired β-cell function associated with T2DM, at least in animal models. 

The challenge of proving such an assertion in human patients is in its earliest stages but 

available data suggest that induction of UCP2 is also detrimental to insulin secretion from 

human islets [80].

Expression studies of UCP2 in β-cell lines and rodent islets

UCP2 mRNA and/or protein has been localized in β-cell lines [81,82], rodent [83,84] and 

human islets [80,81]. In most reports, UCP2 expression is higher in obese and/or diabetic 

rodent islets, including ob/ob mice [49], partially pancreatectomized rats [85], nondiabetic 

fa/fa rats and glucose-infused Wistar rats [86], and mice fed high-fat diets [87,88] than in 

lean animals. The exception appears to be the diabetic Zucker fatty rat [89,90]. Most obese-

diabetic rodents are both hyperglycemic and hyperlipidemic. Therefore, the glucolipotoxic 

environment may be a cause of up-regulated UCP2 expression. Evidence presented in the 

following two paragraphs suggests this hypothesis is true (see also Fig. (2)).

Elevation of free fatty acids clearly induces UCP2 transcription. INS-1 cells and rat islets 

have increased expression of UCP2 mRNA after exposure to either palmitic acid (saturated) 

or oleic acid (monounsaturated) [82,91,92]. Similar findings were obtained for mouse islets 

[87]. Feeding rodents high fat diets achieves a similar outcome [81,88]. Mobilization of 

intracellular triglyceride also induces UCP2 expression in a mouse model [93]. The effects 

of fatty acids on gene transcription may be mediated by PPARs, of which the natural ligands 

are long-chain fatty acids. Two peroxisome proliferator response elements are found in the 

promoter region of UCP2 gene [48]. Incubation of rat islets with a PPAR© inhibitor ablates 

the up-regulation of UCP2 protein by free fatty acids and normalizes the ATP/ADP ratio 

[92]. In addition, over-expression of PPAR© in rat islets induces UCP2 and suppresses 
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insulin secretion [94]. Elevation of PPAR〈 with either an adenoviral vector or stimulation of 

endogenous activity with its ligand clofibrate induced UCP2 expression in INS-1 cells [95]. 

The UCP2 gene promoter also contains a response element for the transcription factor 

SREBP-1c [96]. Elimination of this element blocks the oleic acid-induced induction of 

UCP2 expression [96] while its over-expression leads to elevation of UCP2 [96–98].

Glucose is also implicated in the induction of UCP2 in islets. Although high glucose 

uniformly suppressed PPAR〈 expression in reports from two different groups, one study 

found an increase in UCP2 correlated with an increase in PPAR© [85] while another found a 

decrease in UCP2 [99]. A key difference is that the first study made rats hyperglycemic in 
vivo whereas the second exposed isolated rat islets to high glucose in culture. Therefore, in 

Laybutt et al., [85] insulin or other glucose-regulated hormones might have influenced the 

outcome. However, additional reports using both rodent [92,100] and human [80] isolated 

islets cultured with high glucose observed significant induction of UCP2 mRNA. The 

transcription factor involved in high glucose-induced UCP2 expression has not been 

identified. The hepatic nuclear factors HNF4〈 and HNF1〈 are shown to up-regulate UCP2 

expression in β-cells [101]. Since over-riding control of HNF4〈 and HNF1〈 is provided by 

Foxa2 [102], an important regulator of many genes involved in insulin secretion [103], this 

forkhead family transcription factor might be the general controller of glucose-mediated 

UCP2 induction. However, overexpression of Foxa2 does not affect UCP2 transcription in β-

cells [104]. Intriguingly, the transcription factor CCAAT enhancer binding protein (C/EBPβ) 

is up-regulated in β-cells by hyperglycemia [105] and the promoter region of UCP2 contains 

a consensus sequence for a C/EBPβ response element [48]. However, there is only one 

report showing a positive correlation between C/EBPβ activation and UCP2 expression in 

macrophages [106] and no information about pancreatic β-cells.

In summary, accumulating research suggests there is regulation of UCP2 gene expression by 

both glucose and fatty acids. Evidence that other endocrine or autocrine factors influence 

UCP2 expression in β-cells is still equivocal. In Zucker diabetic fatty rats, the adipokine 

leptin increases UCP2 mRNA [84] but in human islets, leptin suppresses UCP2 expression 

[80]. Cytokines such as TNF-〈 and IL-1 have also been implicated as regulators of UCP2 

expression, although with variable outcomes [107–111]. In β-cells, the only report published 

to date suggests that down-regulation of UCP2 by IL-1 is not the cause of IL-1’s negative 

effects on insulin secretion [112]. Given that glucolipotoxic stimuli appear to be the most 

important regulators of UCP2 expression in β-cells, the next question to be addressed is 

whether the uncoupling activity of UCP2 is increased under such conditions.

Effects of UCP2 on β-cell function

Since the identification of the novel uncoupling proteins, the physiological role of these 

molecules as true uncouplers of oxidative phosphorylation has been questioned. When 

UCP2 is expressed in artificial systems such as yeast mitochondria [30,113], liposomes 

[114] or studied in isolated mitochondria [115,116] proton flux is sometimes but not always 

detected. Confusion in the earlier literature may have been due to less than optimal 

reconstitution conditions in the artificial systems. A later study by Echtay et al. [117] that 

optimized factors required for protein folding shows significant purine nucleotide-sensitive 
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uncoupling by UCP2. Also, in more physiological systems, uncoupling activity of UCP2 has 

been demonstrated. For example, in intact thymocytes isolated from wild-type and UCP2 

knockout mice, mitochondrial proton leak is greater in the wild-type cells [118]. In ®-cells, 

overexpression of UCP2 prevents the glucose-induced hyperpolarization of the 

mitochondrial membrane potential [81] and increases uncoupled respiration [119]. Whereas 

in UCP2 knockout mice there is a significant increase in the magnitude of the mitochondrial 

membrane potential when β-cells are exposed to high glucose [87]. Using permeabilized β-

cells, sensitivity of endogenous UCP2 to purine nucleotides and fatty acids was 

demonstrated [120], similar to the properties of UCP1 [121].

Consistent with uncoupling of oxidative phosphorylation, the cellular concentration of ATP 

changes inversely with changes in UCP2 expression [49,81,119]. Although ATP has many 

actions as both an energy-storage molecule and a participant in cellular signaling, the main 

consequence of lower cellular ATP appears to be impaired closure of plasma membrane 

ATP-dependent K channels [81,122]. Interestingly, however, islets of UCP2 knockout mice 

also display altered oscillatory frequency and a decreased magnitude of oxygen consumption 

in response to glucose, compared to islets of wild-type mice [123]. Since a change in 

oscillatory behavior of β-cells is associated with T2DM patients, this observation could have 

implications for overall insulin secretion when UCP2 is up-regulated.

Evidence that UCP2 activity in β-cells is altered by glucolipotoxic conditions is emerging. 

β-cells cultured in monounsaturated fatty acid (MUFA) for 72 h exhibit higher levels of 

uncoupled respiration than control cells [120]. Moreover, MUFA-cultured cells are highly 

sensitive to the acute uncoupling effects of fatty acids [120]. High glucose exposure for 72 h 

also induces conditions in β-cells consistent with higher uncoupling activity of UCP2 [118]. 

For both fat- and glucose-exposed β-cells, the reactive oxygen species superoxide, which is 

produced as a by-product of respiration (especially during non-phosphorylating respiration), 

may be the endogenous activator of UCP2. In isolated kidney mitochondria, exogenously 

supplied superoxide strongly stimulates UCP2-mediated proton flux [124]; more recent 

studies have shown that the direct activators may be superoxide byproducts such as reactive 

alkenals, including 4-hydroxynonenal [125]. When MUFA-cultured β-cells (MIN6) are 

treated with a superoxide dismutase mimetic to block the actions of the reactive oxygen 

species, the uncoupling effect produced by acute fatty acid application is attenuated, 

demonstrating that endogenous superoxide activates UCP2 [100]. A similar approach was 

used to demonstrate that endogenous superoxide stimulates UCP2 activity in native mouse 

β-cells. Importantly, when superoxide activity is blocked, the high glucose-mediated 

impairment of glucose-stimulated insulin secretion is erased [100].

These experiments in isolated systems have provided a framework for studies in whole 

animals, in which the hypothesis is that induction of UCP2 expression and/or activity by 

glucolipotoxic conditions is detrimental to insulin secretion (Fig. (2)). The UCP2 knockout 

mouse is a useful model for studying the effects of high fat diet on UCP2 and β-cell 

function. When UCP2 knockout mice are fed a chow diet, they have slightly higher insulin 

secretion to glucose both in vivo and in vitro, which correlates with higher islet ATP content 

[49]. Studies by Joseph et al. show that UCP2 knockout mice fed a lard-based diet maintain 

superior glucose tolerance and in vitro glucose-stimulated insulin secretion compared with 
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wild-type mice [88]. There appear to be several contributing factors to the ability of UCP2 

knockout mice to retain a high level of β-cell function. First, the high fat induces a higher 

uncoupling activity as evidenced by a lower islet ATP in the wild-type mice, and a lower 

insulin secretion [87,88]. Second, there is 2-fold greater expansion of β-cell mass in the high 

fat-fed UCP2 knockout than wild-type mice, which increases the total secretory capacity of 

the pancreas [88]. Third, wild-type mice on high fat diet accumulate triglyceride in their 

islets whereas UCP2 knockout mice maintain high fatty acid oxidation rates, which prevents 

toxic build-up [87]. Triglyceride accumulation is associated with impaired insulin secretion 

and increased apoptosis of β-cells in obese rats [126]. Fourth, although chow fed UCP2 

knockout mice have higher levels of superoxide in pancreatic islets than wild-type mice 

[87,100], fatty acids do not generate a further increase as occurred in wild-type mice [87]. 

Moreover, the dependence of superoxide on UCP2 to mediate its negative effects on 

glucose-stimulated insulin secretion [100] means that UCP2 knockout mice are able to 

maintain higher insulin secretion in the face of metabolic overload. To further prove this 

point, UCP2 knockout mice were crossed with obese-diabetic ob/ob mice. The ob/ob/UCP2 

knockout mice have 7-fold higher islet superoxide production than wild-type mice, and 4-

fold greater than ob/ob mice [100]. Despite this, the ob/ob/UCP2 knockout mice maintain 

lower blood glucose and higher plasma insulin than age-matched ob/ob mice [49].

Aside from obese-diabetic models, certain transgenic mice created to better understand the 

physiology of specific enzymes in the β-cell have implicated UCP2 as part of insulin-

deficiency pathways. Clonal β-cells overexpressing SREBP-1c have attenuated glucose-

stimulated insulin secretion together with elevated expression of UCP2 [98,127]. 

Transfection of small interfering RNA for UCP2 into these cells markedly improves insulin 

secretion [98]. Mice overexpressing hormone-sensitive lipase specifically in β-cells develop 

diabetes with impaired glucose-stimulated insulin secretion. Although the triglyceride 

content of the islets is reduced, there is strong up-regulation of UCP2 and lower islet ATP 

when the mice are fed a high fat diet [128]. Conversely, β-cells transfected with carnitine 

palmitoyl transferase-I, the rate limiting enzyme for fatty acid oxidation, also have blunted 

glucose-stimulated insulin secretion but no change in UCP2 expression [129]. The 

difference between hormone-sensitive lipase and carnitine palmitoyl transferase-I 

overexpression is probably related to the availability of free fatty acids to act as signaling 

molecules. In the case of hormone-sensitive lipase, liberation of free fatty acids from 

triglyceride would increase the availability of substrate for β-oxidation but it would also 

increase the intracellular concentration of ligands for PPAR〈 and PPAR©, thereby allowing 

induction of UCP2. In the case of carnitine palmitoyl transferase-I overexpression, increased 

oxidation of free fatty acids would decrease ligands for the PPARs. Initially there was some 

controversy as to whether free fatty oxidation was required for UCP2 up-regulation to occur 

[82,91]. Data from the carnitine palmitoyl transferase-I overexpression studies suggest that 

free fatty acid oxidation is not necessary [129], as supported by studies showing that 

bromopalmitate, which is not metabolized, can induce UCP2 expression [82].

Through the use of various diabetic rodent models, it has been relatively straightforward to 

establish a link between increased expression and/or activity of UCP2 and pancreatic β-cell 

dysfunction in T2DM. What remains less clear is the physiological role of UCP2 in healthy 

islets. Two general hypotheses have been developed that might apply to β-cells. The first is 
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that alterations in UCP2 activity regulate the cellular content of coenzymes and thus the 

metabolic activity of cells. Increased uncoupling would permit respiration to continue 

without creating additional ATP (which would then slow down respiration). Such an effect 

would maintain higher amounts of oxidized coenzymes (eg. NAD+), thereby modulating 

processes like lipogenesis [27]. In the β-cell, the rate of mitochondrial metabolism, which is 

correlated with hyperpolarization of the mitochondrial inner membrane, strongly predicts 

insulin secretion [130]. Those authors suggest that molecules like UCP2, which can 

dissipate the mitochondrial membrane potential, are important determinants of the maximal 

fuel-stimulated insulin secretion. Mild uncoupling, which could occur acutely with increased 

fuel provision such as occurs at meal-time, might act as a metabolic brake to prevent over-

secretion of insulin.

The second hypothesis is that UCP2 protects cells from the damaging effects of reactive 

oxygen species by limiting their production. Mild uncoupling of respiration increases the 

reduction of O2 to H2O without production of ATP, thereby shortening the half-life of 

molecular oxygen and decreasing its availability to react with stray electrons to create 

superoxide [27,130]. Moreover, uncoupling decreases the mitochondrial membrane 

potential, which, in turn, minimizes reactive oxygen species production by the electron 

transport chain complexes. Mice lacking UCP2 have higher superoxide production in islets 

and other tissues [87,100,131,132]. Studies on UCP2 in the brain suggest that absence of 

UCP2 increases the susceptibility of UCP2 knockout mice to damage from stroke and other 

excitotoxic conditions {[51,52]. Overexpression of UCP2 protects clonal β-cells from death 

caused by exposure to exogenous H2O2 and such exposure increases endogenous UCP2 

expression [133]. Studies of UCP2 function in other tissues suggest that UCP2 is not 

activated directly by superoxide but rather, the peroxidation of lipids initiated by superoxide 

leads to an increase in UCP2-mediated proton translocation [134]. It has been proposed that 

lipid peroxide-mediated activation of UCP2 promotes egress of fatty acid peroxides from the 

matrix to the inter-membrane space of the mitochondria, where they cause less damage 

[135,136] (Fig. (1)). Although the mechanism(s) invoked to explain how UCP2 affords 

protection from reactive oxygen species differs between these 3 groups, the outcome of 

protection is the same. The hypothesis is attractive as a function for UCP2 in β-cells because 

of the relatively low expression of protective enzymes such as glutathione peroxidase, 

catalase and superoxide dismutase [137]; perhaps UCP2 activity can partially substitute for 

inadequate antioxidant activity. However, if this were true, then UCP2 knockout mice should 

be highly susceptible to β-cell oxidative stress. In contrast, the available evidence suggests 

that β-cell apoptosis is higher in UCP2 knockout than wild-type mice fed a chow diet. 

However, high fat diet induces more apoptosis in wild-type mice [88] and, in fact, the 

deleterious effects of high fat diet are absent or reduced in UCP2 knockout mice [87]. Thus, 

the role of UCP2 as a protector from oxidative stress in the β-cell is not yet clear.

Uncoupling protein-3

Uncoupling protein-3 (UCP3) was identified in 1997 as another member of the 

mitochondrial anion carrier protein family, having approximately 58% homology to the 

archetypal UCP1 and 71% homology to UCP2 [32,33]. UCP3 has a more restricted tissue 

expression pattern than does UCP2, and is highly selectively expressed in skeletal muscle, 
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brown fat, and also in diabetic heart. It is the only UCP that is expressed at the protein level 

in skeletal muscle [138]. Interestingly, all evidence thus far suggests that UCP2 and UCP3 

proteins do not normally coexist in any one tissue or cell type.

Type 2 diabetes mellitus, insulin resistance and UCP3

mRNA levels of UCP3 but not UCP2 are decreased in skeletal muscle of patients with 

T2DM compared to healthy control subjects, and there is a positive correlation between 

UCP3 levels in muscle and whole body insulin stimulated glucose utilization rates, 

consistent with the idea that UCP3 levels could be protective against the development of 

insulin resistance [139]. Levels of UCP3 protein are also decreased in muscle of patients 

with T2DM. Schrauwen and colleagues demonstrated that UCP3 protein content in vastus 
lateralis muscle of patients with T2DM is approximately 50% of that in healthy control 

subjects [140]. Characteristics of muscle mitochondrial dysfunction during T2DM include 

higher levels of lipid peroxidation [141] and reduced vastus lateralis mitochondrial content 

and oxidative capacity (NADH2:O2 oxidoreductase capacity) [142]. It is not yet known if the 

decreased UCP3 content of muscle is a cause or a consequence of insulin resistance. 

However, it is relevant that increases in plasma non-esterified fatty acids induce the 

expression of UCP3 in muscle, while no significant increases in UCP3 expression are 

observed if the infusions of triglycerides are administered during a hyperinsulinemic clamp 

[143]. As well, UCP3 protein content is decreased in the pre-diabetic state of impaired 

glucose tolerance [144]. The latter is consistent overall with the idea of a maladaptive 

response to increased circulating fatty acid concentrations when there are simultaneously 

high circulating levels of insulin and glucose, i.e., glucolipotoxicity. The possible 

mechanistic role(s) for UCP3 are not well understood; however, some of the possible roles in 

the metabolism of fatty acids, and in the protection from reactive oxygen species are 

described further below.

Knockouts and transgenics: What have we learned?

Like UCP2, UCP3 was originally proposed to cause uncoupling of oxidative 

phosphorylation through the mitochondrial proton leak so well elucidated by Martin Brand 

over the past 15 years (e.g., [145–148]. However, just as a function for UCP2 in 

physiological uncoupling is controversial, such a role for UCP3 has been questioned to an 

even greater extent. At the physiological level, it is clear that altered UCP3 expression 

patterns in skeletal muscle induced by physiological interventions are not consistent with a 

role for UCP3 in uncoupling thermogenesis. This has been a topic that has been covered 

effectively in several recent review papers (e.g., [24,149–151]. Some of the key points are 

outlined in the next section, beginning with an overview of the phenotypic characteristics of 

the UCP3 knockout and overexpressor mice. This will be followed by a description of recent 

in vitro studies that have shed some light on possible mechanistic aspects.

The UCP3 knockout mouse is not obese, is normophagic, has normal overall energy 

expenditure, and is not more predisposed to diet-induced obesity than wild-type controls 

[152,153]. In muscle mitochondria, higher state 4 (non-phosphorylating) membrane 

potentials are reported in muscle mitochondria of knockouts than controls, consistent with 

decreased proton conductance, but state 4 respiration is found to be normal [152,154]. In 
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independently produced UCP3 knockout mice, Vidal Puig et al [153] observed higher 

respiratory control ratios (state 3 respiration: state 4 respiration) in UCP3 knockout 

mitochondria, while this was not observed in other lines of knockout mice [152,154,155]. 

Differences in mitochondrial incubation conditions and in mouse genetic backgrounds may 

explain at least some of the discrepancies. Results from UCP3 knockout mice are consistent 

with a possible role for UCP3 in protection from reactive oxygen species and in fatty acid 

metabolism. In muscle mitochondria of knockout mice, reactive oxygen species production 

is increased [153], consistent with a possible role for UCP3, like UCP2, in protection from 

oxidative stress. In 4–6 month old UCP3 knockout mice fed a high fat diet, circulating levels 

of free fatty acids are higher than in wild-type mice [153]. Moreover, indirect calorimetry 

indicated that fasted UCP3 knockout mice have lower whole body fat oxidation than wild-

type mice [154]. Vidal Puig et al [153] measured oleate and glucose oxidation in soleus and 

extensor digitorum longus muscles, and while oxidation of both was consistently decreased 

in knockout mice, measurement error appeared high, and no statistical significance was 

reported. These results from UCP3 knockout mice are thus consistent with the earlier results 

of Argyropoulos et al. [156] where impaired fatty acid oxidation was linked to a UCP3 gene 

polymorphism in humans (the latter findings are reviewed more extensively in [150]).

The transgenic overexpression of UCP3 in muscle in mice has been studied by a number of 

groups. The first reports describes mice expressing UCP3 mRNA at levels 66-fold normal, 

and phenotypic characteristics include reduced adiposity despite hyperphagia, lower fasting 

plasma glucose and insulin levels and an increased glucose clearance rate [157]. The 

physiological relevance of this model is thus doubtful based on the supraphysiologic levels 

of mRNA and protein (66-fold and 20-fold, respectively) [155]. Moreover, it was concluded 

that the increased proton leak in mitochondria of overexpressor mice was not caused by a 

native function of UCP3 because the proton leak is not proportional to the increased 

amounts of UCP3 protein and is not activated by superoxide, or inhibited by GDP [155]. The 

uncoupling in the transgenic mice is thus described as an artifact of supraphysiological 

expression. In another model of UCP3 overexpression in mice mRNA levels and 

mitochondrial protein levels are 15–20-fold normal [158]. The overall metabolic impact of 

overexpression in this model is less marked. When UCP3 overexpressor mice are fed a low 

fat chow, there is no difference in body weight or metabolic rate, compared to control mice. 

However, following four weeks of high fat diet feeding, overexpressors gain less weight and 

are leaner than controls [158]. While whole body oxygen consumption rate (expressed per 

gram body weight) is increased in overexpressors, the effect is absent when rates are 

expressed at the level of the whole body. Given that control mice have significantly higher 

adiposity levels than UCP3 overexpressors, comparisons of metabolic rates at the level of 

the whole body (not normalized to total body weight) are preferable [159].

In a recently published study, the metabolic effects of physiological transgenic increases in 

the expression of muscle UCP3 in mice were explored [160]. In congenic mice 

overexpressing the human UCP3 protein at levels approximately 230% of wild-type mice, 

and in UCP3 knockout mice, we assessed the amounts and activities of key proteins involved 

in muscle fatty acid uptake and oxidation. In muscle of UCP3 overexpressors, plasma 

membrane fatty acid binding protein (FABPpm) content is significantly increased compared 

with wild-type mice. While hormone-sensitive lipase activity is unchanged across the 

Chan and Harper Page 11

Curr Diabetes Rev. Author manuscript; available in PMC 2011 March 18.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



genotypes, there are increases in carnitine palmitoyltransferase-I, β-hydroxyacylCoA 

dehydrogenase and citrate synthase activities, and decreases in intramuscular triacylglycerol 

in muscle of overexpressors. Muscle mitochondrial content is equal across the genotype. 

Inconsistent with a role for UCP3 in uncoupled oxidative phosphorylation are the 

observations of increased high-energy phosphates and total muscle carnitine and CoA in 

UCP3 overexpressor compared with wild-type mice. Moreover whole body energy 

expenditure (VO2) is unchanged. The respiratory exchange ratio is decreased in the 

overexpressor mice, indicative of increased whole body fat oxidation. Altogether, the 

findings indicate an increased capacity for fat oxidation in the absence of any detectable 

increases in thermogenesis in UCP3 overexpressor mice. Findings from UCP3 knockout 

mice demonstrate few differences compared with wild-type mice, consistent with unknown 

potential compensatory mechanisms.

Physiological induction of UCP3 expression: Lack of effect on basal proton leak

The results of earlier studies in which physiological interventions were used to explore the 

possible function of UCP3 also are inconsistent with UCP3 functioning as an uncoupler of 

oxidative phosphorylation. Cadenas and colleagues explored the relationship between UCP2 

and UCP3 expression and mitochondrial proton conductance in rat skeletal muscle [161]. A 

24h fast increases UCP2 and UCP3 mRNA levels more than 5-fold and 4-fold, respectively, 

and UCP3 protein levels by 2-fold. Mitochondrial proton conductance is however 

unchanged. Similarly the effects of fasting on resting metabolic rate, respiratory quotient, 

muscle UCP3 expression, and mitochondrial proton leak were examined in wild-type and 

UCP3 knockout mice [154]. In wild-type mice, fasting causes 4-fold and 2-fold elevation of 

UCP3 and UCP2 mRNA, respectively, but does not significantly affect the kinetics of 

mitochondrial proton leak. Resting metabolic rates decrease with fasting in both groups. 

UCP3 knockout mice have higher respiratory quotients than wild-type mice in fed resting 

states, consistent with impaired fatty acid oxidation. Altogether, results show that the 

fasting-induced increases in UCP2 and UCP3 do not correlate with increased basal 

mitochondrial proton leak but support a possible role for UCP3 in fatty acid metabolism. It 

should be kept in mind that the in vitro incubation conditions used in both of these 

independent studies may have lacked key activators to reveal UCP3 function. On the other 

hand, some in vitro studies that have identified possible activators of UCP3 function 

(described below) have employed supraphysiological concentrations, opening the possibility 

for secondary effects or artefact. Regardless, both of the above studies show that changes in 

UCP2 and UCP3 levels are not associated with any alterations in basal proton leak in muscle 

mitochondria.

Given the originally hypothesized role for UCP3 in thermogenic uncoupling, one of the 

earliest identified paradoxes was indeed the increased expression of UCP3 in muscle during 

fasting, a situation where there is decreased energy expenditure in muscle. While expression 

patterns in muscle overall are consistent with the latter, expression is highest in glycolytic 

and mixed oxidative glycolytic fibre types and lowest in mitochondria-rich oxidative fibres. 

Moreover the greatest increases in expression induced by fasting occur in the glycolytic 

fibres rather than in the mitochondria-rich oxidative fibre types. Thus, there is increased 

expression in muscle when fatty acid supply exceeds oxidation capacity.

Chan and Harper Page 12

Curr Diabetes Rev. Author manuscript; available in PMC 2011 March 18.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Altogether, findings from animal studies show that UCP3 is associated with protection from 

insulin resistance, and with increased fatty acid oxidation, decreased intramuscular 

triglyceride, and decreased reactive oxygen species production (Fig. (3)).

In vitro studies – Illuminating the potential mechanisms of UCP3 action

Several hypothesized mechanisms of UCP3 action have been proposed. Generally they fall 

within one or two categories: 1) UCP3, when activated by superoxide or a peroxidized fatty 

acid, causes a mitochondrial proton leak that, in turn, acts in a negative feedback loop to 

mitigate further mitochondrial reactive oxygen species production, or 2) UCP3 acts as a fatty 

acid anion exporter to either facilitate fatty acid oxidation, or to remove potentially 

damaging fatty acid anions that have entered mitochondria independent of the carnitine 

palmitoyl transferase system. These mechanisms are further described below.

Several activators of UCP3-mediated proton conductance have been identified in studies of 

UCP3-containing liposomes and in mitochondria isolated from wild-type and knockout 

mice. Amongst the identified activators, fatty acids were the first, and they are shown to 

activate both UCP2 and UCP3 in liposomes [114,117]. Retinoate and its analogues are also 

identified as activators [113]. Further studies identify ubiquinone [117], superoxide [162], 

and most recently, the reactive alkenal 4-HNE [125] (see Fig. (1)). As is common with many 

in vitro studies into characteristics of molecular function, the latter findings, while greeted 

with widespread interest and enthusiasm are open to questions regarding physiological 

relevance. Concentrations of the activators often far-exceeded physiological concentrations. 

Moreover the criterion of purine nucleotide inhibition as a sine qua non of uncoupling 

protein activity is fundamentally perplexing given that physiological levels of the purine 

nucleotides equal or exceed those used in the in vitro studies. However, it is proposed that 

fatty acids may act in vivo to reduce the inhibition by purine nucleotides [163].

Others have proposed that UCP3 and fatty acids are more directly linked. Two hypotheses 

have been advanced proposing that UCP3 acts as a mitochondrial fatty acid anion exporter 

[151,164]. Schrauwen and colleagues hypothesize that when fatty acid supply exceeds 

oxidation capacity, there is increased entry of fatty acid into the mitochondria by flip-flop, 

resulting in the accumulation of non-esterified fatty acid in the matrix. The function of 

UCP3 is proposed as an exporter of the non-metabolizable non-esterified fatty [164]. This 

hypothesis does not link UCP3 with improved capacity for fatty acid oxidation; instead it 

advances a mechanism for efflux of fatty acid anions that cannot be used in the matrix for 

fuel.

The other hypothesis does link UCP3 function with an improved capacity for fatty acid 

oxidation [151]. It proposes that UCP3 functions in conjunction with a mitochondrial 

thioesterase when fatty acid supply exceeds oxidation. Mitochondrial thioesterase-1 

(MTE-1) is a matrix enzyme that cleaves CoA units from long chain fatty acyl-CoA 

molecules, and is thought to liberate CoA to support high rates of Krebs cycle and β-

oxidation pathway activities [165]. Non-esterified fatty acid anions in the matrix require 

reactivation outside of the matrix by acyl CoA synthetases (e.g., ACS5, found on the 

mitochondrial outer membrane) before they can be oxidized, and it is proposed that UCP3 

fulfills the role of fatty acid anion export. Such a fatty acid cycle would theoretically allow 
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greater rates of fat oxidation by releasing sequestered CoA and minimize detrimental effects 

of the accumulation of non-esterified fatty acid in the matrix. While supporting data are 

mainly correlative, MTE-1 expression is significantly increased in UCP3 overexpressor mice 

[166], and there is a strong correlation between UCP3 and MTE-1 expression and activity 

levels [167]. The recent findings of Bezaire and colleagues [160], described above, 

demonstrate that a consequence of physiological (but constitutive) increases in UCP3 in 

muscle lead to increased potential for fatty acid uptake, transport into the mitochondria and 

flux through the Krebs cycle and β-oxidation pathways. That CoA and carnitine levels are 

also elevated in the UCP3 overexpressor mice is consistent with augmented rates of fat 

oxidation. While the aim of the latter study was not to test mechanistic aspects of the 

hypothesis, the results are supportive.

Other studies have examined the effects of physiologic UCP3 overexpression on 

characteristics of fatty acid oxidation and mitochondrial uncoupling in L6 muscle cells. 

MacLellan and colleagues used an adenoviral construct to produce a 2.2–2.5-fold increase in 

UCP3 protein in L6 cells [168]. Increased expression of UCP3 protein results in increased 

palmitate oxidation in cells under normoglycemic or hyperglycemic conditions, while the 

chemical uncoupler, dinitrophenol, has no effect. Increased UCP3 does not modify glucose 

oxidation, while dinitrophenol or insulin treatment cause increases. Cellular oxygen 

consumption, assessed in situ using self-referencing microelectrodes is not altered by the 

increases in UCP3 protein, while dinitrophenol causes increases. Moreover there are no 

changes in mitochondrial membrane potential. Consistent with the results from many of the 

above described studies of UCP2 and UCP3 function, there are also significant reductions in 

reactive oxygen species production [168].

Concluding statements

The evidence collected since the discovery of the novel uncoupling proteins, UCP2 and 

UCP3 in 1997 clearly differentiate the functions of these molecules from those of the 

archetypal UCP1. Moreover, the distinct tissue localization of UCP2 and UCP3 is suggestive 

of distinctive physiological roles for them. Data obtained mainly from systems designed to 

over- or under-express the uncoupling proteins support the hypothesis that both UCP2 and 

UCP3 can modulate cellular metabolism. In the pancreatic β-cell, such modulation results in 

reduction of glucose-stimulated insulin secretion by UCP2 whereas in the skeletal muscle, 

UCP3 appears to have a role in regulating fatty acid oxidation. Both UCP2 and UCP3 may 

function to decrease reactive oxygen species generation. The role of UCPs in the 

pathophysiology of chronic metabolic diseases such as T2DM is highly dependent upon the 

specific UCP and its tissue of expression. Interesting, up-regulation of UCP2 in pancreatic 

islets may be a precursor to development of insulin insufficiency in T2DM while, in 

contrast, an increase in UCP3 expression in skeletal muscle could help to prevent the 

development of insulin resistance. Therefore, if the UCPs are to have any therapeutic 

relevance, strategies are required that incorporate acknowledgement of the need to up-

regulate UCP3 while decreasing activity of UCP2, tissue-specifically. In the case of UCP2, 

the treatment should not impact expression or activity in other tissues, like the brain, where 

it appears to confer cytoprotective effects.
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C/EBP CCAAT enhancer binding protein

HNF hepatic nuclear factor

4-HNE 4-hydroxynonenal

IL interleukin

MTE-1 mitochondrial thioesterase-1

MUFA monounsaturated fatty acid

PPAR peroxisome proliferator-activated receptor

SREBP sterol response element binding protein

TNF tumor necrosis factor

T2DM type 2 diabetes mellitus

UCP uncoupling protein
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Fig. 1. 
Role of uncoupling proteins in respiration and metabolism. In the course of oxidative 

phosphorylation, NADH and FADH2 are produced and donate electrons (e−) to the electron 

transport chain (complexes I-IV) and the resultant protons () are pumped into the 

intermembrane space to generate a large protonmotive force (DYm). Protons may reenter the 

matrix via ATP synthase (AS), leading to generation of ATP from ADP and reduction of 

DYm. The electrons join with oxygen (O2) and protons to form H2O. Alternatively, DYm 

may be dissipated via actions of uncoupling proteins (UCP). Three potential mechanisms for 

uncoupling are illustrated. In the first instance (a) UCP acts as a protonophore to allow 

reentry of protons and production of heat. This function may be enhanced by superoxide 

(O2−) or its lipid peroxidation by-product, 4-hydroxynonenal (4-HNE). Superoxide is 

formed when electrons “leak” from the electron transport chain and react with O2. In (b), 

lipid peroxides formed exit the matrix via a UCP, thus allowing for mitochondrial 

detoxification. Scenario (c) posits that UCP transports long chain fatty acid anion (LCFA−) 

either to balance diffusion of neutral fat (LCFA) across the inner mitochondrial membrane or 

to remove excess LCFA-CoA not metabolized through b-oxidation. The conversion of 

LCFA-CoA is catalyzed by mitochondrial thioesterase-1 (MTE-1).
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Fig. 2. 
Hypothesized role of UCP2 in pathogenesis of type 2 diabetes. High circulating free fatty 

acids (FFA) induce UCP2 expression while suppressing glucose metabolism. A parallel 

increase in enzymes of b-oxidation, including carnitine palmitoyl transferase-1 (CPT-1) 

mediated by transcription factors such as PPAR and SREBP-1c lead to an increase in 

metabolic by-products including superoxide (O2−). Either O2− or lipid peroxides activate 

UCP2 to increase respiratory uncoupling. ATP production is reduced, leading to impaired 

inactivation of KATP channels and other ATP-dependent processes. Together with the pro-

apoptotic effects of O2−, leading to a reduction in b-cell mass, insulin secretion is reduced 

and diabetes may ensue.
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Fig. 3. 
Hypothesized role of UCP3 in maintaining insulin sensitivity. In healthy individuals, fasting 

or eating of a high fat diet will induce UCP3 expression in skeletal muscle. Increased UCP3 

is associated with an increase in enzymes associated with fatty acid transport (FABPpm) and 

oxidation (CPT-1) and with increased fatty acid recycling, which can increase the efficiency 

of oxidative metabolism. The increase in whole body fat oxidation will reduce overall 

adiposity and intramuscular triglyceride stores, which are associated with improved glucose 

tolerance. During the development of T2DM, a maladaptive response of UCP3 occurs, such 

that the glucolipotoxic environment lead to down-regulation of UCP3 expression.

Chan and Harper Page 26

Curr Diabetes Rev. Author manuscript; available in PMC 2011 March 18.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript


	Abstract
	Type 2 Diabetes: the double jeopardy of β-cell dysfunction and insulin resistance
	Characteristics of β-cell dysfunction in type 2 diabetes
	Insulin resistance

	Uncoupling proteins: Overview
	Uncoupling protein-2
	Type 2 diabetes, insulin secretion and uncoupling protein-2
	Genetic association of UCP2 and type 2 diabetes
	Expression studies of UCP2 in β-cell lines and rodent islets
	Effects of UCP2 on β-cell function

	Uncoupling protein-3
	Type 2 diabetes mellitus, insulin resistance and UCP3
	Knockouts and transgenics: What have we learned?
	Physiological induction of UCP3 expression: Lack of effect on basal proton leak
	In vitro studies – Illuminating the potential mechanisms of UCP3 action
	Concluding statements

	References
	Fig. 1
	Fig. 2
	Fig. 3

