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Abstract
Type 2 diabetes is often associated with obesity, dyslipidemia, and cardiovascular anomalies and
is a major health problem approaching global epidemic proportions. Insulin resistance, a
prediabetic condition, precedes the onset of frank type 2 diabetes and offers potential avenues for
early intervention to treat the disease. Although lifestyle modifications and exercise can reduce the
incidence of diabetes, compliance has proved to be difficult, warranting pharmacological
interventions. However, most of the currently available drugs that improve insulin sensitivity have
adverse effects. Therefore, attractive strategies to alleviate insulin resistance include dietary
supplements. One such supplement is chromium, which has been shown reduce insulin resistance
in some, but not all, studies. Furthermore, the molecular mechanisms of chromium in alleviating
insulin resistance remain elusive. This review examines emerging reports on the effect of
chromium, as well as molecular and cellular mechanisms by which chromium may provide
beneficial effects in alleviating insulin resistance.
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1. Introduction
Type 2 diabetes mellitus is an emerging worldwide health problem, with the number of
global cases of type 2 diabetes projected to double to 350 million by the year 2030 [1].
Diabetes is an independent risk-factor for cardiovascular disease [2, 3] and the leading cause
of morbidity and mortality in the developed world [4–6]. A major cause of the increased
prevalence of type-2 diabetes is the growing epidemic of obesity [7]. In the USA alone,
about two-thirds of the population is either overweight or obese [8] and the number of
children and adolescents with obesity and type-2 diabetes is on the rise [9]. Chronic over-
nutrition, sedentary lifestyles, and the lack of physical activity have contributed to the
increasing prevalence of diabetes [10].

Insulin resistance, defined as an impaired responsiveness of the body to insulin, is a pre-
diabetic stage in the transition from obesity to full-blown type 2 diabetes [11]. Studies have
shown that insulin resistance is observed long before the development of diabetes. In 2010,
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the prevalence of insulin resistance among adults 20 years or older was 35% and was 50%
for those aged 65 or older; this amounts to an estimated 79 million of Americans aged 20 or
older with pre-diabetes [12]. In addition, several studies have documented that
hyperglycemia at prediabetic levels is an independent risk factor for cardiovascular disease
[13]. Early identification and treatment of persons with prediabetes can delay the
progression to full-blown diabetes and related cardiovascular disease [14]. Therefore, insulin
resistance is an attractive target for therapeutic intervention well ahead of the development
of diabetes and its cardiovascular complications. However, pharmacological agents that
improve the sensitivity of insulin and thereby help manage insulin resistance are somewhat
limited. Diet and exercise can alleviate insulin resistance, but these measures are often
difficult to achieve. Although current medications such as thiazolidinediones and biguanides
can improve peripheral insulin-sensitivity, these drugs can cause serious adverse effects.
Therefore, additional efforts are needed to identify and characterize pharmacological agents
that augment insulin sensitivity and thereby overcome the complications of diabetes and
cardiovascular disease. In this context, the micronutrient chromium, which is gaining
popularity as a dietary supplement to improve the actions of insulin under insulin resistant
conditions, merits attention.

The potential role of chromium in regulating blood sugar was first indicated in the late fifties
by Mertz and Schwarz [15]. The ‘essentiality’ of chromium in human nutrition was
suggested when it was found that chromium supplementation reversed glucose-intolerance
in hospitalized patients receiving long-term total parenteral nutrition [16, 17]. However, the
notion of ‘essentiality’ of chromium has been questioned owing to the ubiquitous nature of
chromium and its low dietary requirement [18]. Nonetheless, several clinical studies have
documented a beneficial effect of chromium in insulin resistance and type-2 diabetes. This
review will focus on the proposed emerging molecular mechanisms of chromium in
alleviating insulin resistance. For a broad overview of the biological actions of chromium
and details on the various clinical trials, readers are directed to excellent recent reviews of
the subject [19–22].

2. Clinical trials
Clinical studies on chromium in diabetic subjects have yielded mixed results and fueled the
controversy surrounding the purported therapeutic benefits chromium. Chromium has shown
beneficial effects in improving insulin resistance in some clinical trials, but not others. A
recent systematic review conducted by Balk and coworkers [23] involving 41-randomized
controlled clinical trials concluded that chromium supplementation significantly improved
glycemia among patients with diabetes. However, the authors expressed caution regarding
these conclusions, given that about half the clinical trials examined in their review were of
poor quality and also stated that well-designed studies are necessary to provide additional
support for beneficial effects of chromium.

It is possible that ethnic or genetic factors impact clinical effects of chromium. The above
review by Balk and colleagues [23] included trials conducted in Indian, Chinese, and
Western populations. In contrast, Kleefstra and co-workers [24] refute the claims of
beneficial effects of chromium, citing their randomized, placebo-controlled, double-blind
study that failed to show a difference in hemoglobin A1C in subjects from a Western
population with moderate glycemic control when placed on chromium [25]. Cefalu and co-
workers who have extensively performed both human and animal studies on chromium
argue that the discrepancies associated with the benefits of chromium supplementation may
be explained by “subject phenotype” that includes several factors such as baseline insulin
resistance, alteration in chromium metabolism, and genetic makeup of individuals receiving
the supplement [26].
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Other factors complicate the analysis of chromium studies. The lack of good analytical tools
to assess blood levels of chromium is a major hindrance to understanding the exact role of
chromium in these diseases. An additional problem inherent in many such clinical trials is
that the subjects were already on a variety of antidiabetic drugs which may contribute to
masking or negating any observed insulin-potentiating properties of chromium. In addition,
these clinical studies were conducted in subjects with full-blown diabetes. It is likely that
chromium may be augmenting insulin actions in pre-diabetic patients. An incremental effect
of chromium may be missed in patients with more advanced type-2 diabetes, at which point
subtle modifications might be clinically undetectable. These factors may, at least in part,
explain the fact that clinical trials on chromium supplementation have failed to demonstrate
conclusive evidence for its beneficial effects in human subjects. In contrast to human
studies, animal studies using both genetic and nutritional models of diabetes have often
demonstrated a beneficial effect of chromium in alleviating insulin resistance, diabetes and
lipid anomalies. The absence of other antidiabetic agents and the relatively higher doses of
chromium used in the animal experiments may have contributed to some of the discrepancy
in results between human and animal studies on chromium supplementation.

3. Chromium and insulin signaling
3.1. Insulin signaling cascade

Despite the controversial results in humans, in the more controlled settings of cell- based
and animal studies of insulin resistance and diabetes, chromium has been shown to improve
insulin sensitivity and alleviate cardiovascular functions, thereby giving credence to the
argument that chromium may possess beneficial effects in countering these conditions. Most
of these studies have focused on the role of chromium in insulin signaling.

Insulin is a pleiotropic hormone with metabolic, mitogenic functions [27]. By virtue of its
well-known metabolic functions, insulin regulates blood glucose levels. In skeletal muscles,
insulin promotes glucose uptake by stimulating a cascade of signaling processes initiated by
the binding of insulin to extracellular α-subunit of the insulin receptor (IR) on the cellular
membrane (Figure 1) [28]. Insulin binding to the α-subunit elicits autophosphorylation of
the intracellular β-subunit of IR, thereby activating the intracellular tyrosine kinase domain
of the IR. Once activated, the insulin receptor catalytically phosphorylates multiple tyrosine
residues on the downstream docking proteins insulin receptor substrate 1 and 2 (IRS-1 and
IRS-2, respectively). Tyrosine phosphorylation of IRS-1 and IRS-2 promotes their binding
to the Src-homology 2 domains, leading to the association between IRS-1 and the p85
regulatory subunit of phosphatidylinositol 2-kinase (PI3K), resulting in the recruitment of
the p110 catalytic subunit of PI3K to the plasma membrane and causing the conversion of
phosphatidylinositol-4,5-bisphosphate to phosphatidylinositol-3,4,5-triphosphate. These
events lead to the phosphorylation of protein kinase B (Akt) (at Thr308 and serine473) by the
involvement of PI3-dependent kinases (PDKs). Activated Akt in turn phosphorylates
multiple downstream effectors, including Rab-GTPase activating protein, eventually leading
to the translocation of glucose transporter-4 (Glut4)-vesicles from the cytoplasm to the cell
surface, regulating cellular glucose uptake. Akt also phosphorylates glycogen synthase
kinase-3 to stimulate glycogen formation.

3.2. Effect of chromium on insulin receptor phosphorylation and kinase activity
A number of studies have focused on molecular mechanisms by which chromium may alter
proximal insulin signaling. These studies used cell-based or cell-free systems at basal or
insulin-stimulated levels. The model systems were exposed to chromium salts or chromium
delivery systems designed to improve chromium availability, including potassium chromate,
the popular dietary supplement chromium picolinate, and investigational compounds such as
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the recently synthesized triphenylalaninate chromium complex [Cr(phe)3]. In addition to the
different ligands used, these studies vary with respect to dose and methods used, which may
explain some of the variabilities in the outcome.

The first indication of a direct effect of chromium on insulin signaling came from the lab of
Yoshimoto and coworkers who investigated the role of chromium in glucose metabolism.
Low-molecular-mass chromium-binding oligopeptide (LMCr), first identified in the cytosol
of liver cells of mice injected with potassium chromate [29], augmented insulin-mediated
metabolism of glucose to carbon dioxide in rat epididymal adipocytes [30]. Vincent and
coworkers [31] demonstrated that the LMCr oligopeptide caused a 3–8 fold-stimulation of
insulin-dependent tyrosine kinase activity in rat adipocyte membrane without altering the
basal (in the absence of insulin) kinase activity. Furthermore, the fact that the apo-
oligopeptide devoid of chromium did not activate insulin-dependent tyrosine kinase activity
[31] and the kinase activity was proportional to the amount of chromium in the oligopeptide
[32] underscored the importance of chromium and its interaction with the oligopeptide in
augmenting kinase activity. Other metal ions complexes such as Mn, Fe, and Co failed to
potentiate IR activation, furthering the importance of chromium in the process [32].

This LMWCr (molecular weight ~1500Dda) oligopeptide was composed of amino acids,
glycine, cysteine, glutamate, and aspartate. Because it required the binding of chromium to
exhibit the insulin kinase potentiating activity, the LMWCr was called chromodulin after the
calcium binding protein calmodulin [33]. Based on extensive studies with the complex,
Vincent and coworkers proposed a model in which LMWCr, augments insulin signaling by
binding to and enhancing the kinase activity of insulin receptor [34, 35]. This led to a
number of studies designed to isolate and characterize endogenous LMWCr and synthetic
molecular mimics of LMWCr . A recently published report claims to have characterized the
structure of the apoLMWCr which may pave way for future studies in understanding the
role of the polypeptide in the management of diabetes [36].

Wang and coworkers treated CHO-IR cells with chromium picolinate, a popular chromium
supplement, and observed that chromium enhanced the tyrosine phosphorylation of insulin
receptors in addition to enhancing the insulin receptor tyrosine kinase activity in the
membranes fraction of the chromium-treated cells [37] (see Figure 1.) However, in a cell-
free system including a recombinant IR domain chromium failed to enhance the auto-
tyrosine phosphorylation of the recombinant protein. This lack of effect in the cell-free
system may be attributed to the fact that these studies were performed under basal
conditions in the absence of insulin stimulation. It would be of interest to know how this
experiment would have been affected by the presence of insulin.

3.3. Effect of chromium on IRS, Akt, and PI3-kinase
Studies from our lab are consistent with some, but not all, of the above results: chromium
did not upregulate the phosphorylation of the IR at basal levels, but neither did it upregulate
IR phosphorylation following insulin stimulation [38, 39]. However, chromium was capable
of up-regulating insulin-stimulated insulin signal transduction via affecting effector
molecules downstream of the IR, as evidenced by enhanced levels of tyrosine
phosphorylation of IRS-1, elevated thr308 and ser473 phosphorylation of Akt and increased
PI3-kinase activity in a variety of cellular and animal models of insulin resistance [40]. In
obese, insulin-resistant JCR:LA-cp rats, supplementation with chromium picolinate
enhances skeletal muscle insulin signaling which was manifested as an increase in insulin-
stimulated tyrosine phosphorylation of IRS-1 and PI-3-kinase activity, without altering the
total protein levels of any of these molecules [40]. A synthesized triphenylalaninate
chromium complex [Cr(phe)3] augmented insulin-stimulated glucose uptake in cultured
adipocytes via enhancing insulin-stimulated phosphorylation of Akt in a time- and
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concentration-dependent manner [39]. Furthermore, oral supplementation of Cr(phe)3 to
leptin-deficient obese (ob/ob) mice improved glucose tolerance, reconciled lipid
abnormalities, and augmented insulin-stimulated insulin receptor phosphorylation in the
liver and muscle [39, 41, 42].

Chromium has been tested in a range of in vivo and in vitro nutritional models of diabetes.
Conditions modeling hyperglycemia, hyperinsulinemia, and/or hyperlipidemia alter insulin
signaling by, for example, blunting Akt phosphorylation or attenuating PI3kinase activity. In
a nutritional model of insulin resistance in which the mice were fed a high-sucrose diet [43]
or a high-fat diet [44], chromium treatment reconciled the blunted Akt phosphorylation and
the attenuated PI3-kinase activity, consistent with the studies by Cefalu and coworkers. To
understand whether this was a direct effect of chromium on insulin signaling, cultured
adipocytes were rendered insulin resistant by chronic treatment with insulin and glucose
(hyperinsulinemic, hyperglycemic conditions) resulted in a blunting of insulin-stimulated
Akt phosphorylation and cellular glucose uptake. Both these effects were inhibited by
pretreating the cells with the chromium complex, results consistent with a direct action of
chromium on insulin signaling [43].

3.4. Effect of chromium on glucose transporters (Glut)
The effects of chromium on proximal insulin signaling molecules affected distal functional
events such as the normal insulin-stimulated translocation of Glut4 vesicles to the cell
membrane. In skeletal muscle of high-sucrose-diet-fed mice, insulin-stimulated membrane-
associated Glut4 levels were significantly attenuated compared to those from lean mice [43].
Supplementation with Cr(phe)3 reverted the membrane levels of Glut4 to those observed in
the lean counterparts. Similar effects were observed by Cefalu and coworkers in diabetic rats
that were treated with chromium picolinate [45]. In addition to the effect on skeletal muscle,
it has also been reported that chromium increases Glut4 membrane translocation in
myocardial tissues [46] and increases Glut-2 levels diabetic rat liver [47, 48].

In an effort to understand the mechanism of chromium-mediated upregulation of Glut4,
Elmendorf and coworkers used cultured adipocytes to further investigated the effects of
chromium chloride and chromium picolinate on insulin-stimulated Glu4 translocation to the
plasma membrane [49]. They found that treatment of adipocytes with chromium resulted in
an elevation of Glut4 at the plasma membrane, together with an enhancement of insulin-
stimulated glucose transport across the cell membrane. Interestingly, however, in contrast to
in-vivo studies, the in-vitro studies suggest that regulation of Glut4 translocation by
chromium may be independent of the insulin signaling proteins such as the IR, IRS-1, PI3-
kinase, or Akt. Instead, chromium has been observed to increase the fluidity of the
membrane by decreasing the membrane cholesterol [49]. Chromium has also been shown to
cause an upregulation of sterol regulatory element-binding protein, a membrane-bound
transcription factor responsible for controlling cellular cholesterol balance [49]. A reciprocal
decrease in the cholesterol efflux protein ABCA1 has also been shown, suggesting an
intricate link between chromium and cholesterol homeostasis [50, 51].

Taken together, regardless of the exact mechanisms, chromium both in-vivo and in-vitro
augments insulin-dependent Glut4 membrane translocation under insulin resistant conditions
that may partly explain the beneficial effects attributed to chromium.

3.5. Effect of chromium on the negative regulators of insulin signaling: PTP-1B, JNK,
IRS-1- serine phosphorylation

Whereas chromium augmented insulin signaling under insulin-resistant conditions in animal
models and cultured cells, chromium did not affect insulin signaling in lean/control mice,
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suggesting that under basal conditions, chromium does not affect the normal insulin
signaling [38, 39]. Consistent with the observations in experimental systems, in human
studies, baseline insulin sensitivity (assessed with the hyperinsulinemic-euglycemic clinical
response to chromium) was also more likely in insulin-resistant subjects who had elevated
fasting glucose and hemoglobin A1C levels [26, 52].

Because insulin-resistant conditions dictate the activity of chromium, the following section
describes the effect of chromium on the negative regulators of insulin signaling that are
responsible for insulin resistance. Phosphorylation of tyrosine residues in proteins in
response to stimulation by growth factors is governed by reciprocal activities of protein
tyrosine phosphatases (PTPs) and protein tyrosine kinases (PTKs), and insulin receptor is no
exception [53]. PTP-1B is a phosphatase that has been implicated as a negative regulator of
insulin signaling by virtue of its relative specificity towards the tyrosine phosphorylation
sites on IR and IRS-1 [54, 55]. Binding of insulin to the IR results in a transient release of
hydrogen peroxide; this reversibly oxidizes a critical cystine residue on the catalytic site of
PTP-1B, inactivating PTP-1B, thus allowing normal downstream insulin signaling [56, 57].
Consequently, selective inhibitors of PTP-1B have been sought as potential antidiabetic
agents [58]. Metals such as vanadate have been thought to mediate insulin potentiating
activity via reversibly oxidizing the critical cysteine residue in the active site of PTP-1B
[59]. Therefore, it was logical to hypothesize that chromium may work in a similar manner.
Early studies by Vincent’s group found that LMWCr enhanced PTP (not PTP-1B) activity in
adipocyte membranes [60]. In contrast, they found that in rat hepatoma cells, chromium
treatment resulted in a 21–33% reduction in the activity of PTP-1B [61]. Other studies,
however, did not observe an effect of Cr(phe)3 or chromium picolinate on the protein levels
or specific activity of PTP-1B in cultured cells or in insulin-resistant animals (Yang, X and
Sreejayan N, unpublished studies). Wang and coworkers recently reported that chromium
did not effectively inhibit recombinant human PTP-1B, nor did it alter the reversible redox
regulation of PTP-1B [37]. However, Cefalu’s group found that administration of chromium
picolinate attenuated both the protein levels and specific activity of PTP-1B in the skeletal
muscle of obese rats [40].

Whereas tyrosine phosphorylation of the insulin receptor propagates insulin signaling,
phosphorylation of the serine residue on the amino acid 307 within IRS-1 has been shown to
significantly attenuate insulin signaling [62]. Serine phosphorylation of IRS-1 prevents the
association of its protein tyrosine binding domain with IR-β subunit, preventing IRS-1
binding to the receptor and insulin-dependent activation of PI3-kinase [63]. Additionally,
Ser307 phosphorylation of IRS-1 accelerates the degradation of IRS-1 by an ubiquitin-
proteosome-mediated process, thus reducing the protein levels of IRS-1 and further blunting
insulin signaling [64]. IRS-1 Ser307 is a major target for Jun NH(2)-terminal kinase (JNK)
mediated phosphorylation [62, 65]. Studies with chromium have found that obese insulin
resistant mice had elevated hepatic levels of phospho-c-Jun and IRS-1-phospho-Ser307

compared to lean mice. Supplementation with chromium suppressed tyrosine
phosphorylation of c-Jun and IRS-1 phospho-Ser307 in the livers of ob/ob mice [42]. Chen
and coworkers arrived at similar conclusions by studying IRS-1 serine and c-Jun protein
levels in the skeletal muscles of generically obese insulin resistant KK/HIH mice [66].
These observations were further confirmed in-vitro in cultured myotubes rendered insulin-
resistant by treating them with palmitic acid [44] or hyperinsulinemic and hyperglycemic
conditions [67] that caused elevation in JNK-phosphorylation and reciprocal inhibition of
insulin-stimulated phosphorylation of Akt and glucose uptake. Interestingly, chromium
successfully mitigated the aforementioned effects of palmitic acid in cultured myotubes,
suggesting that chromium may indeed downregulate the proteins involved in insulin
resistance.
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3.6. Chromium and ER-stress
Emerging evidence suggests that endoplasmic reticulum (ER) stress may play a pivotal role
in the development of insulin resistance and may therefore represent a unifying mechanism
in understanding the pathophysiology of type-2 diabetes [68, 69]. Elevated ER-stress has
been documented in adipocytes and liver cells of genetically obese and high-fat fed mice
[70]. ER stress has also been shown to activate c-Jun N-terminal kinase (JNK), which, as
mentioned above, induces serine phosphorylation of IRS, leading to the suppression of
insulin signaling [70]. Consequently, pharmacological agents that attenuate ER stress (ER-
chaperones) have been shown to alleviate the symptoms of diabetes [71, 72]. A recent study
found that the protein levels of ER-stress markers viz., phosphorylated pancreatic ER kinase
(PERK), α-subunit of translation initiation factor 2 (eIF2α) and inositol-requiring enzyme-1
(IRE-1), were all significantly elevated in ob/ob mice compared to their lean counterparts
[42]. Oral supplementation with chromium significantly attenuated the levels of these ER-
stress markers. In addition to these in-vivo studies, ER stress was induced in-vitro by
treating cultured, differentiated myotubes with thapsigargin, a well known inducer of ER-
stress. Pretreatment of the myotubes with chromium resulted in a concentration-dependent
inhibition of thapsigargin-induced ER stress. Together, the findings suggest that chromium
alleviates ER-stress in the cells, although the exact mechanism by which it does so is
unclear. It would be interesting to investigate whether chromium functions as a co-factor in
enhancing chaperone like activity in insulin-resistant cells.

3.7. Chromium, oxidative stress, and inflammation
The role of oxidative stress and inflammation in diabetes and its comorbidities is well
established, and the potential effect of chromium in regulating oxidative stress and
inflammation has been addressed [73]. Chromium attenuates oxidative stress in cultured
monocytes and isolated human mononuclear cells subjected to hyperglycemic conditions
[74, 75]. Together with reducing oxidative stress, chromium treatment inhibits the release of
pro-inflammatory cytokines from monocytes exposed to hyperglycemic conditions.
Chromium was found to inhibit protein glycosylation and lipid peroxidation in erythrocytes
exposed to high levels of glucose [76]. In addition to these in-vitro studies, it has also been
shown that chromium supplementation caused a lowering of proinflammatory cytokines
(TNF-alpha, IL-6, CRP), oxidative stress, and lipids levels in streptozotocin-induced
diabetic rats [77].

Hazane-Puch and coworkers used a cDNA array to investigate the modulation of gene
expression by chromium complexes in human keratinocytes [78]. The array was composed
mainly of sequence tags representing antioxidant and DNA-repair genes. An upregulation of
the transcripts of glutathione synthetase, heme oxygenase-2, and peroxiredoxin was
observed in cells treated with chromium. In addition, chromium inhibited hydrogen
peroxide-mediated oxidation of thiols and lipid peroxidation [78]. Chromium
supplementation in obese mice significantly attenuated the obesity-associated elevated ratio
of oxidized glutathione to reduced glutathione and the formation of protein carbonyl [79].
Similar effects of chromium on elevated oxidative stress in diabetic subjects have been
reported from randomized clinical trials in which serum thiobarbituric acid reactive
substances were used as a marker for the end-product of lipid peroxidation and total serum
antioxidative status and glutathione peroxidase activity were used to assess oxidative stress
[80, 81].

3.8. Effect of chromium on AMP-activated protein kinase (AMPK)
AMPK is a serine-threonine kinase that has gained attention for its regulatory role in cellular
energy homeostasis [82, 83]. AMPK, which is activated by increases in the AMP:ATP ratio,
was originally discovered as a switch that regulates fatty acid oxidation in the heart [84] and
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skeletal muscle [85]. It has recently emerged as an important regulator of glucose
metabolism [86].

It has been shown that in H9c2 myoblasts and isolated mouse cardiomyocytes, Cr(phe)3
stimulated the phosphorylation of the α-catalytic subunit of AMPK at Thr172, as well the
downstream targets of AMPK including acetyl-CoA carboxylase (at Ser212) and eNOS (at
Ser1177). Chromium also stimulated glucose-uptake in these cells [87]. Both glucose uptake
and AMPK phosphorylation mediated by chromium were inhibited by the AMPK inhibitor
compound C. In support of in-vitro studies, acute injection of mice with the chromium
complex resulted in increased levels of AMP and a substantial decrease in mitochondrial
membrane potential in the cardiac tissues. Thus increase of cardiac AMP concentration and
the decrease of mitochondrial membrane potential may contribute to the activation of
AMPK induced by chromium complexes [87]. (It is interesting to note that a recent paper
suggests that chromium normalizes hyperketonemia-induced decrease in mitochondrial
membrane potential in monocytes [88]). Although both wortmannin (PI3-kinase inhibitor)
and compound C attenuated chromium-induced glucose uptake in cardiomyocytes, neither
of these compounds by itself completely blocked the glucose-uptake at the highest possible
concentrations tested. However, when both these inhibitors were used in combination,
chromium-induced cardiomyocyte glucose uptake was completely abrogated, suggesting
that both the insulin signaling pathway and AMPK pathways are affected by chromium [87].

Maulik and coworkers [46] investigated the effect of a niacin-bound chromium complex in a
model of ischemia/reperfusion (IR) injury in streptozotocin-induced diabetic rats. These
authors found a significant increase in left ventricular functions and a significant reduction
in infarct size and increased cardiomyocyte apoptosis in the diabetic mice that were
significantly attenuated by the chromium complex. The chromium complex attenuated the
streptozotocin-induced left ventricular dysfunction, infarct size and cardiomyocyte
apoptosis. Chromium also improved cardiac contractile functions and cardiomyocyte
calcium handling in obese mice [79]. In addition, chromium treatment resulted in an
increased Glut-4 translocation to the lipid raft fractions, reduced Cav-1, and increased Cav-3
expression, together with phosphorylation of Akt, eNOS and AMPK. These findings further
strengthen the notion that both insulin and the AMPK signaling pathways may represent
potential targets of chromium.

4. Conclusion
The nutritional supplement chromium (trivalent) has been credited with alleviating insulin
resistance and lipid abnormalities although clinical trials have not shown conclusive
evidence for its beneficial effect in human subjects. In contrast, chromium improved insulin
sensitivity and glucose handling in a number of animal models of type-2 diabetes. However,
despite the controversies surrounding the clinical benefits of chromium in type-2 diabetes, it
has gained popularity as a nutritional supplement and is a component of many multivitamin/
mineral formulations, fortified food, and energy drinks. The molecular mechanisms by
which chromium mediates its beneficial effects are unclear. This review addresses some of
the recent findings which shed light on the potential cellular pathways that are affected by
chromium. Chromium supplementation to animals that were rendered insulin resistant either
by genetic or nutritional methods indicate that chromium potentiates the actions of insulin,
augments the insulin signaling pathway, blunts the negative-regulators of insulin signaling,
enhances AMPK activity, up-regulating cellular glucose uptake, and attenuates oxidative
stress. Figure 1 summarizes the pathways described in this review, highlighting only those
molecules that have been shown to be affected by chromium both in-vivo and in-vitro. These
beneficial effects of chromium, together with its wide safety profile, may justify its use as an
adjunct therapy in the management of insulin resistance and type-2 diabetes.
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Figure 1.
Putative mechanisms by which chromium augments cellular glucose uptake. Chromium has
been shown to enhance the kinase activity of insulin receptor β, to increase the activity of
downstream effectors of insulin signaling pI3-kinase and Akt and to enhance Glut4
translocation to the cell surface. Chromium also down-regulates PTP-1B, the negative
regulator of insulin signaling and alleviates ER-stress within the cells, rescuing IRS from
JNK-mediated serine phosphorylation and subsequent ubiquitination. Transient upregulation
of AMPK by chromium leads to increased glucose uptake. Chromium mediates cholesterol
efflux from the membranes causing glut4 translocation and glucose uptake.
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