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Abstract Over fifty years ago, the element chromium (as the trivalent ion) was
proposed to be an essential element for mammals with a role in maintaining proper
carbohydrate and lipid metabolism. Evidence for an essential role came from dietary
studies with rodents, studies on the effects of chromium on subjects on total
parenteral nutrition, and studies of the absorption and transport of chromium. Over
the next several decades, chromium-containing nutritional supplements became so
popular for weight loss and muscle development that sales were second only to
calcium among mineral supplements. However, the failure to identify the responsible
biomolecules(s) that bind chromium(IIl) and their mode of action, particularly a
postulated species named glucose tolerance factor or GTF, resulted in the status of
chromium being questioned in recent years, such that the question of its being
essential needs to be formally readdressed. At the same time as chromium(III)’s
popularity as a nutritional supplement was growing, concerns over its safety
appeared. While chromium has been conclusively shown not to have beneficial
effects on body mass or composition and should be removed from the list of essential
trace elements, chromium(III) compounds are generally nontoxic and have beneficial
pharmacological effects in rodents models of insulin insensitivity, although human
studies have not conclusively shown any beneficial effects. Mechanisms have been
proposed for these pharmacological effects, but all suffer from a lack of consistent
supporting evidence.

Keywords chromium ¢ insulin sensitivity ® insulin signaling ® rats * type 2 diabetes
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1 Introduction

Recently, a paradigm shift has occurred in terms of the status of chromium. While first
proposed to be an essential element in the late 1950s and accepted as a trace element
in the 1980s, scientific studies have continued to fail to produce convincing evidence
of this status. In the 1990s, statements to justify the status of chromium despite the
results of studies such as “Chromium is a nutrient and not a drug, and it will therefore
benefit only those who are deficient or marginally deficient in Cr” [1] were common
in review articles [1-3]. Recent studies have led to a reinterpretation of the status of
chromium. The status of chromium as an essential element is no longer supported by
experimental data. In fact, chromium is now best understood as a therapeutic agent.
However, the potential benefits of the use of chromium as a therapeutic agent are
uncertain, and its mechanism of action in increasing insulin sensitivity and possibly
influencing lipid metabolism at a molecular level is poorly understood.

This review will examine the data on which chromium was proposed to be an
essential element and describe the problems with this interpretation, discuss the
evidence for a therapeutic role for chromium in animal models of diabetes and
insulin resistance, and evaluate the potential toxicity as chromium(IIl) complexes
when used at pharmacologically relevant doses.
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2 Is Chromium Essential?

2.1 Current Opinions

Chromium reduces body fat, causes weight loss, causes weight loss without exercise,
causes long-term or permanent weight loss, increases lean body mass or builds
muscle, increases human metabolism, and controls appetite or craving for sugar,
while 90% of US adults do not consume diets with sufficient chromium to support
normal insulin function, resulting in increased risk of obesity, heart disease, elevated
blood fat, high blood pressure, diabetes, or some other adverse effect on health.
Any or all of the above representations may come to mind when thinking about
chromium and its relationship to human nutrition. Most people think of chromium
in terms of weight loss and lean muscle mass development as a result of nutraceutical
product marketing. However, the Federal Trade Commission (FTC) of the United
States ordered entities associated with the nutritional supplement chromium
picolinate to stop making each of the above representations in 1997 because of the
lack of “competent and reliable scientific evidence” [4].

Overwhelming scientific evidence currently indicates that chromium does not
affect body mass and body composition of healthy individuals and that chromium
nutritional deficiency is rare (if it exists at all) [5]. Yet, although the ruling by the
FTC is over 15 years old, such representations can still be found in the popular
media. In the United States, the National Research Council of the National
Academies of Science recognized chromium as an essential trace element in 1980
and reviewed this position in 1989 and 2002 [6-8]. However, in 1980 and 1988,
chromium was determined to have an estimated safe and adequate daily dietary
intake (ESADDI) of 50-200 pg, while in 2002 this was changed to an adequate
intake (AI) of 30 pg. The Panel on Additives and Products or Substances Used
in Animal Feed (FEEDAP) [9] in 2009 determined that chromium deficiency in
farm animals had never conclusively been observed such that ‘no evidence of the
essentiality of Cr(IIl) as a trace element in animal nutrition” exists. As discussed in
Section 2.2, the status of chromium is at best uncertain currently, and the element
should probably be removed from the list of essential trace elements.

2.2 Evidence

2.2.1 “Low Chromium’ Rodent Diets

Over fifty years ago, Cr was suggested to be an essential trace element in the
mammalian diet. In this work reported by Mertz and Schwarz [10], previously
considered the pioneering work in the field, rats were fed a torula yeast-based
diet, which compromised the health of the rats. The rats developed necrotic liver
degeneration and apparently impaired glucose tolerance in response to an intravenous
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glucose load [10]. Selenium was discovered to reverse the liver disorder but not the
glucose intolerance; as a result, the authors proposed a new dietary requirement,
coined glucose tolerance factor (GTF) was absent from the torula yeast-based diet
and responsible for the glucose intolerance [11]. In an effort to identify the missing
dietary component, a variety of chemicals and some foods were added to the diet.
Most notably, inorganic compounds containing over 40 different elements (200—
500 mg element/kg body mass) could not restore glucose tolerance, while several
inorganic Cr(IIT) complexes (200 mg Cr/kg body mass) restored glucose tolerance
[12]. Brewer’s yeast and acid-hydrolyzed porcine kidney powder were identified as
natural sources of the missing dietary component and were found to contain appre-
ciable quantities of Cr [12]. When given by stomach tube (500-1000 mg/kg body
mass), brewer’s yeast, porcine kidney powder, and concentrates made from them
restored proper glucose metabolism in rats on the torula yeast-based diet [12].
Consequently, Mertz and Schwarz proposed the active ingredient of GTF was Cr*,
making Cr an essential trace element for the mammalian diet [12].

As this became the primary evidence for an essential role for Cr, one must ask
what exactly this work established? The Cr content of the regular laboratory rat
diet and of the torula yeast-based diet have not been determined; thus, the rats were
not shown to actually receive a diet lacking or deficient in Cr; the studies only
indicated that adding Cr to the diet could lead to potential effects on apparent glu-
cose intolerance. Subsequently, the Cr content of torula yeast has been determined,
but the Cr content has been found to range significantly in value [13,14]; the con-
tent probably varies based on the growth conditions. As a result, the content of the
original diet simply cannot be established. In addition, the rats were housed in wire
mesh cages, possibly with stainless steel components (as the metal composition of
the wire was not reported), allowing the rats to obtain Cr by chewing on these
components. Thus, the actual Cr intake of the rats in these studies is impossible to
gauge. As subsequent studies have shown that rat in metal free cages on purified
diets fail to develop Cr deficiency, these studies fail to establish that the animals
developed a Cr deficiency.

The results do raise another possible explanation, one that was not originally
considered — the Cr added to the torula yeast-based diet was having a pharmacologi-
cal or therapeutic effect and not correcting a nutritional deficiency. The magnitude
of the doses of Cr utilized in these studies need to be put into perspective. An
American consuming a nutritionist-designed diet [15] or self-selected diet [16] con-
sumes about 30 pg of Cr daily. This value, 30 pg Cr/day, is the value set as the
adequate intake (AI) by the Food and Nutrition Board of the Institute of Medicine
of the National Academy of Sciences (USA) [8]; as defined, the Al indicates that
>98% of the population receiving this quantity of an item display no health prob-
lems from deficiency. Given the average body mass of a human, 65 kg, gives an
adequate Cr intake of less than 0.5 pg Cr/kg per day. Rats on the torula yeast-based
diet that was supplemented with Cr compounds received at least 400 times this
quantity, a supra-nutritional dose. These comparisons, of course, make the assump-
tion that the biochemistry of Cr is similar in rodents and primates.
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Attempts have been made to establish the nutritional status of Cr using nutritionally
compromised diets supplemented with Cr, most notably in the 1990s [17-19]; the
rationale behind these diets was that stresses that increase urinary Cr loss could
potentially lead over time to chromium deficiency. However, these studies suffer from
some of the same flaws in assumptions as the initial studies. Rats were provided a
high-sugar or high-fat diet (supposedly a “low-Cr” diet with ca. 30 pg Cr/kg diet) with
additional mineral stresses for 24 weeks, resulting in compromised lipid and carbohy-
drate metabolism in the rats. The addition of 5 ppm Cr to the drinking water of rats on
the stressed diets led to plasma insulin levels tending to be higher in intravenous
glucose tolerance tests after 24 weeks on the diet [17]. Unfortunately, the Cr intake
compared to the Cr loss in the rats was not determined so that whether the rats were
maintaining a Cr balance cannot be established. However, as described in Section 2.2.2,
the amount of urinary Cr loss is directly dependent on the amount of Cr intake so that
the rats should not have developed a Cr deficiency. Consequently, the results should
be interpreted in terms of supplemental Cr having a beneficial effect on diet-induced
insulin resistance, a pharmacological rather than nutritional effect.

An analysis of the actual Cr content of the diet is in order. A male Wistar rat (as
used in Refs [17-19]) on average in a subchromic study consumes 20 g of food a
day and has an average body mass of 217 g [20]. Twenty grams of food containing
33 pg Cr/kg food provides 0.66 pg Cr. Thus, 0.66 pg Cr/d for a 217 gratis 3.0 pg
Cr/kg body mass per day, six times what a human intakes. Thus, the “low-Cr” diet
was not deficient, unless rats require more than six times the Cr dose that humans
do. In contrast, a male Wistar rat on average drinks 147 mL of water [20]. This vol-
ume of water supplemented with 5 ppm Cr provides 735 pg Cr daily or 3.39 mg/kg
body mass. This is approximately 100 times the adequate intake of an American
male (35 pg Cr/day) [8]. Again, indicating the lowering of plasma-insulin levels by
addition of Cr can only be considered a pharmacological effect.

Finally, a most recent study appears to have unambiguously demonstrated that Cr
has a pharmacological rather than a nutritional effect in mammals [21]. Whether Cr
is an essential element was examined for the first time in carefully controlled metal-
free conditions using a series of purified diets containing various Cr contents. Male
lean Zucker rats were housed in specially designed metal-free cages for six months
and fed the AIN-93G diet with no added Cr in the mineral mix component of the diet
(containing 16 pg Cr/kg diet), the standard AIN-93G diet (containing added 1,000
pg Cr/kg), the standard AIN-93G diet supplemented with 200 pg Cr/kg, or the stan-
dard AIN-93G diet supplemented with 1,000 pg Cr/kg. The Cr content of the diet
had no effect on the body mass or food intake. Similarly, the Cr content of the diet
had no effect on the glucose levels in glucose tolerance or insulin tolerance tests.
However, a distinct and statistically significant trend toward lower insulin levels
under the curve after a glucose challenge was observed with increasing Cr content
in the diet; rats on the supplemented AIN-93G diets had significantly lower areas
(P <0.05) than rats on the low-Cr diet. The study revealed that a diet with as little Cr
as reasonably possible had no effect on body composition, glucose metabolism, or
insulin sensitivity compared with a “Cr-sufficient” diet; however, pharmacological
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quantities of Cr had a concentration-dependent effect on lowering insulin levels
in glucose tolerance tests, indicating that Cr may have a pharmacological effect
increasing insulin sensitivity in healthy rats [21].

In summary, a complete paradigm shift has occurred in the field of Cr nutrition,
where for four decades, Cr had been considered to have only a nutritional, not a
pharmacological effect. Now Cr is realized to have a pharmacological effect rather
than a nutritional one. Nutritional studies cannot be used to determine whether Cr is
an essential element. Studies using as little Cr as possible in the diet have failed to
establish any signs of Cr deficiency. Without conclusive positive evidence, Cr can-
not be considered an essential trace element. A demonstration that Cr could poten-
tially be an essential element will probably require the isolation of a biomolecule
that is essential to some critical biological process and requires Cr to perform its
essential function. As described below (Section 3.3), this has not occurred.

2.2.2 Absorption and Transport

Cr is absorbed by passive diffusion when intaken orally. This has been convincingly
demonstrated by a double perfusion technique using segments of the small intestine
of rats; these studies revealed that over a 100-fold range of [Cr;O(propionate)s
(H,0);]* (Cr3) concentrations (10—-1000 ppb), chromium absorption was a nonsatu-
rable process [22]. Additionally, studies following the fate of orally administered
SICr have not observed a change in % Cr absorption over a range of intakes [23,24].
Most recently, rats gavaged with a dose of CrCl; absorbed approximately 0.2% of
the Cr over a 2000-fold range of doses (0.01-20 mg Cr) [24]. Another interesting
conclusion that can be drawn from the intestinal perfusate studies is that Cr appears
to be actively transported out of the intestinal cells, as approximately 94% of the Cr
entering the cells was cleared from the cells (leaving only approximately 6% behind
to be stored). However, no transporter is known for Cr. This suggests the possibil-
ity that Cr* may be bound to some chelating ligand and actively transported in this
form; this is an area requiring further research. Changes in diet could affect the
amount of Cr absorption and potentially affect the mechanism, although changes in
mechanism have not been demonstrated. For example, the presence of added amino
acids, phytate (high levels), ascorbic acid, and oxalate, but not low levels of phytate,
in the diet reportedly altered the extent of Cr uptake (reviewed in [25]), although the
changes (while statistically significant in some cases) were relatively small in a
small percentage of absorption.

Once in the bloodstream, Cr** binds almost exclusively to the Fe-transport pro-
tein transferrin. The association of transferrin and Cr has been reviewed previ-
ously [26]. Cr-loaded transferrin has been demonstrated to transport Cr in vivo
[27,28]. Injection of >'Cr-transferrin into rats resulted in incorporation of 3'Cr into
tissues. The transport of Fe into tissue by endocytosis of transferrin has been
found to be insulin sensitive, as the transport of Cr; injection of labeled transferrin
and insulin resulted in a several fold increase in urinary Cr [28]. Thus, transferrin,
in an insulin-dependent fashion, can transfer Cr to tissues from which it is excreted
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in the urine. The binding of Cr to transferrin is quite tight, although the apparent
binding constants for the two metal binding sites differ by approximately 10° [29];
the in vitro binding of Cr** from inorganic salts has been shown to be quite slow
[29], although these studies were performed in the presence of ambient bicarbon-
ate concentrations. This also suggests that Cr may be carried to transferrin as a
chelate complex. However, recent studies in the author’s laboratory reveal that at
the bicarbonate concentration of human blood (~20 mM) the binding of Cr* is
quite rapid (B. Liu, G. Deng, K. Wu, and J. B. Vincent, unpublished results). Once
Cr is brought into the cell by endocytosis, it must leave the endosome to enter the
cell cytosol. As Cr** is not readily reduced by any biological reducing agents, so
that it can be transported by divalent metal ion transporters (in a fashion similar to
Fe), it must be transported by another mechanism; this is another area requiring
further research [30].

A human study of chromium absorption as a function of Cr intake has often
been cited as evidence of an essential role for Cr; however, this single study
requires reproduction. Anderson and Koslovsky have reported an inverse relation-
ship between dietary chromium intake and degree of absorption observed in human
studies [31]. The data suggest that absorption of Cr varies approximately from 0.5
to 2.0% for Cr intakes of ~15-50 pg per day. This difficult to perform study is far
from definitive; for example, a distinct difference is found if the data are separated
into male and female subjects. For males, no statistical variation occurs for chro-
mium absorption as a function of intake, while an apparent inverse trend is observed
for the female subjects. However, these data are in striking contrast to this same
lab’s studies reported two years earlier [32]. Chromium absorption was determined
to be ~0.4% for free-living individuals; when Cr intake was increased by over
fourfold, urinary chromium excretion increased over fourfold while maintaining
~0.4% absorption of chromium for both males and females. The difference between
the two studies lies in the range of Cr intakes of ~15-50 pg per day for the former
and ~60-260 pg per day for the latter, suggesting that an inverse relationship
between Cr intake and absorption, if it exists, exists only at the lowest portion of
the range of intakes. The former study requires a careful examination in terms
of statistical analysis and propagation of error, in addition to reproduction,
before this study can be used as evidence for an essential role for Cr in humans
(or female humans).

Cr concentrations in the human urine and blood serum are proportional to Cr
intake [32,33], while human urine Cr concentrations do not correlate with serum
glucose, insulin, or lipid parameters or with age or body mass [32]. Additionally, in
rats, Cr concentrations in the liver and kidney correlate with Cr intake [34]. Urinary
Cr loss is increased in type 2 diabetic subjects [35,36], raising the question of
whether the increased Cr loss could result in a conditional Cr deficiency; however,
studies with model diabetic rats (alloxan-treated rats [37] and Zucker diabetic fatty
rats [38]) have shown that the increases in urinary Cr excretion are the result of
increases in Cr absorption (perhaps simply as a result of increased water consump-
tion). Thus, urinary Cr loss is controlled by absorption of Cr, and Cr apparently is
not a conditionally essential element.
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An increase in urinary Cr excretion has been reported for human subjects on
self-selected diets in response to a glucose challenge, while no effect was observed
for individuals taking a Cr supplement (200 pg Cr as CrCl; for 3 months) [33].
Urinary Cr loss after a glucose challenge was found not to be predictable and
suggested to not reflect Cr status [33]. Yet, the extent of movement of chromium to
the urine in response to a glucose challenge did change, from an increase at normal
Cr intake to no increase when supplemented with Cr (the inverse of the expected
observation). Also in this study, the Cr intake of the individuals in the study was not
established. The results from humans on self-selected diets are consistent with stud-
ies of urinary Cr loss in subjects on diets supplemented with a variety of varying
carbohydrates [39]. The greater the increase in the amount of insulin in the blood in
response to the various carbohydrates, the more Cr was lost in the urine [39]. Thus,
Cr appears to be mobilized in response to insulin, rather than directly to glucose or
other carbohydrates. A range of responses to the carbohydrates was noted. Some of
the subjects who in response to the diets had the highest circulating blood insulin
levels had decreased abilities to mobilize Cr for excretion in the urine (within 90 min);
thus, a group of subjects with decreased carbohydrate tolerance appeared to have
decreased urinary Cr loss [39]. The Cr content of the self-selected diets of individuals
in the study was not determined, and the subjects do not appear to have been questioned
about whether they were consuming any Cr-containing supplements [39,40].

Urinary Cr excretion after a glucose tolerance test does not differ between con-
trol men or hyperinsulinemic men or differ between men on diets with differing
high amylase cornstarch contents [41]. Eight of 10 healthy individuals have been
found to have increased urinary Cr loss (ng Cr/min) for 4 hours after an oral glucose
tolerance test compared to the 4 hours before the test such that the mean Cr loss was
significantly greater after the test than before, while no mean effect was observed
for 13 diabetic subjects [42]. Finally, Morris and coworkers conducting hyperinsu-
linemic euglycemic clamp studies have shown that increases in blood insulin levels,
not specifically blood glucose levels, are responsible for a decrease in plasma Cr
and an accompanying increase in urinary Cr loss [43], consistent with their earlier
studies demonstrating increased urinary Cr loss after an oral glucose challenge [44].
Thus, humans appear to increase urinary Cr loss in response to an increase in blood
insulin concentrations (whether from a carbohydrate or insulin challenge) although
the magnitude of the change appears to be quite variable, including some individu-
als who may not respond potentially as a result of decreased glucose tolerance.
This increase apparently results from the increased movement of Cr bound to transferrin
as noted above.

Rats have been conclusively shown to increase Cr excretion in response to an
insulin or glucose challenge [27,28,45]. If Cr were essential and had a role under
physiological conditions in insulin sensitivity, this increase in urinary Cr loss in
response to insulin could potentially serve as a biomarker for Cr. However, studies
on rats on the purified diets containing as low as possible to very high Cr contents
(described in ref. [21]) show that the increase in rate of urinary Cr loss does not
correlate with Cr intake, even at the lowest Cr content [46]. At the highest Cr intake
and thus highest background rate urinary Cr loss, insulin did not stimulate an
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increase in rate of Cr loss [46]. These results are very similar to those described
above in humans [33]; thus, insulin-stimulated Cr loss is not a biomarker for Cr
status, and the movement of Cr in response to insulin does not provide evidence for
its being essential.

One cannot help but notice that Cr appears to be set up in terms of transport to
play arole in glucose metabolism. In the bloodstream, Cr binds tightly to one site of
transferrin. While transferrin is kept only 30% saturated with iron and has similar
binding constants for both Fe* binding sites, Cr** binds more rapidly and more
tightly to the site that Fe** binds to more slowly; thus, transferrins appear primed to
carry Cr in addition to Fe. As transferrin movement is insulin-sensitive, Cr bound to
transferrin is delivered to tissues in an insulin-sensitive fashion; this transport of Cr
is primarily to the skeletal muscle [27,28], where most glucose is metabolized in
response to insulin. Cr is then rapidly removed from these tissues.

2.2.3 Total Parenteral Nutrition

Starting in the late 1970s, studies of patients on total parenteral nutrition (TPN)
have been used to support the proposal that chromium is an essential element
[47-50]. This stems from patients on TPN who developed impaired glucose uti-
lization or glucose intolerance and neuropathy or encephalopathy [47,48,51-55].
The symptoms were reversed by chromium infusion and not by other treatments,
including insulin administration alone. While limited to less than ten individual
cases, these studies have been interpreted as providing evidence of clinical symp-
toms associated with chromium deficiency that can be reversed by supplementa-
tion. Another patient on TPN who developed symptoms of adult-onset diabetes and
hyperlipidemia but died had low tissue chromium levels [56]. Additionally, the
effects of chromium supplementation on five patients on TPN requiring a substan-
tial amount of exogenous insulin have been examined. Three subjects displayed no
beneficial response while two showed a possible beneficial response to chromium
supplementation [57]. Subjects received TPN containing 10 pg Cr/day followed by
supplementation with an additional 40 pg Cr/day for 3 days and then restoration of
the normal TPN.

Curiously the development of symptoms that were reversible by chromium sup-
plementation does not correlate with serum chromium levels [49], indicating that
either serum chromium levels are not an indicator of chromium deficiency or that
another factor is in operation. Additionally, these incidences of diagnosed potential
chromium deficiency have been questioned recently as they lack consistent relation-
ships between the chromium in the TPN, time on TPN before symptoms appear,
serum chromium levels and symptoms [58].

The most notable features of these studies are the quantities of Cr administered.
In the cases where apparent deficiencies were reported, the TPN solutions provided
2-240 pg Cr/day. For comparison, all the Cr in the TPN is introduced into the blood-
stream, while only 0.5% of Cr in the regular diet is absorbed into the bloodstream.
Thus, 30 pg of Cr in a typical daily diet presents only ~0.15 pg Cr to the bloodstream.
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The TPN solutions are consequently providing 13—67 times the required amount of
chromium; thus, based on these data, the TPN solutions cannot be considered
Cr-deficient. Subjects were, in turn, treated with 40-250 pg Cr/day added to the
TPN solution to alleviate their conditions, clearly pharmacological doses, as the
largest dose provided 1.7x10° times more chromium than a standard diet.
Consequently, the results with the insulin-resistant TPN patients can only be considered
as providing evidence for a pharmacological role of chromium. The data are not
relevant for examining whether chromium is an essential element.

Not surprisingly, as TPN provides ten or more micrograms of chromium per day,
TPN patients are accumulating chromium in their tissues [59,60]. Calls are appear-
ing for the re-examination of the chromium levels in TPN solutions in terms of a
need to reduce recommended levels [61].

In summary, evidence to designate chromium an essential element does not exist.
While the possibility always exists that evidence could surface in the future to sup-
port a biological role for chromium, such assumptions cannot be taken into current
considerations. The next review of the status of chromium by the Committee on the
Scientific Evaluation of Dietary Reference Intakes of the National Academies of
Science (USA) must seriously consider revising its status.

3 Is Chromium Pharmacologically Relevant?

3.1 Rodent Disease Model Studies

Several rat models of type 2 diabetes have been utilized to examine the effects of
Cr(IIT) administration [5]. Three models have symptoms arising from mutations of
the leptin receptor: the JCR:LA-cp, Zucker obese and Zucker diabetic fatty rats.
Leptin is a hormone produced by adipocytes that signals the brain that the appetite
should be suppressed. Consequently, as the leptin signaling system is blocked at the
receptor, the JCR:LA-cp and Zucker obese rats become markedly obese and insulin-
resistant and possess somewhat elevated blood glucose levels and elevated levels of
blood insulin, triglycerides, and cholesterols. The Zucker diabetic fatty (ZDF) rats
have an additional, uncharacterized mutation that results in these rats developing
symptoms very comparable to type 2 diabetes in humans, including elevated blood
glucose levels, in addition to the high triglycerides and cholesterol levels. In con-
trast to the obese models, the ZDF rats have smaller body masses than healthy
Zucker rats. Some general statements for studies of Cr(IIl) complex administration
using these three models can be made. When Cr is administered at a young age, it
has no effect on body mass and food intake [62—69]. Cr administration generally
appears to have no effect on fasting blood glucose levels but to lower glycated
hemoglobin levels. (This might be explained by the data of Vincent and coworkers
[66], which show that while glucose levels tend to be lower in Cr-treated animals at
several instances during the administration period, that this effect is not significant;
however, glycated hemoglobin levels, which serve as a window to the average
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exposure of red blood cells to glucose over 60—90 days, reflect a beneficial effect on
blood glucose over this time.) Cr appears generally to be beneficial to lipid metabolism,
lowering total cholesterol levels; however, effects on other lipid variables are incon-
sistent. Thus, in these rat models of diabetes and obesity-related insulin resistance,
Cr appears to have beneficial effects on insulin resistance, marginally beneficial
effects on blood glucose, and beneficial effects on the grossly elevated plasma lipid
levels. Unfortunately, only a tiny percentage of human type 2 diabetes cases are the
result of mutations in leptin or its receptor.

The Goto—Kakizaki rat is a non-obese model of type 2 diabetes; the origins of the
diabetes at a molecular level are not known. Two studies have examined the effects
of [Cr(pic);] (1-100 mg/kg daily) for either 4 or 32 weeks [70,71]. Unfortunately
the reports do not indicate whether the dose is of Cr as the compound or of the com-
pound (in which case ~12.5% of the dose would be Cr). No effects were observed
on body mass, fasting blood glucose or insulin levels, or glucose or insulin areas
under the curve in a glucose tolerance test. For this model, Cr(IIT) appears to have
no appreciable effect.

The chemical streptozotocin when administered intravenously or intraperitone-
ally relatively selectively kills the beta cells of the pancreas, destroying nearly all
the body’s ability to produce insulin. Thus, rats treated with the chemical serve as
an excellent model of type 1 diabetes (not type 2 diabetes). To generate a better
model for type 2 diabetes studies, the addition of a high-fat diet has been utilized in
addition to the chemical treatments or streptozotocin has been given to newborn
rats, rather than adults. Four studies have examined the effects of Cr supplementa-
tion on these type 2 models where they found lower fasting glucose, total choles-
terol, and triglycerides concentrations [72—75]. Studies using just streptozotocin
have given inconsistent results but are also very different in design from one another
making interpretation difficult [5].

In summary, the results of the studies with rats undergoing modified streptozoto-
cin treatments (lower fasting glucose but not insulin and effects on lipids) are differ-
ent from those of the Goto—Kazizaki rats (no effects) that are in turn different from
the results from the leptin-receptor mutation models (lower fasting insulin but not
glucose and effects on lipids). No great dependence appears on dose (when the
doses are supranutritional), length of time of Cr administration or form of Cr. The
origin of the diabetes appears to make a significant difference on the potential ben-
efits of Cr administration.

Mouse models of diabetes with mutations to the genes for leptin, the ob/ob
mouse, and leptin receptor, the db/db mouse, have also been studied in terms of
effects of Cr(Ill) administration. Both these models display obvious obesity.
Unfortunately, not all the studies have used well-defined forms of Cr. The results of
these studies have been conflicting in terms of fasting blood glucose and cholesterol
concentrations, although glucose and insulin levels in glucose tolerance tests con-
sistently tend to be lower [76-84] (reviewed in [5]).

Thus, with one exception, Cr(IIl) treatment of rat and mouse models of type 2
diabetes have had beneficial effects, although the effects differ from one model to
the other. These differences in the models may be significant to the results observed
in human clinical trials.



182 Vincent
3.2 Clinical Studies

While human studies of the effects of chromium supplementation have failed to
observe effects in healthy subjects, clinical trials of the effects of chromium supple-
ments on type 2 diabetic subjects have failed to generate consistent results. A recent
review that included only studies that were placebo-controlled and used a chemi-
cally well-defined form of Cr identified 19 studies that met the criteria [5]. (Not
including well-defined studies eliminates Cr sources such as “Cr-enhanced yeast”).
Nine of the 19 reports reported no effects from supplementation; another may or
may not have seen significant changes depending on how the statistical analysis is
performed. Studies using 150-1000 pg Cr daily for 6 weeks to 16 months have
reported no effects from Cr, while studies using 200—1000 pg for 10 days to 6
months reported beneficial effects. Studies using over 100 subjects, that should have
more power to distinguish potential differences, reported no effects in one case and
beneficial effects from supplementation in the others. Several studies are quite
small, lacking the statistical power to potentially observe effects.

Similarly, no pattern was identified in terms of beneficial effects on particular
symptoms from Cr supplementation. Fourteen studies examined fasting blood glu-
cose levels. Five reported that levels dropped with supplementation while nine
observed no effect. Four studies observed no effect on fasting insulin levels while
levels were lower in three studies. Triglyceride levels were unaffected in four stud-
ies and lower in two studies. Glycated hemoglobin levels were reported to be lower
in four studies, but no change was reported in five studies. Effects on cholesterol
levels were slightly more consistent. Seven studies reported no lowering of total
cholesterol while three noted decreases. For HDL, six studies reported no effect,
while a single study reported an increase in levels; for LDL, five studies reported no
effects, while only a single study reported a decrease. In response to some type of a
glucose challenge, four studies observed no effects on glucose levels while three
saw positive effects; in terms of insulin response, one study had mixed results
depending on the time interval that Cr was administered, while another reported
positive effects. Behavior of the blood variables across the studies was simply found
to be too inconsistent to draw any firm conclusions. This inconsistent behavior
existed whether these studies are broken down by the compound used, the amount
of Cr, the number of subjects, or the length of the study [5].

Two thorough meta-analyses of the effects of Cr supplements on type 2 diabetic
subjects have been reported. Althius et al. [85] in 2002 performed a meta-analysis
on studies under a contract from the Office of Dietary Supplements of the National
Institutes of Health (USA). Using their criterion for inclusion (trials containing a Cr
treatment group and a control), the authors identified only four studies of subjects
with type 2 diabetes for analysis. The combined data from the studies, except those
from a study by Anderson and coworkers [86], showed no effect from chromium on
glucose or insulin concentrations. Thus, they concluded that the data on diabetics
were inconclusive. The authors also examined the effects of Cr supplements on
healthy subjects or subjects with impaired glucose tolerance (but not type 2 diabetes)
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in 14 trials including 425 subjects; no associations between Cr administration and
glucose or insulin concentrations were found.

Another meta-analysis was reported by Balk et al. in 2007 [87], the most thorough
meta-analysis on Cr supplementation in terms of blood variables reported to that
date. Forty-one randomized controlled trials were identified that examined the
effects of chromium supplementation on glucose metabolism and lipids concentra-
tions in >10 non-pregnant adults (i.e., healthy and diabetic subjects) for >3 weeks.
However, almost half were determined to be of poor quality. Nine studies were
funded by the food or supplement industry, 18 were by non-industry sources, and 14
did not indicate the funding source. Ten studies used Brewer’s yeast, 15 studies used
CrCl;, 5 studies used Cr nicotinate and 15 studies used [Cr(pic);]; some studies
compared multiple sources of Cr. No benefit from Cr supplementation was identi-
fied for healthy individuals [87]. Eighteen studies were identified that examined
type 2 diabetic subjects. Cr supplementation was found to statistically improve gly-
cemic control in type 2 diabetics. The effects were fairly small but significant over-
all. When broken down by Cr source, the effects were small but significant for
subjects on yeast and [Cr(pic);] but not CrCl;. Most significantly, the authors
determined the results were not definitive because of the poor quality and heteroge-
neity of the studies. Overall Cr did not affect lipid levels, while [Cr(pic);] lowered
glycated hemoglobin levels. However, lower glycated hemoglobin levels were only
observed in 3 interventions out of 14, two of which came from a single, large study
(that of Anderson and coworkers [86]). Amongst fasting glucose studies, a trend was
observed that industry-sponsored studies were more likely to observe beneficial
effects. The authors also expressed concerns that the Brewer’s yeast results sug-
gested that another component in the yeast may be having an effect because effects
were observed at lower doses of Cr. As a bottom line the authors concluded that Cr
supplementation ‘may have a modest effect’ on glucose metabolism in type 2 dia-
betics but that ‘the large heterogeneity and the overall poor quality limit the strength
of our conclusions’ and that more randomized trials are required [87]. The study
was supported by a contract from the Agency for Healthcare Research and Quality
(US Department of Health and Human Services).

Three studies meeting the appropriate criteria have appeared since the Balk et al.
meta-analysis. These are a small study by Lai [88] with Cr yeast with a 10 subject
treatment and 10 subject control that observed small effects on plasma glucose,
insulin, and glycated hemoglobin; a study with Cr yeast utilizing 57 subjects by
Kleefstra et al. [89] that observed no effects; and a study by Cefalu et al. [90] with
93 subjects that observed no effects with 1000 pg Cr daily as [Cr(pic);]. These studies,
because of the participant size of the last two, would have significantly affected
the results of the meta-analysis if they could have been included, making any effect
of Cr on fasting glucose in type 2 diabetics even more questionable. One must
also note that any meta-analysis is likely to be biased toward the positive as studies
with negative results tend to be published less frequently than positive reports.
Basically, the results come down to the following: (i) clinical trials on Cr(II) complex
supplementation for healthy subjects observe no effects from treatment, (ii) clinical
studies on Cr(III) complex supplementation are equivocal for type 2 diabetic
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subjects, and (iii) the results of the trials with diabetic subjects are basically only
considered equivocal, rather than without observable effect, because of the results
of the single large, well-designed study by Anderson and coworkers [86]. This study
is unique in being the only study using subjects from China and needs to be
independently repeated.

In areview in 1998, Anderson [91] split studies on Cr supplementation of type 2
diabetics into two groups: subjects receiving <200 pg Cr daily and subjects receiv-
ing >200 pg Cr daily. Using all the studies identified with diabetic subjects to that
date, Anderson suggested that >200 pg Cr were required for diabetic subjects to
generate an observable effect. The effect appeared to be largest for [Cr(pic);] where
this apparent effect was the result of only the single study by Anderson and cowork-
ers [86]). Subsequently, this requirement has commonly been cited. However, stud-
ies since 1998 have failed to follow the trend identified by Anderson.

Cefalu and coworkers [90,92] in a preliminary and then in a subsequent report
potentially may have found a relationship that might explain the different results
between populations in the various studies. In a double-blind, placebo-controlled
study, 93 subjects with a fasting plasma glucose level of at least 6.94 mmol L'
received 1000 pg Cr daily as [Cr(pic)s] or placebo for 24 weeks [90]. Comparison
of the treatment and control groups found no effects on body mass, percentage body
fat, free fat mass, or abdominal fat deposits, fasting glucose, glycated hemoglobin,
or insulin sensitivity. Yet, effects were observed when the Cr-receiving subjects at
the end of the study were divided into responders (>10% increase in insulin sensi-
tivity from baseline) and non-responders. At baseline, responders had lower insulin
sensitivity and higher fasting glucose and glycated hemoglobin levels than non-
responders. Thus, Cefalu and coworkers might potentially have identified predictors
for type 2 diabetic subjects that might preferentially respond to Cr treatment. These
results will need to be carefully tested in additional studies where the ‘responder’
group is identified before the Cr administration to establish whether a subsequent
difference is actually manifested.

According to the American Diabetes Association in its 2010 Clinical Practices
Recommendations, ‘Benefit from chromium supplementation in people with diabetes
or obesity has not been conclusively demonstrated and therefore cannot be recom-
mended’ [93]. The American Diabetes Association dropped any mention of chro-
mium in its 2011, 2012, and 2013 recommendations.

In December 2003, Nutrition 21, the major supplier of chromium picolinate,
petitioned the United States Food and Drug Administration (FDA) for eight qualified
health claims:

1. Chromium picolinate may reduce the risk of insulin resistance.
2. Chromium picolinate may reduce the risk of cardiovascular disease when caused
by insulin resistance.
. Chromium picolinate may reduce abnormally elevated blood sugar levels.
4. Chromium picolinate may reduce the risk of cardiovascular disease when caused
by abnormally elevated blood sugar levels.
5. Chromium picolinate may reduce the risk of type 2 diabetes.

(O8]
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6. Chromium picolinate may reduce the risk of cardiovascular disease when caused
by type 2 diabetes.

7. Chromium picolinate may reduce the risk of retinopathy when caused by
abnormally high blood sugar levels.

8. Chromium picolinate may reduce the risk of kidney disease when caused by
abnormally high blood sugar levels [94].

After extensive review, the FDA issued a letter of enforcement discretion allow-
ing only one (No. 5) qualified health claim for the labeling of dietary supplements
[94,95]: ‘One small study suggests that chromium picolinate may reduce the risk of
type 2 diabetes. FDA concludes that the existence of such a relationship between
chromium picolinate and either insulin resistance or type 2 diabetes is highly uncer-
tain.” The small study was performed by Cefalu et al. [96]. This study was a placebo-
controlled, double-blind trial examining 1000 pg/day of Cr as [Cr(pic);] on 29 obese
subjects with a family history of type 2 diabetes; while no effects of the supplement
were found on body mass or body fat composition or distribution, a significant
increase in insulin sensitivity was observed after four and eight months of
supplementation.

This raises the question of why the discrepancy between human and rodent stud-
ies exists. Rodent studies observing beneficial effects generally provided rats
between 80 and 1000 pg Cr/kg body mass daily. Based on mass, this would corre-
spond to 5.2 to 65 mg Cr daily for an average 65 kg human. Even when corrected
for the increased metabolic rate of rats compared to humans, this range corresponds
to ~1 to 13 mg of Cr daily. Thus, human clinical trials may have only started to
approach the dose necessary to see a beneficial effect in humans. The amount of Cr
used in clinical trials needs to be increased before ruling out that Cr has no effect on
type 2 diabetic subjects. However, one cannot rule out that something is unique
about rodents that allows Cr to have beneficial effects. Unfortunately, studies of Cr
supplementation on farm animals are also equivocal and often use doses in propor-
tion to body mass even smaller than those used in human clinical trials [5,97].

Recently, Vincent [S5] has proposed that in order to definitely determine whether
Cr supplementation has an effect on diabetics, human clinical trials should:

(1) be performed with sufficient power to be able to realistically observe effects, on
subjects whose baseline characteristics are well established, and for periods of
time of at least 4—6 months. Knowing baseline characteristics is particularly
important, given the possibility at the current dosages that only subjects with
the highest degrees of insulin resistance may be responsive to Cr.

(2) be performed with larger doses of Cr(IIl). Studies using JCR:LA-cp or ZDF
rats utilized 80-1000 pg Cr/kg daily corresponding to approximately 5.2-65
mg daily for a human (based on body mass). If corrected for the increased
metabolic rate of rats, this still correspond to ~1-13 mg daily. Studies are
needed using 5-7 mg Cr(III) daily for 4—6 months or longer.

(3) be carefully monitored for any deleterious effects, especially when using the
higher doses of Cr(III).



186 Vincent
3.3 Proposed Mechanisms of Action

3.3.1 Insulin Signaling

When many bioinorganic chemists or nutritionists think of a biological form of
chromium, glucose tolerance factor (or GTF) may be their first thought. As has been
reviewed many times recently [5,25,98], the studies postulating the existence of
GTF are flawed, and the material isolated from Brewer’s yeast and also called GTF
is an artifact of its isolation. The term GTF should be removed from the lexicon of
the chemistry and nutrition communities. What then can be said about the action of
chromium at a molecular level?

Given that Cr(III) appears to have pharmacological effects in increasing insulin
sensitivity and altering lipid metabolism in rodent diabetes models, Cr must interact
directly with some biomolecules(s) to generate these effects. To begin to elucidate
how Cr can affect insulin sensitivity at a molecular level, the effects of Cr on cultured
mammalian cells have been probed. However, research results are contradictory
such that the state of the field is not immediately clear (reviewed in [98]). Using the
lesson learned from toxicology studies of [Cr(pic);] (see Section 4.2), some of the
discrepancies might be explained based on the stability of the Cr(III) complexes and
what form of Cr(IIl) is actually being presented to the cells (and whether this form
is biologically relevant); yet, this does not aid in elucidating the site of action of Cr.
Most of these studies have used adipocytes (or preadipocytes) or skeletal muscles,
cells known to incorporate Fe via endocytosis of transferrin. These cells should,
thus, intake Cr via transferrin endocytosis. Given that Cr-loaded transferrin can be
readily prepared, the physiologically relevant form of Cr, i.e., Cr transferrin, should
be used in cell culture studies to deliver Cr to the cells.

One result is nearly uniform across cell culture studies utilizing skeletal muscle,
adipocytes, or adipocyte-like cells — Cr enhances glucose uptake and metabolism in
a fashion dependent on insulin (see, for example, [99]). Numerous pathways by
which a Cr biomolecule could manifest itself in these effects have been proposed.
However, research results in in vitro and in vivo systems are contradictory, such that
the state of the field is not immediately clear (Table 1). Attention has been focused
on two sites of action in the insulin signaling cascade as the potential sites of Cr
action, insulin receptor (IR) and Akt.

The most thorough studies observing increased IR signaling from Cr(III) treat-
ment were reported by Brautigan and coworkers [100]. Preincubation of Chinese
hamster ovary (CHO) cells overexpressing IR with [Cr(pic);], Cr histidine (actually
a complex mixture of numerous Cr-histidine complexes), or [Cr;O(propionate)s
(H,0)5]* (Cr3) activated IR tyrosine kinase activity in the cells at low doses of insu-
lin. While the concentration dependence was only examined for Cr histidine, the
effect was concentration-dependent. Neither insulin binding to the cells nor IR
number was affected. Additionally, the addition of Cr did not inhibit dephosphoryla-
tion of the IR by endogenous phosphatases or added PTP1B (phosphotyrosine phos-
phatase 1B). Also, Cr apparently did not alter redox regulation of PTP1B (i.e., by trapping
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Table 1 Selected studies of effects of chromium administration on insulin signaling pathway.

Cell or organism  Chromium compound Effect Refs.
Skeletal muscle CrCl;, [Cr(pic)s], Up-regulation of insulin receptor [152]
Cr peptide complexes mRNA levels

Insulin-resistant  [Cr(pic)s] No effect on insulin receptor [120]
3T3-L1 and Akt mRNA levels
adipocytes

Chinese hamster  [Cr(pic);], Cr3, Activated IR kinase activity [100]
ovary cells Cr histidine

JCR:LA rat [Cr(pic);] Increased insulin receptor, IRS-1, [63]

and Akt phosphorylation
and increased PI3K activity

3T3-L1 Cr(D-phe); Increased phosphorylation of Akt [153]
adipocytes but not insulin receptor

3T3-L1 [Cr(pic);] No effect on phosphorylation of [113,115]
adipocytes insulin receptor, IRS-1, or Akt

KK/HIJ mice Milk powder enriched Increased IRS-1 tyrosine phospho-  [154]
skeletal with trivalent Cr rylation, increased Akt activity,
muscle and decreased IRS-1 serine-307

phosphorylation

3T3-L1 Cr histidine Increased insulin-stimulated glucose [101]

adipocytes uptake and insulin-stimulated

tyrosine phosphorylation of IR
C2C12 skeletal Cr oligo-mannuronate Enhanced phosphorylation of IR, [155]
muscle cells PI3K, and Akt and AMPK

“ Table adapted from [5].

the oxidized inactive form or by preventing its reduction and reactivation). CrCl;
and Cr histidine were found not to activate the kinase activity of a recombinant frag-
ment of IR. The authors concluded that Cr inside the cell modified the receptor in
some manner, activating its kinase activity [100]. Subsequently, Brautigan, et al.
[101] demonstrated that Cr histidine stimulated tyrosine phosphorylation of IR in
3T3-L1 adipocytes in the presence of insulin but not of MAPK (mitogen-activated
protein kinase) or 4E-BP1, markers for activation of transcription and translation,
respectively, in the presence of insulin; glucose uptake in the presence of insulin
was also stimulated by Cr histidine. The effects of Cr histidine were also examined
in competition with those of vanadate [101]; the results were interpreted in terms of
Cr having an action involving IR activation and potentially in another action beyond
IR activation that increases GLUT4 transport.

Sreejayan and coworkers [81] using Cr(D-phenylalaninate); (Cr(D-phe);) have
generated evidence for an association between Cr and Akt. Cr(D-phe); (5 or 25 pM
for 10 days) was found to increase insulin-stimulated glucose uptake by cultured
mouse 3T3-adipocytes. Treatment of the cells with 5 uM Cr for 0.5 to 4 hours or 0.1
to 100 pM Cr for 2 hours did not increase insulin-stimulated phosphorylation of IR
(Tyr1146) significantly, while under similar conditions insulin-stimulated Akt phos-
phorylation (Thr308) was increased significantly.
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To reconcile the heterogeneous results in the studies with cultured cells (Table 1),
the complexes need to be studied under uniform conditions — the same cells treated
in the same manner for the same period of time with the same Cr complex at the
same concentrations. Additionally the Cr compounds need to be examined over a
range of concentrations over varying periods of time with each of the cell types. The
stability of the Cr complexes in the culture media needs to be established. Only in
this manner will the actual Cr species in contact with the cells be established.
Similarly, the distribution, concentration, and form of the Cr in the cells needs to be
determined. Control experiments using just the ligands need to be performed to
determine if any effects arise from just the ligands. Without this type of comprehen-
sive treatment, progress in interpreting the body of cell culture experiments is going
to be difficult if not impossible as has already been found in toxicology studies (see
Section 4.2). Studies would probably be best performed if Cr-transferrin, the form
of Cr by which the metal is delivered to cells, were utilized.

One specific biomolecule has been proposed as the biologically active chromium-
binding molecule. This is the only biomolecule other than transferrin known to bind
Cr in vivo, low-molecular-weight Cr-binding substance (LMWCr or chromodulin).
This molecule occurs in the tissue, the bloodstream, and the urine and appears to
bind Cr in the tissues for its elimination from the body via the urine. The history of
studies of this molecule has been exhaustively reviewed [5,102] and is beyond the
coverage of this review. The inability of the organic portion of this Cr-peptide com-
plex to be characterized generated significant controversy, as the situation bore
similarity to the previous inability to characterize the organic component of GTF
[103]. Another important concern is that a Cr-loading procedure is necessary in the
purification of LMWCr, so that the peptide could be followed (by its Cr content)
through the isolation procedure; thus, the animal providing the tissue or body fluid
is usually administered a Cr(IIl) or Cr(VI) source or such a source is added to the
tissue homogenate or fluid [5,102]. Rupture of CrO3 -treated mammalian cultured
cells resulted in Cr being bound to a low-molecular-weight species with spectro-
scopic properties similar to LMWCr [104]. This was interpreted in terms of LMWCr
being an artifact generated during isolation; however, the unnatural method of pre-
senting CrOj~ in high concentration to cultured cells also suffers from the types of
problems discussed above when using cultured cells. Thus, this study only shows
that apoLMWCTr can potentially bind Cr in a cell extract and potentially bind Cr
tight enough to remove it from other biomolecules, consistent with the results of the
isolation procedures of LMWCr described above. The Cr environment of LMWCr
has been characterized by a variety of techniques including paramagnetic NMR,
EPR, X-ray absorbance, and variable temperature magnetic susceptibility [105,106].
The peptide component has recently been sequenced by mass spectrometry [107];
the sequence begins with four glutamate residues whose cyclizing blocked attempts
at Edman degradation sequencing. The peptide binds four chromic ions with identi-
cal binding constants and cooperativity as apoLMWCr (within experimental error)
[107]. LMWCr has been found to stimulate insulin-dependent glucose incorpora-
tion and metabolism in isolated rat adipocytes [99,104] and in vitro to stimulate
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(or perhaps retard the deactivation of) the kinase activity of the insulin-activated
insulin receptor [108,109].

A mechanism for LMWCr in amplifying insulin signaling has been proposed
[110,111]. This proposal was put forward when Cr was thought to be essential; the
mechanism needs to be altered, so that it would be in vogue under conditions of Cr
supplementation, so that abnormally high concentrations of holoLMWCr are gener-
ated. In this mechanism, apoLMWCer is stored in insulin-sensitive cells. Responses
to increases in blood insulin concentrations result in activation of the insulin-
signaling cascade: insulin binds to its receptor bringing about a conformational
change that results in the autophosphorylation of tyrosine residues on the internal
side of the receptor, transforming the receptor into an active tyrosine kinase and
transmitting the signal from insulin into the cell. In response to this signaling, trans-
ferrin moves from the bloodstream into cells, carrying in part Cr3D into the cells.
The Cr flux results in loading of LMWCr with Cr. The holoLMWCr then binds to
the insulin receptor, presumably assisting to maintain the receptor in its active
conformation and amplifying insulin signaling. This mechanism requires demon-
stration that it can (or cannot be) active in vivo to verify (or refute); clear demonstra-
tion that the IR is directly involved in increasing insulin sensitivity by Cr would
support this mechanism. As Cr is probably not an essential element, LMWCr could
be part of a Cr detoxification system as suggested by Yamamoto, Wada, and Ono
[112]; Cr supplementation, which leads to increased Cr concentrations in the body,
could lead to increased concentrations of holoLMWCr, capable in turn of affecting
insulin signaling. Studies need to determine the origin of LMWCe, i.e., what protein
is it made from and what enzymes are involved? Is the holoLMWCr biologically
active at physiological levels (suggesting a potential biological role for Cr) or is it
significantly active only when Cr concentrations are high? Does LMWCTr interact
with the IR in vivo, or does it manifest its effects elsewhere?

3.3.2 Cholesterol and Fatty Acid Metabolism

Elmendorf and coworkers have examined the effects of CrCl; and [Cr(pic);] on 3T3-
L1 adipocytes [113—117] (however see [118,119]). In their first report [113], CrCl;
and [Cr(pic);] were shown to increase GLUT4 transport to the plasma membrane in
the presence of insulin. Cr treatment did not affect IR, insulin receptor substrate-1
(IRS-1), PI3K, or Akt regulation but decreased plasma membrane cholesterol.
Subsequently, the effects of [Cr(pic);] were shown to be dependent on the glucose
concentration of the media with the effects being observed at 25 mM, but not 5.5
mM [114]. [Cr(pic);] activated AMPK (AMP-activated protein kinase) and improved
defects in cholesterol transporter ABCAL trafficking and cholesterol accrual in the
high glucose treated cells [117].These researchers have postulated that Cr mani-
fested its effects via affecting the cholesterol homeostasis and the membrane fluidity
[113-117]. Yao and coworkers [120,121] determined that [Cr(pic);] increased
glucose uptake and metabolism and GLUT4 transport in 3T3-L1 adipocytes; the effects
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were independent of insulin. Cr (60 nM) had no effect on IR or Akt phosphorylation
but was found to activate MAPK independent of its effect on GLUT4 translocation.
They also looked at the effects of Cr at both 25 and 5.5 mM glucose in their studies
described above; similar results were observed at both glucose concentrations in
contrast to Elmendorf and coworkers.

The use of exclusively [Cr(pic);] in some of the studies examining membrane
properties generates some questions that may be related to differing results between
cell studies. While not particularly lipophilic, despite being neutral in charge [122],
the compound still appears to be able to partition to a significant degree to cell mem-
branes. This membrane incorporation of [Cr(pic);] results, for example, in increased
membrane permeability [123]. Thus, some of the observations related to cholesterol
homeostasis may be specifically related to the use of [Cr(pic)s], its lipophilicity, and
its stability in cell culture media. Notable in this regard is a recent report showing
that [Cr(pic);] associates with the lipid interface in reverse micelle model mem-
branes and that a similar association could explain the increased association of the
insulinreceptor, phosphorylated IRS-1, and phosphorylated Aktin detergent-resistant
membrane microdomains [124].

3.3.3 Inflammation and Oxidative Stress

Jain and Kannan have shown that monocytes exposed to high glucose concentra-
tions have lower levels of the cytokine TNF-a (tumor necrosis factor-a) in the pres-
ence of 100 pM CrCl; for 24 hours at 37°C [125]. Treatment with CrCl; also
inhibited stimulation of TNF-« secretion in these cells by 50 pM H,0O,. Lipid per-
oxidation and protein oxidation in the presence of H,O, was also inhibited by CrCls.
As increased TNF-a secretion may be associated with insulin resistance, Jain has
proposed in an interview that increased insulin sensitivity arising from Cr adminis-
tration may be mediated by lowering of TNF-a levels [126]. In a follow-up study,
CrCl; in combination with estrogen lowered lipid peroxidation in high glucose-
treated monocytes [127]. The combination was also found to decrease interleukin-6
(IL-6) secretion. Cr was proposed to potentiate the effects of estrogen [127].
Curiously, another group has shown that Cr(III) treatment (350-500 ppm) results in
increased TNF-a production by macrophages (in the absence of high glucose con-
centrations) [128]. This activation by chromium (CrCl;) may be regulated by tyro-
sine kinases [129]. The results in the presence of high glucose could also point to an
association between reactive oxygen species and chromium, but these studies must
be considered extremely preliminary. Additionally, the fate of Cr in these cell cul-
ture studies needs to be examined. Subsequent studies in Zucker diabetic fatty [65]
and streptozotocin-induced diabetic rats [130] have found that Cr(III) administra-
tion can lower blood levels of TNF-a, IL-6, and C-reactive protein, although differ-
ences appeared to be observed depending on choice of Cr(IIT) complex administered.
Cr(IIT) administration has also been reported to lower blood levels of TNF-a in a
clinical trial of type 2 diabetic subjects, although again differences appeared to be
observed depending on choice of Cr(II) complex administered [131].
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4 Is Chromium Toxic?

4.1 Chromate

Lay and coworkers [132,133] have proposed that chromate generated enzymatically
(i.e., from hydrogen peroxide or other species generated by enzymes) from Cr(III)
in the body could act as a phosphotyrosine phosphatase (PTP) inhibitor, in a similar
manner to vanadate, and that the site of action of Cr is at the PTPs. The proposal that
chromate could be involved in chromium action in vivo is based on the ability of
hydrogen peroxide to oxidize Cr(III) compounds to chromate, suggesting the appar-
ent beneficial effects of Cr actually stem from side effects of its toxicity [133]. To
demonstrate this, Lay and coworkers exposed chromium picolinate, CrCl; and the
basic chromium carboxylate cation Cr3 to 0.10-1 mM hydrogen peroxide for 1-6 h
in 0.10 M HEPES buffer at pH 7.4. This resulted in the formation of chromate in
efficiencies of from 1% ([Cr(pic);] for 6 h with 1 mM H,0,) to 33% (the cation for
6 h with 1 mM H,0,). The cation could also be oxidized with hypochloride or glu-
cose oxidase or xanthine oxidase (enzymes that produce H,0O,). However, when one
considers the amount of Cr humans consume from their diet and from nutritional
supplements and the low % absorption and that cell concentrations of peroxide are
107 to 10®* M while numerous reductants (such as ~5 mM ascorbate) are present,
the probability that cell concentrations of chromate could even approach the K; of
chromate for phosphatases is negligibly small [5]. Similarly, toxicity from chromate
at these concentrations is unlikely. Given the enormous doses of Cr(III) complexes
shown to have no detrimental effects (see Section 4.2), this proposed mechanism of
toxicity from chromate generated from Cr(III) sources can be ignored.

4.2 Chromium Picolinate and Other Cr(II1) Complexes

The potential toxicity of Cr picolinate, [Cr(pic);], the most popular form of Cr sup-
plement over the last two decades, has been an area of intense debate, but consensus
has probably recently been reached (for recent reviews see [5,134,135]). In mam-
malian cell culture studies and mammalian studies in which the complex is given
intravenously [5,134], [Cr(pic);] is clearly toxic and mutagenic, unlike other
commercial forms of Cr(II) supplements. The first study to raise concerns about
potential toxic effects, by Stearns and coworkers [136], demonstrated, using CHO
cells, that [Cr(pic);] as a solid suspension in acetone or the mother liquor from the
synthesis of [Cr(pic);] (before the compound precipitates from solution) caused
chromosomal aberrations. Subsequent studies have shown that the complex gives
rise to a variety of types of oxidative damage and is clastogenic [137-143]. This led,
for example, in fruit flies (Drosophila) to dominant female sterility, appreciable
delays in development of larvae and adults, and lower success rates in pupation
and eclosion; the Cr dosage in these studies was approximately equivalent to a
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human consuming one 200 pg Cr-containing supplement a day [144]. The ability of
[Cr(pic);] to generate chromosomal aberrations in polytene chromosomes of the
salivary glands of Drosophila larvae was also examined; in the [Cr(pic);]-treated
group, 53% of the identified chromosomal arms were positively identified as con-
taining one or more aberrations, while no aberrations were observed for the identi-
fied chromosomal arms of the control group [145]. No effects on Drosophila were
observed for other Cr(III) compounds examined [144,145]. However, when given
orally to mammals, [Cr(pic);] does not appear to be toxic nor appear to be a mutagen
or carcinogen.

An NIH-commissioned study of the effects of up to 5% of the diet (by mass) of
male and female rats and mice for up to 2 years found no harmful effects on female
rats or mice or male mice and at most ambiguous data for one type of carcinogenic-
ity in male rats (along with no changes in body mass in either sex of rats or mice)
[146]. Despite numerous claims that [Cr(pic);] is absorbed better than inorganic
forms of Cr used to model dietary Cr, CrCl;, Cr nicotinate (the second most popu-
lar form of Cr sold as a nutritional supplement), and [Cr(pic);] are absorbed to a
similar degree in rats [24,147,148]. Only 1% of absorbed Cr from the supplement
is found in the bloodstream as [Cr(pic);], suggesting that little of the intact mole-
cule is absorbed [149]. When ingested, the complex probably hydrolyzes near the
stomach lining, releasing the Cr, which is subsequently absorbed. The picolinate
ligands also alter the redox properties of the Cr center such that it is more suscep-
tible to undergoing redox chemistry in the body than hexaaqua Cr(IIT) [150,151].
The hydrolysis of the complex is probably fortuitous, releasing the Cr before the
intact [Cr(pic);] complex can be absorbed to an appreciable level and potentially
enter into redox chemistry, in contrast to the cell studies where the very stable,
neutral complex could be absorbed intact. The message of these conflicting results
is that applying solutions of Cr(III) compounds to cultured cells in general does
not present Cr(III) to the cells in a comparable fashion to that in which Cr(III)
is presented to cells in the body; the difference may be crucial to the results and
interpretation of the study.

In summary, Cr(IIl) supplementation appears to be safe at levels currently used
in nutritional supplements and in pharmacology studies, in line with assessments by
the Food and Drug Administration (USA) and European Food Safety Authority.
However, as no benefit has been demonstrated for Cr supplementation of healthy
individuals, any potential risk from supplementation would appear to outweigh
potential benefits at the current time.

5 Concluding Remarks and Future Direction

At present Cr cannot be considered as an essential element as (i) nutritional data
demonstrating Cr deficiency and improvement in symptoms from Cr supplementa-
tion are lacking and (ii) no biomolecules have convincingly been demonstrated
to bind Cr and have an essential function in the body. No beneficial effects have
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convincingly been demonstrated from Cr supplementation by healthy humans.
Cr(IIT) supplementation appears to be safe at levels currently used in nutritional
supplements and in pharmacology studies. While studies with rodent models repro-
ducibly demonstrate beneficial effects from Cr supplementation at pharmacological
doses, the scientific literature for clinical trials in diabetic humans lacks consistent
and reproducible outcomes.

Future clinical studies need to be more carefully designed including the utiliza-
tion of an appropriate number of subjects and appropriate amount of administered
Cr, the use of well characterized Cr(II) compounds, and the examination of whether
particular subgroups of type 2 diabetic subjects are likely to benefit from chromium
supplementation. Further studies are required to investigate the mechanism and
mode of action of Cr(III) at the molecular level in enhancing insulin sensitivity and
potentially improving cholesterol metabolism.

Abbreviations and Definitions

Al adequate intake

AMPK AMP-activated protein kinase
CHO Chinese hamster ovary

Cr3 [Cr;O(propionate)s(H,O);]*

Cr(D-phe);  Cr(D-phenylalaninate),

[Cr(pic),] chromium picolinate

4E-BP1 4E-binding protein-1

ESADDI estimated safe and adequate daily dietary intake

FDA Food and Drug Administration

FEEDAP Panel on Additives and Products or Substances Used in Animal Feed
FTC Federal Trade Commission

GLUT4 glucose transporter type 4

GTF glucose tolerance factor

HDL high density lipoprotein

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IL-6 interleukin-6

IR insulin receptor

IRS-1 insulin receptor substrate-1

LDL low density lipoprotein

LMWCr low-molecular-weight chromium-binding substance
MAPK mitogen-activated protein kinase

PI3K phosphatidylinositol 3-kinase

PTP phosphotyrosine phosphatase

PTP1B phosphotyrosine phosphatase 1B

TNF-a tumor necrosis factor-a

TPN total parenteral nutrition

ZDF Zucker diabetic fatty (rats)



194

Vincent

Acknowledgment The author wishes to thank the USDA for supporting his recent research on
the nutritional biochemistry of chromium (National Research Initiative Grant 2009-35200-05200
from the USDA Cooperative State, Research, Educational, and Extension Service).

References

AW N =

10.
11.
12.
13.

14.

15

16.
17.

18.

19.
20.

21.

22.
23.

24
25

. R. A. Anderson, J. Am. Coll. Nutr. 1998, 17, 548-555.

. R. A. Anderson, Regul. Toxicol. Pharmacol. 1997, 26, S35-S41.

. R. A. Anderson, Biol. Trace Elem. Res. 1992, 32, 19-24.

. Federal Trade Commission, Docket No. C-3758 Decision and Order, 1997, http://www.ftc.
gov/0s/1997/07/nutritid.pdf (accessed 14 December 2012).

. J. B. Vincent, The Bioinorganic Chemistry of Chromium, John Wiley and Sons, Chichester,
UK, 2013.

. National Research Council, Recommended Dietary Allowances, 9th Ed. Report of the
Committee on Dietary Allowances, Division of Biological Sciences, Assembly of Life Science,
Food and Nutrition Board, Commission on Life Science, National Research Council, National
Academy Press, Washington, D.C., 1980.

. National Research Council, Recommended Dietary Allowances, 10th Ed. Subcommittee on
the tenth edition of the RDAs, Food and Nutrition Board, Commission on Life Sciences,
National Research Council, National Academy Press, Washington, D.C., 1989.

. National Research Council, Dietary Reference Intakes for Vitamin A, Arsenic, Boron,
Chromium, Copper, lodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and
Zinc. A Report of the Panel of Micronutrients, the Subcommittee on Upper Levels of Nutrients
and Interpretations and Uses of Dietary Reference Intakes, and the Standing Committee on
the Scientific Evaluation of Dietary Reference Intakes, National Academies of Sciences,
Washington, D.C., 2002.

. Panel on Additives and Products or Substances Used in Animal Feed, EFSA J. 2009, 1043,

1-69.

W. Mertz, K. Schwarz, Arch. Biochem. Biophys. 1955, 58, 504-506.

K. Schwarz, W. Mertz, Arch. Biochem. Biophys. 1957, 72, 515-518.

K. Schwarz, W. Mertz, Arch. Biochem. Biophys. 1959, 85, 292-295.

P. R. Shepherd, C. Elwood, P. D. Buckley, L. F. Blackwell, Biol. Trace Elem. Res. 1992, 32,

109-113.

R. A. Anderson, J. H. Brantner, M. M. Polansky, J. Agric. Food Chem. 1978, 26,

1219-1221.

. R. A. Anderson, A. S. Kozlovsky, Am. J. Clin. Nutr. 1985, 41, 117-121.

R. A. Anderson, N. A. Bryden, M. M. Polansky, J. Am. Diet. Assoc. 1993, 93, 462—-464.

J. S. Stiffler, J. S. Law, M. M. Polansky, S. J. Bhathena, R. A. Anderson, Metabolism 1995,

44, 1314-1320.

J. S. Striffler, M. M. Polansky, R. A. Anderson, Metabolism 1998, 47, 396-400.

J. S. Striffler, M. M. Polansky, R. A. Anderson, Metabolism 1999, 48, 1063—1068.

U. S. Environmental Protection Agency, Recommendations for and Documentation of

Biological Values for Use in Risk Assessment, U. S. Environmental Protection Agency,

Washington, D.C., EPA/600/6-87/008 (NTIS PB88179874), 1988.

K.R.DiBona, S. Love, N. R. Rhodes, D. McAdory, S. H. Sinha, N. Kern, J. Kent, J. Strickland,

A. Wilson, J. Beaird, J. Ramage, J. F. Rasco, J. B. Vincent, J. Biol. Inorg. Chem. 2011, 16,

381-390.

H.J. Dowling, E. G. Offenbacher, F. X. Pi-Sunyer, J. Nutr: 1989, 119, 1138-1145.

W. Mertz, E. E. Roginski, R. C. Reba, Am. J. Physiol. 1965, 209, 489-494.

. K. Kottwitz, N. Lachinsky, R. Fischer, P. Nielsen, Biometals 2009, 22, 289-295.

. J. B. Vincent, Polyhedron 2001, 20, 1-26.


http://www.ftc.gov/os/1997/07/nutritid.pdf
http://www.ftc.gov/os/1997/07/nutritid.pdf

6 Is Chromium Essential, Pharmacologically Relevant or Toxic? 195

26
27
28

29.
30.

31.
32.

33.

34.

35

36.
37.
38.

39.
40.
41.
42.
43.

44.
45.

46.
47.
48.
49.
50.
51.

52.

53

54.
55.

56.

57.
58.
59.
60.
61.
62.

63.

B. Vincent, M. J. Hatfield, Nutr. Abstr. Rev., Ser. A 2004, 74, 15N-23N.

J. Clodfelder, J. B. Vincent, J. Biol. Inorg. Chem. 2005, 10, 383-393.

J. Clodfelder, R. G. Upchurch, J. B. Vincent, J. Inorg. Biochem. 2004, 98, 522-533.

Y. Sun, J. Ramirez, S. A. Woski, J. B. Vincent, J. Biol. Inorg. Chem. 2000, 5, 129-136.

N. R. Rhodes, P. A. LeBlanc, J. F. Rasco, J. B. Vincent, Biol. Trace Elem. Res. 2012, 148,
409-414.

R. A. Anderson, A. S. Kozlovsky, J. Clin. Nutr. 1985, 41, 1177-1183.

R. A. Anderson, M. M. Polansky, N. A. Bryden, K. Y. Patterson, C. Veillon, W. H. Glinsmann,
J. Nutr. 1983, 113, 276-281.

R. A. Anderson, M. M. Polansky, N. A. Bryden, E. E. Roginski, K. Y. Patterson, C. Veillon,
W. Glinsmann, Am. J. Clin. Nutr. 1982, 36, 1184-1193.

R. A. Anderson, N. A. Bryden, M. M. Polansky, J. Am. Coll. Nutr. 1997, 16, 1184-1193.

. B. W. Morris, S. MacNeil, C. A. Hardisty, S. Heller, C. Burgin, T. A. Gray, J. Trace Elem.,
Med. Biol. 1999, 13, 57-61.

B. W. Moirris, G. J. Kemp, C. A. Hardisty, Clin. Chem. 1985, 31, 334-335.

W. Feng, W. Ding, Q. Qian, Z. Chai, Biol. Trace Elem. Res. 1998, 63, 129-138.

N. R. Rhodes, D. McAdory, S. Love, K. R. Di Bona, Y. Chen, K. Ansorge, J. Hira, N. Kern,
J. Kent, P. Lara, J. F. Rasco, J. B. Vincent, J. Inorg. Biochem. 2010, 104, 790-797.

R. A. Anderson, N. A. Bryden, M. M. Polansky, S. Reiser, Am. J. Clin. Nutr. 1990, 51,
864-868.

S. Reiser, A. S. Powell, C.-Y. Yang, J. J. Canary, Am. J. Clin. Nutr. 1987, 45, 580-587.

K. M. Behall, J. C. Howe, R. A. Anderson, J. Nutr. 2002, 132, 1886—1891.

C. T. Gurson, G. Saner G, Am. J. Clin. Nutr. 1978, 31, 1158-1161.

B. W. Morris, S. Mac Neil, K. Stanley, T. T. A. Gray, R. Fraser, J. Endocrin. 1993, 39,
339-345.

B. W. Morris, A. Blumsohn, S. Neil, T. A. Gray, Am. J. Clin. Nutr. 1992, 55, 989-991.

B. J. Clodfelder, J. Emamaullee, D. D. D. Hepburn, N. E. Chakov, H. S. Nettles, J. B. Vincent,
J. Biol. Inorg. Chem. 2001, 6, 608-617.

S.T. Love, K. R. D Bona, S. H. Halda, D. McAdory, B. R. Skinner, J. F. Rasco, J. B. Vincent,
Biol. Trace Elem. Res. 2013, in press.

K. N. Jeejeebhoy, R. C. Chu, E. B. Marliss, G. R. Greenberg, A. Bryuce-Robertson, Am.
J. Clin. Nutr. 19717, 30, 531-538.

H. Freund, S. Atamian, J. E. Fischer, JAMA 1979, 241, 496-498.

K. N. Jeejeebhoy, Nutr. Rev. 1999, 57, 329-335.

K. N. Jeejeebhoy, J. Trace Elem. Exp. Med. 1999, 12, 95-89.

R. B. Brown, S. Forloines-Lynn, R. E. Cross, W. D. Heizer, Dig. Dis. Sci. 1986, 31,
661-664.

A. H. Verhage, W. K. Cheong, K. N. Jeejeebhoy, J. Parent. Enteral Nutr. 1996, 20, 123-127.
. M. Via, C. Scurlock, J. Raikhelkar, G. Di Louzzo, J. I. Mechanick, Nutr. Clin. Prac. 2008, 23,
325-328.

T. C. Drake, K. D. Rudser, E. R. Seaquist, A. Saeed, Endocrin. Pract. 2012, 18, 394-398.
O.]J. Phung, R. A. Quercia, K. Keating, W. L. Baker, J. L. Bell, C. M. White, C. I. Coleman,
Am. J. Health-Syst. Pharm. 2010, 67, 535-541.

R. E. Scully, E. J. Mark, W. F. Mcneely, B. U. McNeely, New England J. Med. 1990, 322,
829-841.

O. Wongseelashote, M. A. Daly, E. H. Frankel, Nutrition 2004, 20, 318-320.

D. M. Stearns, Biofactors 2000, 11, 149-162.

L. Howard, C. Ashley, D. Lyon, A. Shenkin, J. Parenter. Enteral Nutr. 2007, 31, 388-396.
A. Moukarzel, Gastroenterology 2009, 137 (Suppl. 5), S18-S28.

I. E. Braiche, P. L. Carver, K. B. Welch, J. Parenter. Enteral Nutr. 2011, 35, 736-747.

S. D. Proctor, S. E. Kelly, K. L. Stanhope, P. J. Havel, J. C. Russell, Diabetes Obes. Metab.
2007, 9, 87-95.

Z. Q. Wang, X. H. Zhang, J. C. Russell, M. Hulver, W. T. Cefalu, J. Nutr. 2006, 136,
415-420.

R
. B.
. B.



196

64.
65.
66.
67.
68.
69.
70.

. D.S. Kim, T. W. Kim, J. S. Kang, J. Trace Elem. Med. Biol. 2004, 17, 243-247.
72.

71

73.

74.

75.
76.

77

79.

80.
81.

82.

83

86.
87.
88.
89.
90.
91.
92.

93.
94.

9s.
96.

Vincent

W. T. Cefalu, Z. Q. Wang, X. H. Zhang, J. C. Russell, J. Nutr. 2002, 132, 1107-1114.

S. K. Jain, J. L. Croad, T. Velusamy, J. L. Rains, R. Bull, Mol. Nutr. Food Res. 2010, 54, 1-10.
B. J. Clodfelder, B. M. Gullick, H. C. Lukaski, Y. Neggers, J. B. Vincent, J. Biol. Inor. Chem.
2005, 10, 119-130.

N. Talpur, B. W. Echard, T. Yasmin, D. Bagchi, H. G. Preuss, Mol. Cell. Biochem. 2003, 252,
369-377.

M. S. Mozaffari, R. Abdelsayed, J. Y. Liu, H. Wimborne, A. El-Remessy, A. El-Marakby,
Nutr. Metab. 2009, 6, 51.

Y. Sun, B. J. Clodfelder, A. A. Shute, T. Irvin, J. B. Vincent, J. Biol. Inorg. Chem. 2002, 7,
852-862.

A. Abdourahman, J. G. Edwards, I[UBMB Life 2008, 60, 541-548.

A. Dogukan, N. Sahin, M. Tuzcu, V. Juturu, C. Orhan, M. Onderci, J. Komoroski, K. Sahin,
Biol. Trace Elem. Res. 2009, 131, 124-132.

K. Sahin, M. Onderci, M. Tuzcu, B. Ustandag, G. Cikim, I. H. Ozercan, V. Sriramoju, V. Juturu,
J. R. Komorowski, Metabolism 2007, 56, 1233—1240.

A. Shinde Urmila, G. Sharma, J. Xu Yan, S. Dhalla Naranjan, K. Goyal Ramesh, Exp. Clin.
Endocrinol. Diabetes 2004, 112, 248-252.

U. A. Shinde, R. K. Goyal, J. Cell. Mol. Med. 2003, 7, 322-329.

F. R. Flatt, L. Juntti-Breggren, P. O. Breggren, B. J. Gould, S. K. Swanston-Flatt, Diabetes
Res. 1989, 10, 147-151.

. R. W. Tuman, R. J. Doisy, Diabetes 1977, 26, 820-826.
78.

G. L. Mannering, J. A. Shoeman, D. W. Shoeman, Biochem. Biophys. Res. Commun. 1994,
200, 1455-1462.

C. Rink, S. Roy, S. Khanna, T. Rink, D. Bagchi, C. K. Sen, Physiol. Genomics 2007, 27,
370-379.

C. D. Seaborn, B. J. Stoecker, J. Nutr. 1989, 119, 1444-1451.

X. Yang, K. Palanichamy, A. C. Ontko, M. N. Rao, C. X. Fang, J. Ren, N. Sreejayan, FEBS
Lett. 2005, 28, 1458-1464.

X. Yang, S. Y. Li, F. Dong, J. Ren, N. Sreejayan, J. Inorg. Biochem. 2006, 100, 1187-1193.

. F. Dong, X. Yang, N. Sreejayan, J. Ren, Obesity 2007, 15, 2699-2711.
84.
85.

N. Sreejayan, F. Dong, M. R. Kandadi, X. Yang, J. Ren, Obesity 2008, 16, 1331-1337.

M. D. Althius, N. E. Jordan, E. A. Ludington, J. T. Wittes, Am. J. Clin. Nutr. 2002, 76,
148-155.

R. A. Anderson, N. Cheng, N. A. Bryden, M. M. Polansky, N. Cheng, J. Chi, J. Feng, Diabetes
1997, 46, 1786-1791.

E. Balk, A. Tatsioni, A. Lichenstein, J. Lau, A. G. Pittas, Diabetes Care 2007, 30, 2154-2163.
Lai, M.-H. J. Clin. Biochem. Nutr. 2008, 43, 191-198

N. Kleefstra, R. O. B. Gans, S. T. Houweling, S. J. L. Bakker, S. Verhoeven, R. O. B. Gans,
B. Meyboom-de Ing, H. J. G. Bilo, Diabetes Care 2007, 30, 1092-1096.

W. T. Cefalu, J. Rood, P. Pinsonat, J. Qin, O. Sereda, L. Levitan, R. A. Anderson, X. H.
Zhang, X. H. Zhang, J. M. Martin, Z. Q. Wang, B. Newcomer, Metabolism 2010, 59,
755-762.

R. A. Anderson, J. Am. Coll. Nutr. 1988, 17, 548-555.

Z.Q. Wang, J. Qin, J. Martin, X. H. Zhang, O. Sereda, R. A. Anderson, P. Pinsonat, W. T. Cefalu,
Metabolism, 2007, 56, 1652—1655.

American Diabetes Association, Diabetes Care 2010, 23 (Suppl. 1), S11-S61.

Food and Drug Administration, Qualified Health Claims: Letter of Enforcement
Discretion — Chromium Picolinate and Insulin Resistance (Docket No. 2004Q-0144), 2005.
http://www.fda.gov/food/ingredientspackaginglabeling/labelingnutrition/ucm073017.htm
(accessed 3 April 2010).

P. R. Trumbo, K. C. Elwood, Nutr. Rev., 2006, 64, 357-363

W. T. Cefalu, A. D. Bell-Farrow, J. Stegner, Z. Q. Wang, T. King, T. Morgan, J. G. Terry,
J. Trace Elem. Exp. Med. 1999, 12, 71-83.


http://www.fda.gov/food/ingredientpackaginglabeling/labelingnutrition/ucm073017.htm

6 Is Chromium Essential, Pharmacologically Relevant or Toxic? 197

97

98
99

100.
101.

102.

103.
104.

105

106.
107.
108.

109.
110.

111

112.
113.

114.
115.

116.
117.
118.
119.
120.
121.

122.
123.

124

125.
126.
127.
128.
129.

130.
131.

132.
133.
134.
135.
136.
137.

. M. D. Lindemann, in The Nutritional Biochemistry of Chromium, Ed J. B. Vincent, Elsevier,
Amsterdam, 2007, pp. 85-118.

. J. B. Vincent, S. T. Love, Chem. Biodivers. 2012, 9, 1923—-1941.

. A. Yamamoto, O. Wada, H. Suzuki, J. Nutr. 1988, 118, 39-45.

H. Wang, A. Kruszewski, D. L. Brautigan, Biochemistry 2005, 44, 8167-8175.

D. L. Brautigan, A. Kruszewski, H. Wang, Biochem. Biophys. Res. Commun. 2006, 347,

769-773.

J. B. Vincent, R. Bennett, in The Nutritional Biochemistry of Chromium, Ed J. B. Vincent,

Elsevier, Amsterdam, 2007, pp. 139-160.

A. Levina, R. Codd, C. T. Dillion, P. A. Lay, Prog. Inorg. Chem. 2003, 51, 145-644.

A. Levina, H. H. Harris, P. A. Lay, J. Am. Chem. Soc. 2007, 129, 1065-1075.

. C. M. Davis, J. B. Vincent, Arch. Biochem. Biophys. 1997, 339, 335-343.

L. Jacquamet, Y. Sun, J. Hatfield, W. Gu, S. P. Cramer, M. W. Crowder, G. A. Lorigan,

J. B. Vincent, J.-M. Latour, J. Am. Chem. Soc. 2003, 125, 774-780.

Y. Chen, H. M. Watson, J. Gao, S. H. Sinha, C. Cassady, J. B. Vincent, J. Nutr. 2011, 141,

1225-1232.

C. M. Davis, J. B. Vincent, Biochemistry 1997, 36, 4382—.4385.

C. M. Davis, A. C. Royer, J. B. Vincent, Inorg. Chem. 1997, 36, 5316-5320.

J. B. Vincent, Acc. Chem. Res. 2000, 33, 503-510.

. J. B. Vincent, J. Am. Coll. Nutr. 1999, 18, 6-12.

A. Yamamoto, O. Wada, T. Ono, Eur. J. Biochem. 1987, 165, 627-631.

G. Chen, P. Liu, G. R. Pattar, L. Tackett, P. Bhonagiri, A. B. Strawbridge, J. S. Elmendorf,

Mol. Endocrinol. 2006, 20, 857-870.

G. R. Pattar, L. Tackett, P. Liu, J. S. Elmendorf, Mutat. Res. 2006, 610, 93—100.

E. M. Horvath, L. Tackett, A. M. McCarthy, P. Raman, J. T. Brozincki, J. S. Elmendorf, Mol.

Endocrinol. 2008, 22, 937-950.

E. M. Horvath, L. Tackett, J. S. Elmendorf, Biochem. Biophys. Res. Commun. 2008, 372,

639-643.

W. Sealls, B. A. Penque, J. S. Elmendorf, Arterioscler. Thromb. Vasc. Biol. 2011, 31,

1139-1140.

E. M. Horvath, L. Tackett, A. M. McCarthy, P. Raman, J. T. Brozincki, J. S. Elmendorf, Mol.

Endrocrin. 2010, 24, 1308.

E. M. Horvath, L. Tackett, J. S. Elmendorf, Biochem. Biophys. Res. Commun. 2010, 401, 319.

Y. Wang, M. Yao, J. Nutr. Biochem. 2009, 20, 982-991.

Y.-Q. Wang, Y. Dong, M.-H. Yao, Clin. Exp. Pharmacol. Physiol. 2009, 36, 843—-849.

K. FE. Kingry, A. C. Royer, J. B. Vincent, J. Inorg. Biochem. 1998, 72, 79-88.

G.W. Evans, T. D. Bowman, J. Inorg. Biochem. 1992, 46, 243-250.

. A. Al-Qatati, P. W. Winter, A. L. Wolf-Ringwall, P. B. Chatterjee, A. K. Van Orden,

D. C. Crans, D. A. Roess, B. G. Barisas, Cell Biochem. Biophys. 2012, 62, 441-450.

S. K. Jain, K. Kannan, Biochem. Biophys. Res. Commun. 2001, 289, 687-691.

T. Kordella, Diabetes Forecast 2004, 57, 83-85.

S. K. Jain, K. Rogier, L. Prouty, S. K. Jain, Free Radic. Biol. Med. 2004, 37, 1730-1735.

I. Catelas, A. Petit, D. J. Zukor, J. Antoniou, O. L. Huk, Biomaterials 2002, 24, 383-391.

L. Luo, A. Petit, J. Antoniou, D. J. Zukor, O. L. Huk, R. C. W. Liu, F. M. Winnik, F. Mwale,

Biomaterials 2006, 27 3351-3360.

S. K. Jain, J. L. Rains, J. L. Croad, Free Radic. Biol. Med. 2007, 43, 1124-1131.

S. K. Jain, G. Kahlon, L. Morehead, R. Dhawan, B. Lieblong, T. Stapleton, G. Caldito,

R. Hoeldtke, S. N. Levine, P. E. Bass, III, Mol. Nutr. Food Res. 2012, 56, 1333-1341.

I. Mulkani, A. Levina, P. A. Lay, Angew. Chem. Int. Ed. 2004, 43, 4504-4507.

A. Levina, P. A. Lay, Coord. Chem. Rev. 2005, 249, 281-298.

J. B. Vincent, Dalton Trans. 2010, 39, 3787-3794.

D. Stallings, J. B. Vincent, Topics Nutraceutical Res. 2006, 4, 89—112.

D. M. Stearns, J. P. Wise Sr., S. R. Patierno, K. E. Wetterhahn, FASEB J. 1995, 9, 1643—-1648.

D. M. Stearns, S. M. Silveira, K. K. Wolf, A. M. Lake, Mutat. Res. 2002, 513, 135-142.



198

138.
139.

140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.

154.
155.

Vincent

K. R. Manygoats, M. Yazzie, D. M. Stearns, J. Biol. Inorg. Chem. 2002, 7, 791-798.

P. Whitaker, R. H. San, J. J. Clarke, H. E. Seifried, V. C. Dunkel, Food Chem. Toxicol. 2005,
43, 1619-1625.

D. Bagchi, M. Bagchi, J. Balmoori, X. Ye, S. J. Stohs, Res. Commun. Mol. Pathol. Pharmacol.
1997, 97, 335-346.

D. Bagchi, S. J. Stohs, B. W. Downs, M. Bagchi, H. G. Preuss, Toxicology 2002, 180, 5-22.

V. H. Coryell, D. M. Stearns, Mutat. Res. 2006, 610, 114-223.

M. Jana, A. Rajaram, R. Rajaram, Toxicol. Appl. Pharmacol. 2009, 237, 331-344.

D.D. D. Hepburn, J. Xiao, S. Bindom, J. B. Vincent, J. O'Donnell, Proc. Natl. Acad. Sci. USA
2003, 100, 3766-3771.

D. M. Stallings, D. D. D. Hepburn, M. Hannah, J. B. Vincent, J. O'Donnell, Mutat. Res.,
Genet. Toxicol. Environ. Mutagen. 2006, 610, 101-113.

M. D. Stout, A. Nyska, B. J. Collins, K. L. Witt, G. E. Kissling, D. E. Malarkey, M. J. Hooth,
Food Chem. Toxicol. 2009, 47, 729-733.

K. L. Olin, D. M. Stearns, W. H. Armstrong, C. L. Keen, Trace Elem. Electrolytes 1994, 11,
182-186.

R. A. Anderson, N. A. Bryden, M. M. Polansky, K. Gautschi, J. Trace Elem. Exp. Med. 1996,
9, 11-25.

Research Triangle Institute, Project Report, [*C]Chromium Picolinate Monohydrate:
Disposition and Metabolism in Rats and Mice, submitted to National Institutes of
Environmental Health Sciences, 2002.

J. K. Speetjens, R. A. Collins, J. B. Vincent, S. A. Woski, Chem. Res. Toxicol. 1999, 12, 483-487.

S. Chaudhary, J. Pinkston, M. M. Rabile, J. D. Van Horn, J. Inorg. Biochem. 2005, 99, 787-794.

W. Qiao, Z. Peng, Z. Wang, J. Wei, A. Zhou, Biol. Trace Elem. Res. 2009, 131, 133-142.

F. Dong, M. R. Kandadi, J. Ren, N. Sreejayan, J. Nutr. 2008, /38, 1846—1851.

W.Y. Chen, C. J. Chen, C. H. Liu, F. C. Mao, Diabetes Obes. Metab. 2009, 11,293-303.

C. Hao, J. Hao, W. Wang, Z. Han, G. Li, L. Zhang, X. Zhao, G. Yu, PLoS One 2011, 6, €24598.



	Chapter 6: Chromium: Is It Essential, Pharmacologically Relevant, or Toxic?
	1 Introduction
	2 Is Chromium Essential?
	2.1 Current Opinions
	2.2 Evidence
	2.2.1 “Low Chromium” Rodent Diets
	2.2.2 Absorption and Transport
	2.2.3 Total Parenteral Nutrition


	3 Is Chromium Pharmacologically Relevant?
	3.1 Rodent Disease Model Studies
	3.2 Clinical Studies
	3.3 Proposed Mechanisms of Action
	3.3.1 Insulin Signaling
	3.3.2 Cholesterol and Fatty Acid Metabolism
	3.3.3 Inflammation and Oxidative Stress


	4 Is Chromium Toxic?
	4.1 Chromate
	4.2 Chromium Picolinate and Other Cr(III) Complexes

	5 Concluding Remarks and Future Direction
	References


