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Abstract It is generally accepted that mitochondrial

deficits cause many common age-associated diseases

including type 2 diabetes. However, it has not been

understood what causes mitochondrial damages and how to

interrupt the development of the diseases in patients.

Recent epidemiologic studies demonstrated a positive

correlation between serum concentrations of environmental

pollutants and insulin resistance/diabetes. Emerging data

strongly suggest that some synthetic pollutants disturb the

signaling pathway critical for energy homeostasis and

insulin action. The synthetic chemicals are possibly

involved in pathogenesis of insulin resistance and diabetes

as mitochondria-disturbing agents. In this review, we

present a molecular scheme to address the contribution of

environmental synthetic chemicals to this metabolic

catastrophe. Efforts to identify synthetic chemicals with

mitochondria-damaging activities may open a new era to

develop effective therapeutic interventions against the

worldwide-spreading metabolic disorder.
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Abbreviations

T2DM Type 2 diabetes

GWAS Genome-Wide Association Study

EWAS Environmental-Wide Association Study

OR Odds ratio

POPs Persistent organic pollutants

PCB Polychlorinated biphenyl

OC Organochlorine

EDC Endocrine disrupting chemicals

mtDNA Mitochondrial DNA

Ndna Nuclear DNA

OXPHOS Oxidative phosphorylation

AhR Aryl hydrocarbon receptor

AhRR AhR repressor

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

ROS Reactive oxygen species

FICZ 6-formylindolo[3,2-b]carbazole

MPP? 1-methyl-4-phenylpyridinium

PD Parkinson’s disease

CMAPS Cell-based mitochondrial activity profiling

assays

Introduction

Diabetes mellitus (DM) is classified as two different dis-

eases of type 1 (T1DM) and type 2 (T2DM). Although

these two diseases share similar metabolic phenotypes and

complications, T1DM is a largely genetic disorder linked to

autoimmunity and T2DM is metabolic disorder linked with

obesity and sedentary lifestyle. The prevalence of diabetes

for all age-groups has exploded over the last several dec-

ades: the worldwide average was estimated to be 2.8 % in

2000 and 4.4 % in 2030 (Wild et al. 2004). Diabetes affects
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approximately 5 and 8.3 % of the Korean and the U.S.

populations, respectively. In general, almost 20 % of the

adult population has been diagnosed with diabetes and/or

insulin resistance. The ‘‘diabetic epidemic’’ is predicted to

continue even though the levels of obesity remain constant.

In order to mitigate the deleterious impact of diabetes,

great efforts have been made to disclose the factors under-

lying this metabolic disaster. But researchers failed to fully

explain why some people get the DM and others do not.

T2DM usually occurs when peripheral tissues like muscle

and fat respond abnormally to insulin, defined as insulin

resistance. The correlation between T2DM and high-calorie

diet plus sedentary lifestyle is well established, but it is not

clear yet whether- or how- these factors initiate the insulin

resistance. After all, 75–80 % of obese people never develop

T2DM. Therefore, some genetic factors are suggested to play

a role in developing T2DM and more than 40 genes have

been reported as genetic factors associated with T2DM by

genome-wide association studies (GWAS). However, most

genetic factors are related to b-cell function and account for

only about 10 % of T2DM (Jonietz 2012).

Besides diet, life style and genetic factors, synthetic

chemicals are also considered as one of the causal factors for

obesity, insulin resistance, and T2DM. The chemicals cur-

rently used in a variety of industrial and agricultural appli-

cations are leading to widespread contamination of the

environment. Epidemiological studies suggest that persistent

organic pollutants (POPs), such as polychlorinated biphenyl

(PCB) congeners, organochlorine (OC) pesticides, bromi-

nated diphenyl ether (BDE), and dioxin, are strongly corre-

lated with abdominal obesity and T2DM (Lee et al. 2012;

Tanaka et al. 2011). These exogenous chemicals, so-called

environmental endocrine disrupting chemicals (EDCs),

interfere with endogenous hormonal axes and induce meta-

bolic disruption, leading to the chemical-induced diabetes

and the insulin action changes in vitro and in vivo. Unlike the

early studies of EDCs focused on identifying chemicals to

modulate sex steroid and thyroid hormone signaling,

emerging data strongly suggest that they disturb the signal-

ing pathway critical for energy homeostasis. Here, we

summarized some chemicals that destroy normal mito-

chondrial activities and insulin signaling. We present their

roles in the pathogenesis of insulin resistance/diabetes and a

molecular scheme to address the contribution of environ-

mental synthetic chemicals to this metabolic catastrophe.

Mitochondrial deficits cause the age-associated

degenerative diseases including T2DM

‘‘Happy families (mitochondria) are all alike; every

unhappy family (mitochondrion) is unhappy in its own

way.’’ in Anna Karenina by Leo Tolstoy.

Mitochondria are organelles that act as powerhouses of

cells. They produce ATP, which is a main source of energy

for all activities in cells, and are the locations for glucose,

fatty acid, and protein metabolisms. Because of their

important metabolic functions, damaged mitochondria can

theoretically cause diseases in any organ at any age. This

characteristic has earned mitochondria the title of ‘‘pow-

erhouses of disease’’ (Lane 2006). Previously, we have

described several molecular players in controlling mito-

chondrial biogenesis and in developing various mitochon-

dria-related diseases (Pak and Jeong 2010). The diseases

include obesity, T2DM, metabolic syndrome, cardiovas-

cular diseases, and neurodegenerative diseases. Mitochon-

dria consist of more than 1,500 proteins encoded by nuclear

DNA (nDNA) and 13 mitochondrial DNA (mtDNA)-

encoded proteins in oxidative phosphorylation (OXPHOS)

complex. A single-base mutation in mtDNA and/or nDNA

causes the rare but devastating childhood genetic diseases,

and over 50 different mutations have been reported

(DiMauro and Schon 2003). Similarly, the damaged

mitochondrial proteins may induce quantitative declines of

OXPHOS activity and efficiency leading to age-associated

degenerative diseases. Probably, it would not be important

which protein is hampered in OXPHOS physiology,

reducing ATP synthetic capacity or transcription of mito-

chondrial genes. In various complex degenerative diseases,

the resulting ‘‘unhappy’’ mitochondria would be similar in

physiological phenotypes although the identity of damaged

protein or gene might be different each other. To reverse

the ‘‘unhappy’’ mitochondria to ‘‘happy’’ mitochondria,

targeting on a specific mitochondrial component responsi-

ble for the disease development may not be critical in

developing therapeutic agents. Rather, it may be necessary

to normalize ‘‘unhappy’’ mitochondria by antagonizing

consequent effects of mitochondrial damages, such as

reduction of ATP and membrane potential, and increased

oxidative stress.

Mitochondria are susceptible to exogenous stress

MtDNA exists in multiple copies and is tightly associated

with a number of proteins to form a nucleoid structure

(Choi et al. 2011). Electrons leaked from OXPHOS com-

plex react with oxygen to generate reactive oxygen species

(ROS) in mitochondrial matrix, where mtDNAs are pres-

ent. Since proteins, lipids, or mtDNA in mitochondria are

constantly exposed to mitochondrial ROS which creates a

higher oxidative environment in mitochondria than in

nuclei, mitochondrial components are more susceptible to

exogenous chemical-mediated ROS damages than those in

other locations. Furthermore, damages on mtDNA may not

be repaired as properly as those of nDNA because mtDNA

Mitochondrial T2DM 179

123



repair system seems to be inefficient or absent in mito-

chondria (Larsen et al. 2005). Improper repair of mtDNA

damages have been presented by age-dependent accumu-

lation of point mutations or large-scale deletions of

mtDNA in tissues of aged subjects and patients (Pak and

Jeong 2010). Thus, mitochondrial damages should be

greater than nuclear or cytoplasmic damages and precedes

the changes in nucleus and cytoplasm as cells are exposed

to hazardous chemicals.

POPs, obesity, and T2DM

A complex combination of many genetic and environmental

factors causes T2DM and other chronic diseases. Epidemi-

ologic studies demonstrated that high serum concentrations

of various POPs are strongly associated with T2DM and

insulin resistance prevalence (Lee et al. 2012, 2011, 2006).

POPs are lipophilic chemicals that accumulate in adipose

tissue and are hard to eliminate from contaminated envi-

ronments. Polychlorinated dibenzo-p-dioxins (PCDDs),

polychlorinated dibenzofurans (PCDFs), PCBs, and OC

pesticides have been highlighted as being POPs of concern.

Obesity may be caused by simultaneous exposure to various

POPs in the general population (Lee et al. 2011), which

posited environmental ‘‘obesogen hypothesis’’. This

hypothesis explains that certain environmental pollutants

induce weight gain (Neel and Sargis 2011). It is important to

note that POPs in fat tissue, not obesity itself, may contribute

to the development of insulin resistance and T2DM.

In contrast, ‘‘obesity paradox’’ has been documented, in

which the overweight and obese subjects have a better

prognosis (less mortality) than those with normal body

weight. The obesity paradox was strongly observed among

the subjects with high levels of POPs. For example, when

the elderly had relatively high POPs, those with high fat

mass showed a lower risk of mortality than those with low

fat mass (Hong et al. 2012). This may reflect the relative

safety of storing the harmful POPs in adipose tissue rather

than in other critical organs. On the other hand, POPs

storage in adipose tissue may increase the stability of

POPs, leading to enhanced exposure periods. The rela-

tionships between obesity and POPs themselves are not

simple. Long-term exposure to low-level POPs can cause

obesity while high-dose POPs can lead to weight loss and

cell deaths. In addition, weight loss releases POPs into

serum from fat, whereas weight gain decreases serum POPs

by sequestration in fat. The dynamics of POPs in the body

may be affected by obesity over time, age-related body

composition and fat distribution changes. It would be

desirable to disentangle these complicated relationships by

identifying intermediate factors involved in fat mass

expansion, serum POPs, and tissue damage.

A comprehensive Environmental-Wide Association

Study (EWAS) demonstrated that the organochlorine pes-

ticide-derivative heptachlor epoxide [odds ratio (OR) =

0.7, p \ 0.001], the vitamin c-tocopherol (OR = 1.5,

p \ 0.001), dioxins and furans (OR = 1.8–5, p \ 0.001),

and PCBs (OR = 2.2–5.5, p \ 0.001) were harmful, but b-

carotene (OR = 0.6, p \ 0.001) was protective in T2DM

development (Patel et al. 2010). Reflecting the OR of most

risk genetic loci identified by Genome-Wide Association

Study (GWAS) was 1.3–1.7, environmental factors have

greater contributions than genomic factors in T2DM

pathogenesis. Because these lipophilic POPs are persistent

in the environment and bio-accumulate in fat tissues

through the food chain, the physiological action by chronic

exposure of low dose POPs is complex and the molecular

mechanism underlying T2DM development need to be

intensively studied.

Some POPs induce toxic and biological effects via AhR

Persistent organic pollutants are known to induce adverse

effects on various biological systems via binding to aryl

hydrocarbon receptor (AhR), a cytosolic receptor present in

most vertebrate tissues (Schlezinger et al. 2010). AhR is a

ligand-activated transcription factor belonging to the basic

helix-loop-helix (bHLH)/Per-Arnt-Sim family (Beischlag

et al. 2008). The interaction of AhR ligands with AhR

activates the transcription of multiple genes including

cytochrome P450 (CYP) members, CYP1A1/2 and

CYP1B1, and ligand metabolizing enzymes. Increment of

CYP members enhances the clearance of AhR ligands by

metabolizing them in liver. The most famous AhR ligand

with high affinity is 2,3,7,8-tetrachlorodibenzo-p-dioxin

(TCDD), and therefore, AhR is a so-called dioxin receptor.

AhR-mediated reporter gene assays identified exogenous

AhR agonists covering diverse synthetic chemicals (Deni-

son et al. 2002), some pesticides, insecticides (carbaryl),

herbicides (diuron), or naturally occurring compounds

[indole-3-carbinol (I3C), flavonoids and glucosinolates]

(Kiss et al. 2011; Li et al. 2011). I3C dietary AhR ligand

provided from vegetables protects the host by an induction

of active immunologic tolerance in intestine (Li et al.

2011). The tryptophan catabolite kynurenine has been

identified as an endogenous AhR ligand that is constitu-

tively generated in human brain tumor cells (Opitz et al.

2011). Table 1 summarizes the exogenous and endogenous

AhR ligands and their characteristics that are exogenous

and endogenous.

Aryl hydrocarbon receptor ligands like dioxins mediate a

various range of biological and toxic effects, including tumor

promotion, teratogenicity, immuno-, hepato-, cardio-, and

dermal toxicity, wasting, lethality, and alteration of
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endocrine homeostasis. For a better understanding of the

molecular mechanisms underlying AhR ligand action,

complex AhR-dependent or independent modulations of

target gene expression have been suggested through multiple

molecules interacting with AhR (Denison et al. 2011). In

classical mechanism of AhR-dependent gene activation, the

cytosolic AhR forms a complex with HBV X-associated

protein 2 (XAP2), Hsp90 and p23 (Shetty et al. 2003), which

are displaced by Arnt after binding to the ligand. The

resulting AhR/Arnt dimer binds to a drug response element

(DRE, 50-TNGCGTG-30) on the promoters of target genes

such as CYPs, aldehyde dehydrogenase 3 (ALDH3), AhR

repressor (AhRR), p27kip1, and etc. Here, AhRR is another

bHLH/Per-Arnt-Sim transcription factor. Unlike other target

Table 1 AhR ligands based on AhR-mediated transcriptional activity

Ligands Compound name Classification Features

Exogenous ligands

Synthetic

chemicals

Polychlorinated dibenzo-p-dioxins

(PCDDs)

POPs Developmental disturbances, Carcinogenesis, Diabetogenic,

Obesogenic

Polychlorinated dibenzofurans

(PCDFs)

POPs Mutagenesis, Carcinogenesis, Diabetogenic, Obesogenic

Polychlorinated biphenyls (PCBs) POPs Endocrine disruption, Neurotoxicity, Carcinogenesis,

Diabetogenic, Obesogenic

R6 Chlorinated POPs POPs Endocrine disruption, Diabetogenic, Obesogenic

3-Methylcholanthrene Carcinogenic polycyclic aromatic hydrocarbon, Prostate

cancer

Imidazolin

receptor

ligands

Idazoxan a2 adrenergic receptor antagonist, Anti-depressant

Epinephrine Neurotransmitter

Guanabenz

Harman-1,2,3,4-tetrahydro-3-

carboxylic acid

Food by-product

Natural

compounds

Indirubin Herbal compounds Anti-tumor

Indol-3-carbinol (I3C) Dietary supplements Prevention and treatment of cancer

Indole[3,2-b]carbazole (ICZ) Cruciferous vegetables Maintain intraepithelial lymphocytes numbers in skin and

intestine, Microbiota Intestinal immunity303-Diindolylmethane (DIM)

Curcumin Indian Spice (Curry) Inhibition of CYP1A1

Harmaline Food by-product

Sodium benzoate Preservatives Inhibition of DAAO and BNF-induced AhR-mediated

transcription

a-Naphthoflavone (ANF) Antagonistic to TCDD effects

b-Naphthoflavone (BNF) CYP1A1 inducer

b-Carbolines Norharman, Harman, Harmine, Harmol, Harmalol,

Harmaline, Harman-1,2,3,4-tetrahydro-3-carboxylic acid

[HTCA]

Endogenous ligands

Amino acids Tryptophan (Trp) 100 lM range

Tyrosine (Tyr) 100 lM range

Amino acid

metabolites

6-Formylindolo[3,2-b]carbazole

(FICZ)

Trp photooxidation

products

Inhibition of CYP1A1 Induction of immune cell

differentiation

Kynurenine (Kyn) Trp metabolite Tumor growth, Carcinogenesis

Indole-3-pyruvic acid (I3P) Deamination of L-Trp and

D-Trp by DAAO or AST

AhR proagonist

1,3-Di(1H-indol-3-yl)propan-2-one Produced from I3P

1-(1H-Indol-3-yl)-3-(3H-indol-3-

ylidene) propan-2-one

Produced from I3P

10H-Indole-30-carbonyl)-thiazole-4

carboxylic acid methyl ester

(ITE)

Induction of active immunologic tolerance

DAAO D-amino acid oxidase, AST aspartate aminotransferase
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genes, the transactivation domain-deficient AhRR functions

as a naturally occurring dominant negative factor by com-

peting with AhR for heterodimer formation with Arnt and

subsequently binding to DRE sequence of targets (Evans

et al. 2008). AhRR expression is induced by AhR/Arnt

complex upon binding on DRE of AhRR promoter. There-

fore, AhRR and AhR constitute a regulatory loop affecting

each other’s transcriptions to maintain a homeostasis. In

various human malignant tissues AhRR mRNA was down-

regulated due to methylation of DRE sites of the promoter,

suggesting that AhRR might play a role as a tumor sup-

pressor (Zudaire et al. 2008).

Interaction of auxiliary proteins to AhR may be

important because they are able to alter AhR-mediated

transcription events or toxicological process. A number of

co-activators and nuclear proteins have been reported to

bind AhR/Arnt dimer directly. They include p300, CREB-

binding protein (CBP), steroid receptor coactivators 1/2

(SRC1/2), receptor-interacting protein 140 (RIP140), and

NcoA2 (Beischlag et al. 2002). Because these co-activators

are also used by other nuclear receptors (NRs)-mediated

transcription, AhR activation may suppress the transcrip-

tional activity of other NRs with lower affinity for co-

activators. On the other hand, AhR is able to bind to

alternative DRE elements as a dimer with either Arnt or

other transcription factors in a non-classical mechanism of

action. Estrogen receptor bound to AhR is subjected to

proteasomal degradation to quench ER response (Denison

et al. 2011). RelA (p65) and RelB subunits of NF-jB

interact with AhR, resulting in direct activation of

inflammatory signaling (Tian et al. 2002). Another inter-

esting partner is ATP5a1, a subunit of ATP synthase

complex. AhR interacts with ATP5a1 in the absence of

ligand in mitochondria (Tappenden et al. 2011). Exposure

to TCDD broke this interaction and diminished portion of

mitochondrial AhR. It was speculated that AhR–ATP5a1

interaction might be important to maintain ATP synthesis

efficiency.

Enigmatic activation of AhR

Like a POPs-obesity paradox, AhR responses are promis-

cuous. First, AhR is able to bind other secondary proteins

in either ligand-dependent or -independent manner. Sec-

ond, the AhR-mediated dysmetabolic responses show the

U-shaped dose–response relationships with POPs concen-

tration. The AhR autoregulatory loop of endogenous neg-

ative feedback regulation may explain the AhR response

complexity. AhR ligands activate the gene expressions of

CYP1A1/2 and CYP1B1, which enhance the clearance of

AhR ligands. The tightly bound endogenous agonist

6-formylindolo[3,2-b]carbazole (FICZ) induced CYP1A1

mRNA and enzyme activity, keeping its own steady-state

concentration very low. Stimulation by oxidative stress,

AhR antagonists, or AhR ligands with low affinity, reduced

the FICZ-mediated CYP1A1 induction, elevated FICZ

levels, and subsequently activated AhR responses (Wincent

et al. 2012). Therefore, a prolonged induction of AhR

activity disturbs the feedback regulation of FICZ levels,

resulting in detrimental consequences. Rannug research

group (Wincent et al. 2012) provided a list of compounds

that may prevent the FICZ-mediated inactivation to acti-

vate AhR indirectly. The list includes endogenous sub-

stances, clinical drugs, food additives, industrial

compounds, pesticides, metals, phytochemicals, and oxi-

dants. On the contrary, AhR agonist-induced ligand-

metabolizing enzymes might enhance AhR ligand clear-

ance, and eventually AhR agonists would act like AhR

antagonists. The AhR-mediated responses would be

entangled by another feedback loop of AhRR which

counteracts the AhR-dependent gene expression to balance

the AhR activity (Zudaire et al. 2008). Enigmatic activation

of AhR-dependent gene activation is summarized and

illustrated in Fig. 1. It is not clear whether synthetic

compounds might induce mitochondrial deficits directly or

indirectly via AhR.

Little has been known about the physiological role of

AhR or which ligands activate AhR under normal and

healthy conditions. Several studies on AhR knock-out mice

suggested that AhR might be involved in liver development

and intestinal immune function (Li et al. 2011). Dietary

Fig. 1 Illustration of enigmatic activation of AhR. Ligand binding to

AhR induces the formation of AhR/Arnt dimer complex to activate

gene expressions of CYPs and ligand metabolizing enzymes.

Transcription of AhRR, which built an autoregulatory feedback loop,

is also activated. Chemicals in box are AhR ligands: grey box,

conventional AhR ligand agonists; white box, low affinity agonist or

protective AhR ligands; dotted box, inhibitors of metabolizing

enzymes. The precise mechanism of AhR ligand- or AhR-mediated

mitochondrial damages is necessary to define
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compound I3C derived from cruciferous vegetables such as

broccoli is converted into high affinity AhR ligand,

indole[3,2-b]carbazole (ICZ), by acids in stomach. The

resulting activation of AhR signaling in epithelial cells

regulated intestinal immune function through unidentified

target gene induction. Further studies are necessary for

better understanding on physiological roles of AhR ligands,

whether the chemicals function systemically as agonist or

antagonist at the end point, and which organs, liver or

intestine, they target to control whole body function.

Synthetic chemicals disrupt mitochondria

There are many different ways to damage mitochondria.

Although various AhR responses to exogenous ligands

have been widely studied, the role of AhR in mitochondrial

function and insulin resistance has not been defined. As

shown in Fig. 2, humans are exposed to synthetic chemi-

cals—POPs, pesticides, herbicides, food additives, phar-

maceuticals, and cosmetics via agricultural goods

consumer products, soil, water, and/or air. Some pollutant

chemicals disturb ecosystem and generate mutant animals

like hermaphrodite frogs found in Mississippi river, while

others contaminated human’s food chain like dairy prod-

ucts, meat, and fish. Then, humans would be exposed

chronically to a low-dose of persistent and lipophilic

chemicals through food consumption. Bio-accumulation of

the chemicals in adipose tissue and other organs could

possibly result in mitochondrial damages in affected

organs. Eventually, insulin-sensitive organs such as adi-

pose tissue, pancreas, liver, muscles might fail to function

properly leading to age-associated chronic diseases, T2DM

and insulin resistance.

Only a few studies have been reported regarding to the

relationships among three players: synthetic compounds,

AhR, and mitochondrial dysfunction. TCDD treatment

in vivo activated death receptor and mitochondrial path-

way of apoptosis through NF-jB (Camacho et al. 2005).

AhR knock-out mouse study showed that the level of

mitochondrial ROS generation was depending on AhR

without affecting CYP1A1/2 (Senft et al. 2002). TCDD-

induced ROS concomitantly evoked an increase in mito-

chondrial thiol reduction state (Shen et al. 2005). Proteo-

mic analysis of TCDD-treated rat hepatoma cells revealed

the AhR-dependent up-regulation of VDAC2, a mito-

chondrial outer membrane pore protein (Sarioglu et al.

2008). Tandem affinity purification analysis demonstrated

that ATP5a1 subunit of ATP synthase was strongly

interacted with mitochondrial AhR in the absence of

ligand (Tappenden et al. 2011). TCDD treatment damaged

mitochondrial OXPHOS and ATP production and dis-

rupted cristae structure in cardiomyocytes (Neri et al.

2011). TCDD at 3 nM also induced oxidative damages in

mtDNA as well as the caspase-3-dependent apoptosis in

trophoblast-like cells (Chen et al. 2010). On the other

hand, TCDD-treated mice at 30 lg/kg dose differentially

alter the hepatic mRNA levels of OXPHOS complex

subunits. Several genes of OXPHOS subunits (Ndufa10,

Cyc1, Cox7b, Atp5g3, Atp5I, Ucp2, Ucp5 and Sco2) may

contain DRE sequence on their promoters (Forgacs et al.

2010). It is not clear whether the differential expression of

OXPHOS subunits is secondary responses to TCDD-

mediated oxidative stress.

Besides TCDD, the interesting and direct evidence for

POPs-mediated mitochondrial disturbance were presented

using salmon oil diet. Ruzzin et al. administered rats for

28 days with salmon oil contaminated with POPs. POPs-

fed rats developed insulin resistance, abdominal obesity,

and hepatosteatosis as well as the reduced expression of

mitochondrial gene regulator, PGC-1a (Ruzzin et al. 2010).

They showed that OC pesticides, DDT, and mono-ortho-

substituted PCB mixtures (1–100 nM), reduced insulin

action of 3T3-L1 adipocytes, but dioxins and dioxin-like

PCBs (0.2–20 nM) did not. We have reported that atrazine,

a widely used herbicide, induced obesity in vivo by

destroying mitochondria through direct inhibition of

coenzyme Q10 in OXPHOS (Lim et al. 2009). Our study

suggested that the cause of mitochondrial damages may be

Fig. 2 Scheme of synthetic chemical exposure to human disease

development. Acute exposure to high dose chemicals directly induces

necrotic cell death in tissue. Contaminated chemicals are present

persistently in the environment and food chain. Persistent chemicals

are bio-accumulated in animal tissues. Chronic exposure to chemicals

induces mitochondrial dysfunction and organ failure, leading to

human diseases. PD Parkinson’s disease, AD Alzheimer’s disease
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the direct accumulation of POPs or chemicals in mito-

chondrial OXPHOS.

There are many candidate chemicals reported that may

be detrimental to mitochondria. A cell-based analysis

system has been utilized to list mitochondrial toxins by

screening thousands of exogenous small chemicals (Wag-

ner et al. 2008). Protein synthesis inhibitors (emetine, an-

isomycin, cycloheximide) decoupled coordination of

nDNA- and mtDNA transcription, and a subset of HMG-

CoA inhibitors (fluvastatin, lovastatin, simvastatin)

strongly decreased ATP levels and complex I activity.

Statins are the number-one selling medicines in the world

to lower blood cholesterol, but induce muscle-related side

effects, muscle weakness, cramps, or myopathy, in

patients. Inhibition of mevalonate pathway decreased de

novo synthesis of cholesterol as well as isoprenoid, which

provides isoprenyl units of ubiquinone (CoQ10). Mainte-

nance of isoprenoid intermediates, farnesyl pyrophosphate

and geranylgeranyl pyrophosphate, by inhibiting metabo-

lizing enzymes recovered statin-induced ATP reduction in

C2C12 cells (Wagner et al. 2011).

Monitoring of mitochondrial damage by food products,

harmaline and sodium benzoate

Harmaline is a derivative of the harman family, present in

everyday-life food products such as coffee, cheese, and

beer. The first attraction of this chemical was its structural

similarity to 1-methyl-4-phenylpyridinium (MPP?) (Storch

et al. 2004). MPP? is a metabolized form of 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) in glial cells

that gets transported to dopaminergic neurons via the

dopamine transporter. Once in the neurons, MPP? inhibits

the activity of complex I of OXPHOS, eventually leading

to mitochondrial damage and dopaminergic neuronal cell

death (Murphy et al. 1995; Nicklas et al. 1985). Similar to

the effects of MPP?, when brain cells were treated with

50 lM of harmaline, mitochondria released cytochrome c

to initiate apoptosis, indicating mitochondrial damage (Lee

et al. 2002). Also, the intraperitoneal injection of harmaline

induced tremor in rats, a symptom of Parkinson’s disease

(PD) (Tariq et al. 2002).

Sodium benzoate is a widely used preservative for var-

ious food and cosmetic products. It is mainly known to be

present in carbonated drinks, fruit juices, pickles, jelly,

medical products, and energy drinks, all of which are

products that we encounter very frequently. Sodium ben-

zoate damaged mtDNA in yeast (Piper 1999), and

decreased the survival rate of dopaminergic neurons by

decreasing the expression of tyrosine hydroxylase and

dopamine transporter in vitro and in vivo (Chen et al.

2009). Also, it has been reported that the exposure to

sodium benzoate decreases the survival rates of zebrafish

embryos in a dose- and exposure time-dependent manner

(Tsay et al. 2007). After such reports, many companies

have been limiting their use of sodium benzoate in their

products, but there are no specific reports about sodium

benzoate-mediated mitochondrial damage.

We have screened several chemicals which reduced

mitochondrial activities such as ATP levels and ROS

generation using cell-based mitochondrial activity profiling

assays (CMAPS) as previously described (Piao et al. 2012).

Harmaline and sodium benzoate reduced mitochondrial

activities of C2C12 cells in a dose-dependent manner

(Fig. 3). The parameters we have checked were cell

membrane integrity by calcein assay, complex I activity

(NADH dehydrogenase activity) by tetrazolium precipita-

tion of MTT, intracellular ATP contents, mitochondrial

membrane potential by TMRE assay, and ROS generation

by DCF-DA. Harmaline treatment damaged complex I,

ATP generation, and mitochondrial membrane potential in

Fig. 3 Mitochondrial activity (CMAPS) analysis of harmaline and

sodium benzoate using C2C12 myoblasts. The C2C12 myoblast cells

in phenol-red-free media containing 0.5 % FBS were treated with

harmaline or sodium benzoate as indicated. Parameters are calcein for

cell viability, MTT for complex I activity, ATP contents, TMRE for

mitochondrial membrane potential, and DCFDA for ROS. Incubation

periods are shown. *p \ 0.05, **p \ 0.01, ***p \ 0.001 versus

control vehicle
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a dose-dependent manner, but did not generate ROS sig-

nificantly (Fig. 3a). In contrast, sodium benzoate induced

all mitochondrial dysfunction and ROS increment

(Fig. 3b).

Because all mitochondria are undergoing fusion and

fission constantly and dynamically, it is difficult to iden-

tify the shape of mitochondrial network. However, when

zoomed in from the fixed images of dsRed2-mito-trans-

fected cells (Piao et al. 2012), the shape of the organelle

becomes visible, allowing us to compare the specific

shape of the organelle with that of other test groups. As

shown in Fig. 4, the magnified images of DMSO-treated

samples (negative control) display both long and short

shapes of mitochondria, indicating a well-balanced inter-

action of fission and fusion. On the other hand, the

magnified images of chemical-treated samples show only

fragmented forms of mitochondria, implying either

unbalanced fusion over fission or damaged mitochondria.

Also, if inspected closely, the magnified images of oli-

gomycin-treated samples (positive control) and harmaline-

treated samples both show a significant amount of punc-

tured or ring-structured mitochondria. This change in

mitochondrial shape may only be a coincidence or a

process of mitophagy, an auto-removal of damaged

mitochondria. The MPP?- and sodium benzoate-treated

mitochondria exhibited rather condensed or destroyed

shape of mitochondria. Further study is necessary to

define the change of mitochondrial morphology, and

specifically the molecular process of mitophagy may be

an interesting topic for future investigation.

Clinical biomarkers to monitor the levels of synthetic

chemicals and AhR ligands to induce mitochondrial

dysfunction

Research in this area is hampered by a lack of tools to

measure early markers of mitochondrial dysfunction in

human studies, particularly with respect to ambient expo-

sures of synthetic chemicals. Current clinical markers for

mitochondrial dysfunction typically detect only advanced

symptoms of tissue injury and disease. There is an urgent

need for reliable, informative markers of early mitochon-

drial dysfunction associated with synthetic chemicals and

environmental stressors, as these will enhance the mecha-

nistic understanding of chemically-induced mitochondrial

toxicity and disease and enable prevention and intervention

in the subclinical stages of disease. For application to

large-scale population studies, biomarkers should be

developed in easily accessible tissues including blood,

mucosa, and urine.

We have demonstrated that CMAPS is a useful system

to monitor mitochondrial function in cells, not in isolated

mitochondria, as it probes OXPHOS function coupling to

other cellular processes (Piao et al. 2012; Ahn et al. 2010).

This system is applicable to monitor the effects of clinical

serum samples on mitochondrial activities of C2C12 cells.

Measurement of oxygen consumption conjunct with mito-

chondrial dynamics or morphology would provide addi-

tional information of clinical samples on mitochondrial

physiology. It would be necessary to determine the direct

relationship between serum concentrations of AhR ligands

Fig. 4 Fixed confocal images of DsRed2-labeled mitochondria

treated with various chemicals. All images are representations of

SK-Hep1 cells transfected with DsRed2-mito vectors. Each image

represents the effects of harmaline and sodium benzoate on

mitochondrial morphology and dynamics. MPP? and oligomycin

are positive controls, whereas DMSO is the negative control. Inset
represents magnification of the boxed area. Scale bars are indicated

on the images
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in sum (RAhR agonists and antagonists) and parameters of

metabolic syndrome. To our knowledge, no study had ever

demonstrated the direct linear relation between them.

Conventional analytical methods, high resolution GC/MS,

determine the concentrations of individual POP congeners,

but do not measure unknown AhR-agonists or ligands.

Epidemiological studies utilized data generated by GC/MS,

which is expensive and hard to be applicable for large-scale

clinical study. Thus, the cell-based assay system for AhR

activity using clinical human serum in small volume would

be valuable to evaluate effects of AhR ligands which are

present or contaminated in human serum. Systemic pro-

filing of data from cell-based analyses of human serum,

such as CMAPS, mitochondrial morphology, oxygen con-

sumption, and AhR ligands, as well as clinical metabolism

parameters may shed light on how synthetic chemicals and

POPs in serum are perturbing cells and mitochondrial

function in human body. We hope that the systemic pro-

filing of mitochondrial physiology and synthetic chemicals

in human serum could become a clinical biomarker in

establishing the cause-and-effect relationship between

exposure to chemicals and the development of human

diseases including obesity, T2DM and metabolic

syndrome.

Conclusion

We have enumerated several reports and experimental data

which seem to be irrelevant each other. Current diabetic

pandemic is possibly associated with chronic exposure to

synthetic chemical at low concentration. The synthetic

chemicals target various proteins and genes through AhR-

dependent or independent pathway. Lipid-soluble chemi-

cals accumulated in human tissues may destroy mito-

chondrial activities of organs. AhR ligand levels and read-

outs of mitochondrial physiology on target cells are pos-

sible clinical biomarkers in serum. The assays for AhR

ligands and mitochondrial function need to be finely

developed and validated to adapt to large-scale human

population. A deeper, more mechanistic understanding of

how synthetic chemicals induce mitochondrial dysfunction

is also required. Meanwhile, clinical biomarkers for mito-

chondria and AhR ligands can be applied to screen envi-

ronmental compounds, chemicals, or therapeutics with

regulating mitochondrial activity. We are anticipating with

beating heart that all puzzle pieces find their places con-

necting the enumerated factors in near future.
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