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Abstract Insulin resistance has been shown to be the

major contributing factor to the metabolic syndrome, which

comprises a cluster of risk factors for metabolic aberrations

such as obesity, dyslipidemia, hypertension, and hyper-

glycemia. Additionally, insulin resistance has been

associated with the occurrence of cardiovascular disease

and type 2 diabetes. Epidemiological studies indicate that

obesity and diabetes have become alarmingly prevalent in

recent years. Substantial evidence suggests that dietary

interventions and regular exercise greatly improve body

mass index and lipid profile as well as alleviate insulin

resistance. Therefore, dietary supplements such as insulin-

sensitizing agents may be beneficial in the prevention and

treatment of obesity and type 2 diabetes. Numerous in vitro

and in vivo studies suggest that chromium supplements,

particularly niacin-bound chromium or chromium-nicotin-

ate, may be effective in attenuating insulin resistance and

lowering plasma cholesterol levels. Utilizing the powerful

technology of nutrigenomics to identify the genes regulated

by chromium supplementation may shed some light on the

underlying mechanisms of chromium-gene interactions,

and thus provide strategies to mitigate and prevent insulin-

resistance-related disorders.
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Introduction

It is estimated that in developed countries up to 35% of the

population have one or more attributes of insulin resis-

tance, the major contributing factor of metabolic syndrome

(MS) [1]. Insulin-resistance-related disorders such as type

2 diabetes mellitus (T2D) and obesity have reached epi-

demic proportions in the recent years [2]. These emerging

epidemics are exacerbated by the expansion of the aged

population because aging facilitates aberrant insulin regu-

lations [3, 4]. It is predicted that the aged population will

increase to 32% (currently at 18%) by the year 2050 [5]. To

alleviate the socioeconomic burden inflicted by insulin-

resistance-related disorders as well as increase the health-

related quality of life among the ever-growing aging

population, it is of great importance to explore means to

forestall or prevent these diseases.

Studies have shown that suboptimal intake of chro-

mium(III) is a major contributing factor for chronic

diseases such as T2D and cardiovascular diseases (CVD)

[6]. Chromium deficiency resulting from suboptimal diet

has been shown to augment the MS-associated risk factors

such as elevated levels of blood glucose, circulating insu-

lin, cholesterol and triglycerides, and decreased lean body

mass [7]. However, these conditions are readily correctable

by chromium supplementation [6, 8]. Indeed, chromium

was first identified five decades ago as an essential trace

element required to maintain normal glucose tolerance and

thus termed ‘‘glucose tolerance factor’’ (GTF) based on its

biological function [9, 10]. Therefore, chromium supple-

mentation may present a key factor for the intervention of

MS-related diseases.
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Chromium valence states and biological activity

Chromium is a transition metal with valence states ranging

from -2 to +6 [11]. The biological activity of chromium is

conferred by its valence state. The common stable valence

forms include the inert metallic chromium Cr(0), trivalent

chromium Cr(III), and hexavalent chromium Cr(VI)

[12, 13]. Cr(VI) is commonly found in industrial chemicals

used in stainless steel manufacture, metal finishing and

chrome plating, welding, pigment production, leather tan-

ning, wood preservatives, and as corrosion inhibitors

[12, 14]. Studies have shown that Cr(VI) is a potent car-

cinogen and a respiratory irritant which causes lipid

peroxidation, DNA damage, cell death [7, 14]. Cr(III), on

the other hand, is an essential micronutrient that is required

for normal carbohydrate, protein, and lipid metabolism,

and enhanced glucose-insulin sensitivity [6]. Although the

underlying mechanism by which Cr(III) exerts its benefi-

cial effects remain unclear, numerous in vitro and in vivo

studies have indicated that Cr(III) plays an important role

in the maintenance of normal blood glucose level, the

reduction of plasma cholesterol and triglycerides, and the

inhibition of oxidative stress and inflammatory cytokine

secretion [15].

Dietary sources and daily intake

Dietary sources of Cr(III) include seafood, oysters, meat,

liver, cheese, whole grains, fruits, green beans, spinach,

and broccoli. Brewer’s yeast, identified as a source of GTF,

is particularly enriched in organic Cr(III) ligand complexes

[10]. It has been used in numerous studies to isolate and

characterize the organic ligand component(s) of GTF [16].

Subsequently, it has been proposed that the naturally

occurring GTF is a complex of Cr(III), nicotinate, and

glutathione based on its similar biological activity to GTF

found in Brewer’s yeast and its ability to bind tightly to

insulin [17]. Therefore, Cr(III) nicotinate (NBC) and other

Cr(III) complexes have been synthesized and widely used

as dietary supplements [18].

The Estimated Safe and Adequate Daily Dietary Intake

(ESADDI) for Cr(III) established by the National Research

Council (NRC) is 50–200 lg/day which corresponds to

0.71–2.9 lg/kg/day for a 70 kg adult [19, 20]. A comparable

Reference Daily Intake (RDI) for Cr was set at 120 lg/day

by the Food and Drug Administration (FDA) [21].

Bioavailability, deficiency, and diseases

Chromium bioavailability is highly dependent on the nat-

ure of the Cr(III) ligand complexes ingested or formed

in vivo [22–24]. For instance, the inorganic form of Cr(III)

chloride (CrCl3) complex has been shown to be excreted

more quickly than its organic counterparts such as niacin-

bound Cr(III) (NBC) and Cr(III) picolinate (CrPic) [23,

25]. Indeed, an in vivo study comparing the absorption and

retention of CrCl3, CrPic, and NBC has revealed that there

were significant differences in the bioavailability of these

three Cr complexes [25]. This study measured the

absorption and retention of radiolabeled 51Cr over a period

of 12 h post-ingestion. The average percent 51Cr retained

in the majority of the fluids and tissues over the 12-h time

course was significantly higher in rats gavaged with NBC

than those with CrCl3 and CrPic [25].

The mode of Cr(III) absorption and transport has

recently been reported [26]. It has been shown that Cr(III)

is absorbed by the gastrointestinal tract, bound by trans-

ferrin in the bloodstream, and then transferred to various

tissues in the transferring-bound state. The major Cr(III)

target tissues have been identified as liver and kidneys [27].

Cr(III) is released and processed intracellularly after

transport to tissues by transferrin. A portion of the trans-

ferred Cr(III) is bound to low-molecular weight chromium-

binding substances (LMWCr) or chromodulins [28, 29].

LMWCr is a mammalian oligopeptide of approximately

1.5 kDa that binds four chromic ions [30–32]. The

LMWCr-bound chromium is expelled from cells into the

bloodstream and then excreted in the urine [26, 27]. Insulin

has been shown to stimulate intracellular processing of

Cr(III), thus confirming the connection between chromium

and insulin signaling [33–35].

The average dietary Cr(III) intake for adults is generally

lower than the minimum suggested daily Cr(III) intake of

50 lg [36, 37]. In fact, up to 90% of the US population

failed to meet the minimum ESADDI [32]. This problem is

exacerbated by the fact that Cr(III) is poorly absorbed.

While other essential trace metals such as copper, iron, and

zinc are absorbed on the order of 10–40%, Cr(III) is

absorbed 0.5–2% depending on dietary intake [36]. Even a

well-balanced meal formulated by nutritionists does not

provide the minimum suggested daily Cr(III) intake [6].

Chromium deficiency is particularly prevalent in certain

demographics such as athletes, pregnant women, and the

elderly [38]. This is due to enhanced chromium loss

resulting from strenuous exercise, long periods of stress

during pregnancy, and age-related inability to efficiently

absorb or convert inorganic chromium into the active form

[39, 40]. Further chromium losses are attributed to con-

suming refined foods, especially those enriched in simple

sugars, because these foods are not only low in chromium

but they also facilitate chromium loss through urine

excretion [33, 41].

The common indications of chromium deficiency in

humans include insulin resistance, hyperglycemia, and
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lipid abnormalities [24, 42, 43]. Severe chromium defi-

ciency arose in patients receiving total parenteral nutrition

(TPN) without chromium supplementation [44]. These

patients developed diabetic-like symptoms such as glucose

intolerance, weight loss, and neuropathy. However, these

symptoms were reversed by chromium supplementation

[45, 46]. Therefore, chromium is now included in TPN

solutions [47].

Animal studies have shown that rats on a chromium

deficient diet developed aortic plaques and elevated blood

cholesterol. These abnormalities were abolished upon

chromium supplementation [48]. The beneficial effects of

supplemental chromium have also been reported in other

animals such as mice, monkeys, pigs, cattle, and horses

[42, 49].

Supplementation, safety, and efficacy

Cr(III) dietary supplements exist mainly in the form of

CrCl3, CrPic, and the oxygen-coordinated niacin-bound

chromium or NBC [13, 48]. A substantial number of

studies have devoted to evaluating the safety and efficacy

of these Cr(III) supplements.

There has been in vitro evidence demonstrating that

CrPic was genotoxic and caused mutation at the hypo-

xanthine (guanine) phosphoribosyltransferase locus of the

Chinese hamster ovary (CHO) cells [50, 51]. CrPic has also

been shown to induce clastogenesis or chromosomal

damage in CHO cells whereas at the same physiologic dose

neither CrCl3 nor NBC incurred any clastogenic effect

[52]. Since the clastogenic effect only occurred in CrPic

and picolinic acid but not in CrCl3, NBC, or nicotinic acid,

it was concluded that the observed clastogenicity was

induced by picolinic acid and not by chromium per se [53].

In fact, several clinical cases have linked CrPic to neph-

rotoxicity resulting in renal failure [54, 55].

On the other hand, numerous studies on the safety of NBC

have generally shown that there is no toxic effect associated

with NBC [56, 57]. A comprehensive pharmacotoxicology

rodent study has been conducted to evaluate the safety of

NBC [56]. Acute oral and dermal toxicity as well as primary

dermal and eye irritation studies have not produced any signs

of toxicity or irritation induced by NBC. Ames bacterial

reverse mutation and mouse lymphoma mutagenicity assays

have shown that NBC was non-mutagenic. A 90-day sub-

chronic toxicity study has not shown any toxicological

effects of NBC [56]. A recent long-term safety study has

revealed that rats orally administered with a human equiv-

alent dose of 1,000 lg/day elemental Cr(III) in the form of

NBC for a duration of 52 weeks showed no signs of

NBC-induced toxicological effects [57]. Specifically, the

results from this study have indicated that there were no

significant changes in hepatic lipid peroxidation and DNA

fragmentation, hematology and clinical chemistry, and his-

topathological parameters examined [57].

Clinical records have revealed no evidence of toxicity in

patients receiving Cr(III)-supplemented TPN for more than

20 years [24]. Human clinical studies have generally

demonstrated evidence of efficacy for Cr(III) supplemen-

tation in improving insulin sensitivity and/or blood lipid

profiles [58].

Chromium interventions in metabolic syndrome,

obesity, and diabetes

Metabolic syndrome, also known as the ‘‘insulin resistance

syndrome’’ or ‘‘syndrome X,’’ is associated with cellular

deregulation of insulin action [59, 60]. Insulin resistance

occurs when the ability of insulin to stimulate glucose

metabolism is disrupted resulting in high levels of glucose

and insulin in the blood. Insulin signaling transduction

pathways in adipose and muscle cells are intricate pro-

cesses involving binding of insulin to its receptor,

activation of kinases, and caveolin-mediated translocation

of glucose transporter 4 (GLUT4) leading to the uptake of

glucose [61–63]. A major characteristic of insulin resis-

tance is the reduction in the insulin-regulated, GLUT4-

mediated glucose uptake in adipocytes and muscle cell

[64]. A recent study showed that NBC supplementation

increased the phosphorylation of AMP-activated protein

kinase (AMPK) and endothelial nitric oxide synthase

(eNOS) as well as facilitated the translocation of GLUT4 to

the cell membrane through regulation of caveolins in

streptozotocin-induced diabetic rats [65]. This study pre-

sented for the first time a novel mechanism by which NBC

mediates glucose uptake, hence further supported the

beneficial effects of NBC as observed in numerous animal

and human studies.

It is estimated that MS-associated factors are present in

25–35% of the population in Western countries [1]. MS is

characterized by increased plasma triglyceride level

accompanied by a reduced high-density lipoprotein (HDL)

leading to perturbed insulin signal transduction [66].

Impairment in insulin signaling increases cardiovascular

risk factors and contributes to diseases such as athero-

sclerosis and type 2 diabetes (T2D) [4, 67]. It has been

shown that obesity correlates positively with the preva-

lence of MS [68]. While MS was present in 4.6% of normal

weight and 22.4% of overweight men, it was present in an

astounding 59.6% of obese men [68].

Obesity is a multifactoral chronic condition that is

characterized by an excess of body adiposity resulting from

tipping the balance between caloric intake and energy

expenditure in favor of the former [69, 70]. Clinically

Mol Cell Biochem (2008) 317:1–10 3

123



obesity is defined as a body mass index (BMI) greater than

30 kg/m2, whereas overweight is defined as a BMI greater

than 25 kg/m2 [71]. According to these definitions, the

number of overweight or obese adult Americans has

recently surpassed the number of normal weight adult

Americans for the first time in history [72, 73]. Obesity is

also a major risk factor for T2D [74, 75]. Diabetes is the

most prevalent endocrine disorder affecting more than

170 million people globally, and this number is expected to

double in the year of 2030 [63]. T2D is the most common

form of diabetes accounting for more than 90% of the

diabetic patients [63]. It is not surprising, then, to find that

the prevalence of obesity paralleled that of T2D in recent

years to reach epidemic proportions [2]. This alarming

phenomenon imposes a tremendous burden on the health

care resources. Unless preventive measures are taken to

forestall this global epidemic, it will get worse in the years

to come. The current strategies used to treat obesity and

T2D include pharmacotherapy, dietary interventions, and

lifestyle modifications [76, 77].

Since its identification as the central component of the GTF

50 years ago, trivalent chromium has been widely used in

dietary interventions to improve insulin sensitivity and to curb

weight gains [8]. Numerous studies have provided evidence of

efficacy that Cr(III) supplementation is beneficial in main-

taining healthy carbohydrate and lipid metabolism, regulating

appetite and reducing sugar cravings, and reducing fat mass

and increasing lean body mass [48].

To evaluate the effect of Cr(III) supplementation com-

bined with exercise on weight management, Grant et al.

conducted a clinical study involving 43 young, healthy

sedentary, obese women for a period of 9 weeks [78]. The

subjects were divided into four groups: CrPic supple-

mented without exercise (CP), exercise training with

CrPic-supplemented (E/CP), exercise training with placebo

(E/P), and exercise training with NBC-supplemented

(E/CN) [78]. Chromium supplements were taken orally

twice a day as 200 lg tablets for a total of 400 lg/day for

those receiving chromium supplements. The placebo

tablets contained inert ingredients. The results revealed that

not only was CrPic ineffective in reducing weight, it

actually increased the body weight in the CP group [78].

No significant changes in body weight were observed in the

E/P or E/CP groups. On the contrary, E/CN group showed a

significant weight loss and a significant lowered insulin

response to an oral glucose load indicating for the first time

that combining with exercise, NBC was effective in pro-

moting weight loss and reducing certain CVD and T2D risk

factors [78].

A subsequent clinical study has shown that oral intake of

600 lg/day NBC over a two-month period by African-

American women who were undergoing a modest dietary

and exercise regimen resulted in a significant fat loss

without affecting muscle mass [79]. Blood chemistry

analysis indicated no perturbations or adverse effects from

daily intake of 600 lg of NBC for 2 months [79].

A growing body of evidence has demonstrated that

chromium may play an important role in preventing ath-

erosclerosis and CVD by reducing plaque buildup in the

arteries, lowering total cholesterol (TC), low-density

lipoprotein (LDL), and triglyceride levels [80–84]. Fur-

thermore, a number of human studies have provided

evidence to suggest that chromium supplementation may

be beneficial for patients with T2D and gestational diabetes

[85–88].

Numerous studies have reported efficacy of NBC sup-

plementation on glucose and insulin regulation [8, 48].

A randomized, double-blind, placebo-controlled study has

been carried out to investigate the effect of NBC supple-

mentation on insulin sensitivity [89]. Twenty-six

subclinical chromium deficient, otherwise healthy young

adults were randomly assigned to the placebo group

(n = 11) or the Cr-supplemented group (n = 15) receiving

220 lg/day elemental Cr(III) in the form of NBC.

Although there was no significant difference in the percent

change of fasting immunoreactive insulin (IRI) level

between the placebo group and the Cr-supplemented group

at the conclusion of the trial, the subjects within the Cr-

supplemented group (n = 6) with high initial fasting IRI

levels (56 pmol/l) exhibited a statistically significant

decrease in IRI level (38 pmol/l) after 90 days of supple-

mentation. The results suggested that NBC supplementation

may benefit these subjects by improving insulin sensitivity

over time [89].

Another double-blind clinical trial has been carried out

to evaluate the efficacy of NBC on blood glucose and tri-

glyceride parameters [90]. Twenty volunteers received

either a daily dose of 300 lg elemental Cr(III) in the form

of NBC or a placebo for 3 months. The mean fasting

glucose levels in the NBC-supplemented group were low-

ered significantly, while glucose levels remained

unchanged in the placebo group. NBC supplementation

also attenuated the mean blood triglycerides and glycos-

ylated hemoglobin (Hb1Ac), a biomarker for long-term

glucose control [90].

Although evidence supports the use of Cr(III) especially

in the form of NBC in promoting insulin sensitivity,

healthy blood glucose, and weight loss, there exists

controversy as to which form of Cr(III) is beneficial. In a

6-month randomized, double-blind, placebo-controlled

clinical trial, Cr(III) in the form of CrPic was given to

overweight patients with T2D who received more than 50

units of insulin daily and was found to be ineffective in

improving lipid profile, BMI, blood pressure, and insulin

requirements [91]. Subsequently, the same research group

conducted a similar study using Cr(III) in the form of
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chromium yeast showed no evidence that treatment with

chromium yeast was effective in improving glycemic

control in T2D patients [92]. The effect of high dose CrPic

supplementation on middle-aged healthy subjects of nor-

mal body weight and BMI with T2D was evaluated and the

results showed improved glucose and insulin metabolism

[86]. The result of this study may have been confounded by

the fact that the subjects were taking various medications

including sulfonylurea drugs, phenformin, and insulin.

Several patients were taking more than one medication

[86]. Even though no significant toxic effects have been

observed in the inorganic CrCl3, it is poorly absorbed by

the body and may not be an efficacious Cr(III) dietary

supplement [15, 93]. However, available evidence suggests

that supplemental Cr(III) in the form of NBC is more

bioavailable, efficacious, and safe. Therefore, the chro-

mium controversy seems to have arisen from the dispute of

which form of chromium is more effective [76].

Chromium(III) and gene regulation: nutrigenomics

approach

The underlying mechanism for the observed beneficial

effects of chromium remains to be elucidated. With the

completion of the Human Genome Project, a new wave of

powerful multidisciplinary technologies has emerged for

the study of diet-gene interactions in the field of nutra-

ceutical research [72, 94]. Nutrigenomics is a genome-wide

high-throughput screening (HTS) technology applied to

investigate how diets affect gene expression patterns

(transcriptome) [95, 96].

A recent study has utilized the nutrigenomics approach

to investigate the effect of oral niacin-bound chromium

(NBC) supplementation on the transcriptome of subcuta-

neous adipose tissues from obese mice homozygous for

type 2 diabetes spontaneous mutation (Leprdb) [97]. Male

Leprdb mice were randomly divided into the NBC-supple-

mented (n = 7, NBC) or placebo (n = 7, PBO) group.

Supplementation regimen began when the mice were

10 week of age and lasted for a period of 10 weeks. Lipid

profiles were analyzed at week 6 post-supplementation and

the results were compared to baseline data collected at

week 0 presupplementation. Parameters assessed included

blood glucose level, TC, HDL cholesterol (HDLC), tri-

glycerides, LDL, and the TC-to-HDLC ratio. Oral glucose

tolerance test (OGTT) was carried out at week 8 post-

supplementation. Mice were euthanized at week 10 post-

supplementation. Subcutaneous fat was extracted from the

mice for isolation of total RNA, which was used for the

high-density comprehensive mouse genome (45,101 probe

sets) expression microarrays [97]. Blood lipid profile

indicated that NBC supplementation significantly lowered

TC, TC-to-HDLC ratio, LDL cholesterol, and triglyceride

levels while increased HDLC in the plasma of these obese

diabetic mice (Fig. 1). OGTT demonstrated a significant

improvement on the clearance of blood glucose between

one- and two-hour of glucose challenge in the NBC group

as compared to that in the PBO group. These findings are

consistent with the beneficial effects of NBC on glucose

and lipid metabolism observed previously in other human

and animal studies [97].

To delineate the underlying physiological benefits of

NBC in the current study, the effect of NBC supplemen-

tation on the transcriptome of subcutaneous fat of these

obese diabetic mice was screened by high-throughput

whole mouse genome expression microarrays. Unbiased

genome-wide interrogation of the transcriptome revealed,

for the first time, that NBC supplementation consistently

altered the expression of a small subset (approximately

0.61%) of the 41,101 probe sets in the adipose tissues of

the obese diabetic rats. NBC supplementation exerted a

positive effect on the transcriptome of fat tissues with more

up-regulated genes. Specifically, while there were 161

genes up-regulated, only 91 genes were suppressed by

NBC supplementation. The results indicated a specific

effect of chromium-gene regulation rather than a random,

genome-wide perturbation caused by the supplement [97].

Selected candidate genes with a significant fold change

C1.2 from microarray screening (Fig. 2) were further

verified by real-time RT-PCR analysis. The genes that were

up-regulated in the fat tissue by NBC supplementation

were mostly the muscle-specific genes such as those

Fig. 1 Improvement of plasma lipid profiles by NBC supplementa-

tion in type 2 diabetic rats. Lipid profiles in placebo-fed and NBC-fed

type 2 diabetic rats were analyzed at week 6 post-supplementation

and results were expressed in percentage of placebo [97]. Data

indicate mean ± SD with n = 7 per group. *P \ 0.005, indicates

statistical significance as compared to the placebo group
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involved in glycolysis, muscle contraction, muscle metab-

olism, and muscle development (Table 1). These findings

are of great importance because studies have shown that

adipocytes and skeletal myoblasts are derived from a

common mesodermal stem cell lineage and that preadipo-

cytes may differentiate into myogenic lineage [98, 99].

Adipose tissue contains pluripotent cells; in addition,

mesenchymal cells isolated from adipose tissue can dif-

ferentiate along other cell lineages including osteogenic,

chondrogenic, and myogenic lineages [100]. Therefore,

adipose tissues are capable of differentiating into myocytes

if they are instructed to do so by myogenic signals.

Enolase 3 (ENO3) was the most NBC-sensitive gene up-

regulated in the fat tissues of the obese diabetic mice.

Enolase is a dimeric glycolytic enzyme that catalyzed the

interconversion of 2-phosphoglycerate and phosphoenol-

pyruvate. ENO3 encodes for the b-enolase subunit which

accounts for more than 90% of the enolase activity in adult

human muscle [101]. A clinical study has indicated that a

patient with mutation in the ENO3 gene, which resulted in

reduced level of b-enolase enzyme in the muscle, exhibited

exercise intolerance and myalgia. Ultrastructural analysis

has revealed focal sarcoplasmic accumulation of glycogen

beta particles in the patient that may lead to metabolic

myopathy caused by defects in distal glycolysis [101]. The

glucose phosphate isomerase 1 (GPI1) gene, which is also

involved in glycolysis, was found to be up-regulated in the

adipose tissue of the NBC-supplemented obese diabetic

mice. GPI1 gene product is a multifunctional protein also

known as autocrine motility factor (AMF), neuroleukin,

and differentiation and maturation mediator [102, 103].

GPI1 protein catalyzes the interconversion of glucose-6-

phosphate to fructose-6-phosphate. It is involved in both

glycolysis and glucogenesis [104]. Glycolytic genes such

as ENO3 and GPI have been found to be down-regulated in

the visceral adipose tissues of morbidly obese individuals

[105]. Thus, the current study suggests that NBC supple-

mentation facilitates the homeostasis of glycolysis through

up-regulation of ENO3 and GPI1 in the obese diabetic

mice.

It has been shown that glucose transport and metabolism

to glucose-6-phosphate are essential for insulin regulation

of calcium homeostasis in vascular smooth-muscle cells

(VSMC) through a glucose-6-phosphate-dependent carbo-

hydrate-responsive element in the calcium-ATPase gene

[106]. Bioactive Cr(III) has been linked to the enhancement

of VSMC calcium transport by stimulating plasmalemmal

calcium-ATPase mRNA and protein expression [107]. The

current study showed that calsequestrin expression was

induced by NBC supplement. Since calsequestrin is the

most abundant calcium-binding protein responsible for

calcium storage in the sarcoplasmic reticulum and that

elevated intracellular free calcium level has been observed

in adipocytes, it is plausible to speculate that NBC sup-

plementation decreases the free intracellular calcium level

by increasing the levels of calsequestrins [108]. The

expression of tropomyosin-1 (TPM1) was up-regulated by

NBC supplementation. TPM1 encodes for the a-subunit of

the tropomyosin family of proteins. Calcium influx from

sarcoplasmic reticulum facilitates tropomyosin-coordinated

muscle contraction [109–111]. It has been demonstrated

that differentiation of preadipocytes into adipocytes is

accompanied by a gradual decrease in the expression of

extracellular matrix and cytoskeletal proteins such as

fibronectin and tropomyosin [112]. Expression of these up-

regulated NBC-specific myogenic genes in adipocytes over

time has been shown to diminish the fat content of these fat

cells [113].

The NBC-suppressed genes included cell-death-induced

DNA fragmentation factor (CIDEA), thermogenic uncou-

pled protein 1 (UCP1), and tocopherol transfer protein

(TTP) (Table 1). It has been revealed that CIDEA is

expressed at high levels in brown adipose tissue (BAT),

which is the major site of adaptive thermogenesis [114].

Mice deficient in CIDEA are lean and resistant to diet-

induced obesity and diabetes [115]. These CIDEA-knock-

out mice exhibit higher metabolic rate and lipolysis in BAT

suggesting a functional role for CIDEA in modulating

energy balance and adiposity [115]. UPC1 is another

NBC-suppressed gene that is otherwise highly expressed in

Fig. 2 Selected candidate genes from microarray analysis. Differen-

tial gene expression in the adipose tissue of placebo- or NBC-treated

obese diabetic mice was analyzed with Affymatrix mouse genome

microarray (430 v2.0). Selected candidate genes with a fold change

C1.2 were chosen for further verification by real-time RT-PCR

analysis. The expression of genes depicted in the graph exhibited a

significant change induced by NBC supplementation when compared

to that by placebo supplementation as confirmed by real-time

RT-PCR (P B 0.05). Data represent average fold change ± SD

(n = 4) of genes which were up-regulated (j) or down-regulated

(h) by NBC-supplementation. Refer to Table 1 for abbreviation of

genes [97]
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BAT [116]. Indeed, ultrastructural analysis indicates that

brown adipocytes contain numerous large mitochondria

packed with UCP1 [116]. UPC1 has been found to mediate

the thermogenic activity of BAT and impaired BAT

activity has been proposed to play an important role in the

development of obesity [114]. TTP is involved in the

transport of a-tocopherol (vitamin E) from hepatocytes to

peripheral tissues including adipose tissues which serve as

the major a-tocopherol storage [117]. Vitamin E readily

interconverts and equilibrates between lipoproteins and

TTP is likely to be responsible for the incorporation of a-

tocopherol into LDLs such that TTP facilitates the prefer-

ential enrichment of LDL with a-tocopherol [118, 119].

Down-regulation of TTP by NBC supplementation is

expected to reduce the level of LDL in the adipose tissues.

Interestingly, the lipid profile analysis revealed that LDL

levels in the plasma of NBC-treated obese diabetic mice

were significantly reduced (Fig. 1). Since a-tocopherol

severs as potent antioxidant, down-regulation of TTP may

decrease the lipid-phase antioxidant defense in the adipose

tissue thereby facilitating adipose tissue breakdown [97].

Taken together, the nutrigenomics data suggest that NBC

exerts its beneficial effects through regulation of specific

genes in the fat cells of obese diabetic mice. Thus the

current study paved the way for future nutrigenomic

investigations of the possible molecular basis of chro-

mium-gene interactions.

Conclusion

Accumulating evidence over the past five decades has

established that chromium supplementation is beneficial in

lowering blood pressure and plasma cholesterols, enhanc-

ing insulin sensitivity, facilitating weight loss, increasing

lean body mass, and reducing MS-related risk factors. Even

though unequivocal research results indicate an important

role of chromium in the intervention of CVD and T2D as

well as other MS-related conditions, it is only until recently

that the molecular mechanism behind the beneficial effects

of chromium has begun to come to light [120]. Using the

powerful tool of nutrigenomics, it is possible to identify

candidate genes that are regulated by chromium supple-

mentation. The physiologic nutrigenomic study by Rink

et al. clearly offers a working basis for the elucidation of

chromium-gene regulation in mammalian biological sys-

tems and provides strategies to identify novel targets for

weight intervention by Cr(III) supplementation [97].
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