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Abstract
High-fat diet has been implicated as a major cause of insulin resistance and dyslipidemia. The
objective of this study was to evaluate the impact of dietary-supplementation of chromium (D-
phenylalanine)3 [Cr(D-Phe)3] on -glucose and -insulin tolerance in high-fat diet fed mice. C57BL/
6-mice were randomly assigned to orally receive vehicle or Cr(D-Phe)3 (45 μg of elemental
chromium/kg/day) for 8-weeks. High-fat-fed mice exhibited impaired whole-body -glucose and-
insulin tolerance and elevated serum triglyceride levels compared to normal chow-fed mice.
Insulin-stimulated glucose up- take in the gastrocnemius muscles, assessed as 2-[3H-
deoxyglucose] incorporation was markedly diminished in high-fat fed mice compared to control
mice. Treatment with chromium reconciled the high-fat diet-induced alterations in carbohydrate
and lipid metabolism. Treatment of cultured, differentiated myotubes with palmitic acid evoked
insulin resistance as evidenced by lower levels of insulin-stimulated Akt-phosphorylation,
elevated JNK-phosphorylation, (assessed by Western blotting), attenuation of phosphoinositol-3-
kinase activity (determined in the insulin-receptor substrate-1-immunoprecipitates by measuring
the extent of phosphorylation of phosphatidylinositol by γ-32P-ATP), and impairment in cellular
glucose up-take, all of which were inhibited by Cr(D-Phe)3. These results suggest a beneficial
effect of chromium-supplementation in insulin resistant conditions. It is likely that these effects of
chromium may be mediated by augmenting downstream insulin signaling.

1. Introduction
Type 2 diabetes is increasing in epidemic proportions and it is predicted that > 366 million
people will afflicted globally by the year 2030 [1]. In most cases, metabolic syndrome,
characterized by insulin resistance, dyslipidemia and hypertension is often observed years
before the development of frank observable diabetes. Although the etiology of type 2
diabetes remain poorly understood, lifestyle evolution and excessive intake of fat-enriched
diet have been attributed as major determinants of this fast-growing epidemic [2]. Several
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human and animal studies have demonstrated an association between high-fat feeding and
insulin resistance, suggesting a causal role of high-fat diet in the pathophysiology of type 2
diabetes [3-5].

Diet and exercise have beneficial effects in slowing the progression of the disease, although,
alone they provided little reprieve from the current type-2 epidemic. Drugs such as
sulfonylurea's and glitazones can be used to treat insulin resistance but are known to cause
weight gain and adverse cardiovascular effects. Identification and development of novel
molecules and molecular targets to treat or prevent insulin resistance and thus to pre-empt
the development of type-2 diabetes is therefore a strategy that merits attention. In this
context, attention has been drawn towards a variety of mineral and dietary supplements that
may alleviate insulin resistance. Chromium is an ‘essential’ nutrient for the maintenance of
normal glucose tolerance [6]. Consequently, chromium deficiency is thought to precipitate
symptoms of type-2 diabetes and supplementation with chromium corrects some of these
symptoms. Accordingly, several human and animal studies have demonstrated that
chromium administration improves glucose tolerance and insulin sensitivity in type-2
diabetes and obesity [6,7]. Despite these documented evidence of the benefits of chromium,
there have been studies contradicting such findings and questioning the wisdom of using
chromium in treating diabetic patients [8]. Recent studies indicating that the popular
commercially available chromium supplement may cause developmental toxicities [9].
Although the exact mechanisms of toxicity of chromium complexes are unknown, studies by
Shi and coworkers indicate that chromium undergoes redox activation to generate reactive
oxygen species in the presence of hydrogen peroxide [10]. The fact that the picolinate ligand
was attributed to these toxicities [11] prompted us to design and synthesize a novel
chromium complex with the non-essential amino acid, D-phenylalanine, as ligand. Unlike
chromium picolinate, Cr(D-Phe)3 did not cause DNA-damage [12] and was found to be more
potent than picolinate in augmenting glucose-uptake in animal models of obesity [13].
However, the effect of Cr(D-Phe)3 on fatty acid-induced insulin resistance has not been
evaluated thus far, although dietary fat is the major contributor of obesity and cardiovascular
disease. Based on this background, the objective of this study was to examine the impact of
oral supplementation with Cr(D-Phe)3 on glucose and insulin tolerance in a high-fat-fed
mouse model of insulin resistance. In addition, in an effort to elucidate the potential
molecular mechanisms, the effect of Cr(D-Phe)3 on free fatty acid-induced insulin resistance
in cultured myotubes was also investigated.

2. Experimental Section
2.1. Materials and reagents

Cr(D-Phe)3 (Fig. 1) was synthesized and characterized as described previously [14]. Insulin
receptor substrate-1 (IRS-1) antibody was obtained from Upstate NY, NY whereas all other
antibodies were obtained from Cell Signaling Technology Inc. (Beverly, MA). Assay kits
for IL-6 and C-reactive protein were purchased from Pierce Biotechnology (Rockford, IL)
and GenWay Biotech, Inc. (San Diego, CA). Serum levels of triglycerides, total cholesterol
and high-density-lipoprotein (HDL) were measured using commercial kits (from Equal
Diagnostics, Exton, PA) per manufacturer's protocol.

2.2. Animal treatment protocol, intraperitoneal -glucose and -insulin tolerance tests,
muscle glucose uptake, determination of serum lipids and inflammatory markers

The experimental procedure described here was approved by the University of Wyoming
Institutional Animal Care and Use Committee. Four-month-old male C57BL/6 mice (n=24)
were randomly assigned receive normal control chow (10% w/w fat, Research Diets,
D12451), or high-fat diet (45.0% w/w lard fat, Research Diets 12450B) for a period of 8-
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weeks. One group of mice that received high-fat diet were supplemented with Cr(D-Phe)3,
provided in the drinking water. On the basis of water intake, Cr(D-Phe)3 was administered to
provide an intake of about 150 μg/kg/day corresponding to about 45μg of elemental
chromium [14]. Intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insulin
tolerance test (IPITT) were performed as described previously [12,14]. At the end of the 8-
weeks feeding, the mice were fasted overnight and killed by cervical dislocation. The
gastrocnemius muscle were dissected, frozen immediately in liquid nitrogen and stored at
-80 °C until use. 2-deoxy-D-[3H] glucose deoxyglucose uptake into gastrocnemius muscles
were determined as reported previously [15]. Body mass and organ mass were measured
with a standard laboratory scale. Blood was collected in microfuge tubes and the serum
separated by centrifuging the blood at 1000 g at 4 °C and stored at -80 °C. Serum levels of
triglycerides, total cholesterol, HDL, TNF-α, IL-6 and C-reactive proteins were measured
using commercial kits.

2.3. Cell culture, Western blotting, glucose uptake and PI3-kinase assay
Mouse C2C12 myoblasts (ATCC, Manassas, VA) were cultured and differentiated to
myotubes as reported previously [16]. Fully, differentiated myotubes were rendered
quiescent in the presence of serum-free media and were treated with or without Cr(D-Phe)3
(0-100 μM) and/or palmitate (0-2 mM). Palmitate-containing media were prepared by
conjugation of palmitic acid with fatty acid-free bovine serum albumin (BSA), by a method
described previously [17]. Following treatment, cells were homogenized and subjected to
Western blot analysis using antibodies raised against phospho-cJun N-terminal kinases
(pJNK), total JNK, phospho-Akt, total AKT and phospho-insulin receptor beta [18].
Wherever indicated, blots were stripped and reprobed with antibodies directed at the total
protein. The intensities of bands were measured with a scanning densitometer (Model
GS-800; Bio-Rad) coupled with Bio-Rad PC analysis software. Cellular 2-deoxy-D-[3H]
glucose-uptake was assessed as described previously [14]. IRS-associated PI-3-kinase
activity was determined in the immunoprecipitates of IRS-1 by assessing the [32P]-mediated
phosphorylation of PI(3)P by thin layer chromatography (TLC) as reported previously [19].

2.4. Data analysis
Data are expressed as mean ± SEM and statistically evaluated using one-way analysis of
variance (ANOVA) using Graph Pad Prism (Graph Pad Software, Inc. San Diego, CA,
USA). A ‘p’ value of less than 0.05 was considered to be statistically significant.

3. Results
3.1. General features of high-fat-diet fed mice with or without Cr(D-Phe)3 supplementation

Treatment of mice for 8-weeks with a high-fat-diet failed to induce any overt gain in total
body-mass or organ (heart, liver, and kidney) masses compared to the mice that received
normal-chow-diet (Table 1). Furthermore, treatment with chromium failed to alter any of the
aforementioned parameters. In contrast however, mice fed with high-fat-diet had elevated
serum glucose and serum insulin levels which were normalized in the chromium-treated
group. Food-intake did not vary among the groups tested (data not shown).

3.2. Effect of Cr(D-Phe)3 on whole-body glucose and insulin tolerance
Following acute intraperitoneal glucose challenge, blood glucose levels in normal chow–fed
mice started to decline after peaking at 30 min and nearly returned to baseline after 120 min
(Fig. 2). In contrast, post-challenge blood glucose levels remained at much higher levels
between 30 and 120 min in high-fat–fed mice indicating glucose intolerance. In high-fat-fed
mice that received chromium supplementation, at all time points from 30-120 min, post-
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challenge blood glucose levels were significantly lower compared to high-fat-fed mice that
received vehicle. The post blood glucose levels of the chromium treated high-fat-fed mice
and were not distinguishable from the corresponding blood glucose levels of the mice that
received normal chow. In mice receiving normal chow, acute challenge with intraperitoneal
injections of insulin resulted in a significant drop in blood glucose levels during the first 60
min reverting back to basal levels in 120 min (Fig. 2). Mice receiving high-fat diet exhibited
similar trend although the post-insulin-challenge blood glucose levels were higher at all
points compared to the mice that received normal chow. Post-insulin glucose levels were
unchanged in the chromium treated animals at 30, 60 and 90 min following insulin
challenge. However at the 120 min time-point the glucose level was significantly lower in
the chromium supplemented mice compared to the mice that received vehicle.

3.3. Effect of Cr(D-Phe)3 on serum lipids and inflammatory markers
Mice that received the high-fat diet had elevated serum triglyceride, total cholesterol and
low-density-lipoprotein (LDL) cholesterol without any changes in the levels of HDL-
cholesterol (Fig. 3A-D). High-fat-fed mice that were supplemented with Cr(D-Phe)3 had
significantly lower levels of triglycerides compared to those that received the vehicle.
However, chromium treatment failed to negate the elevated LDL and total cholesterol-levels
associated with high-fat feeding. Mice that received the high-fat diet had over four-fold
higher levels of serum IL-6 compared to those that received normal chow which returned to
basal levels following chromium supplementation (Fig 3 E.). In contrast however, no
significant changes were observed in the serum levels of C-reactive with high-fat feeding or
chromium supplementation (Fig 3 F). TNF-α levels were undetectable in the serum sample
of these mice (data not shown).

3.4. Effect of Cr(D-Phe)3 glucose uptake in skeletal muscle and cultured myotubes
Glucose up-take in isolated gastrocnemius muscle was severely impaired in high-fat-fed
mice compared to those that received normal chow. This high-fat-diet-induced peripheral
insulin resistance was completely reversed in mice that received supplemental chromium
(Fig. 4). In cultured, differentiated myotubes, insulin (100 nM, 10 min) induced a two-fold
increase in cellular glucose up-take (Fig. 5). Pretreatment of the myotubes with the palmitic
acid (0.4 mM, 6h), induced significant insulin resistance as evidenced by the blunting of the
effects of insulin. Pre-treatment of the myotubes with Cr(D-Phe)3, negated the effects of
palmitate on glucose up-take in a concentration-dependent manner, and a complete reversal
of the effect of palmitate was observed in the presence of 100μM Cr(D-phe)3.

3.5. Effect of Cr(D-Phe)3-treatment on insulin-signaling proteins
Treatment of cultured myotubes with palmitic acid resulted in a concentration-dependent
inhibition of insulin-stimulated phosphorylation of Akt and a concomitant increase in the
phosphorylation of JNK (Fig. 6A). Both these effects were reversed by Cr(D-Phe)3 as shown
in Fig. 6B. Figure 6C demonstrates a concentration-dependent reversal of the effect of
palmitic acid on Akt phosphorylation by Cr(D-Phe)3. In contrast however, chromium
treatment failed to reverse the palmitate-induced attenuation of insulin-stimulated
phosphorylation of insulin receptor beta (Fig. 6C). Palmitic acid treatment also caused a
reduction in PI3-kinase activity by about 40% which was inhibited in part by the presence of
chromium (100 μM) (Fig 7). At 10 μM concentration chromium failed to show any effect on
PI3-kinase activity.

4. Discussion
The major findings of this study are that high-fat diet feeding elicits glucose intolerance,
insulin insensitivity, and impaired skeletal muscle glucose uptake, all of which were
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attenuated by oral supplementation with Cr(D-Phe)3. In addition to correcting high-fat
feeding-induced insulin and glucose resistance, supplementation with chromium resulted in
a lowering of serum triglycerides which were elevated following high-fat feeding. In
contrast, chromium feeding failed to lower the elevated levels of serum LDL and total
cholesterol in high-fat fed mice.

Mice fed on a high-fat diet exhibited severe impairment in skeletal muscle glucose up-take
compared to normal-chow-fed mice. Chromium supplementation caused a significant
improvement in skeletal muscle glucose up-take in these mice. To further understand the
mechanism of action of chromium in alleviating insulin resistance associated with high fat
diet, insulin-resistance was evoked in cultured myotubes by treating them with palmitic acid.
Insulin resistance in palmitate-treated cells was characterized by impaired 2-DG up-take,
attenuation in Akt-phosphorylation, elevated JNK-phosphorylation and inhibition of PI3-
kinase activity – all key regulators of insulin signal transduction. Insulin binds to the insulin
receptor resulting in phosphorylation of insulin receptor beta. Phosphorylated insulin
receptor beta functions as a kinase and phosphorylates downstream substrates such as IRS-1
resulting in the activation of PI3-kinase and phosphorylation of Akt. Phosphorylated Akt
helps in the recruitment of Glut-4 vesicles to cell surface which mediates cellular glucose
uptake. JNK is believed to cause insulin resistance by causing the phosphorylation of IRS-1
at the inhibitory site Ser-307 [20]. Phosphorylation of the serine residue prevents the insulin-
stimulated tyrosine phosphorylation of IRS1, thereby preventing downstream signaling
pathways, such as the phosphatidylinositol 3′-kinase (PI3K)-Akt cascade [21]. The results
presented here demonstrate that chromium supplementation reconciled the effects of
palmitate on insulin signaling proteins. These results are in accordance to that reported by
Wang and coworkers who demonstrated that oral supplementation with chromium picolinate
augments insulin-induced tyrosine phosphorylation of IRS-1 and augmentation of PI-3
kinase activity [22]. Palmitate has been shown to inhibit insulin-stimulated tyrosine
phosphorylation of insulin receptor substrate 2 and serine phosphorylation of Akt, through c-
Jun NH2-terminal kinase (JNK) activation [23]. Given that chromium did not alter the levels
of insulin-stimulated phosphorylation of insulin receptor it is likely that reversal of insulin
resistance by chromium may be mediated via the inhibition of JNK.

Human studies have shown that elevated levels of proinflammatory markers such as C-
reactive proteins (CRP and interleukin-6 (IL-6) are predictors of type-2 diabetes [24].
Upregulation of inflammatory mediators also represent one of the several mechanisms by
which saturated-fatty acids induce insulin resistance [25,26]. Recent studies by Jain and co-
workers have demonstrated that supplementation with chromium lowers levels of TNF-α,
IL-6 and CRP in streptozotocin induced diabetes [27]. The robust upregulation of IL-6 in
high-fat fed mice and the ability of chromium to reconcile the elevated levels of IL-6
observed in this study substantiate the view that chromium down-regulates inflammation
associated with diabetes [28].

Together, these findings in high-fat-fed mice and in cultured myocytes rendered insulin
resistant by treating with high-fatty acid indicate that Cr(D-Phe)3 alleviates insulin resistance
by augmenting insulin signaling. This may, at least in part, explain some of the beneficial
effects attributed to chromium complexes in the treatment of insulin resistance in type 2-
diabetes.
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Figure 1. Chemical structure of Cr(D-Phe)3
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Figure 2.
Effect oral supplementation with Cr(D-Phe)3 on glucose tolerance. (A) Blood glucose
concentrations following glucose challenge (1 g/kg) at different time points. Values are
means ± SEM (n = 8-12 per group), and *p < 0.05, compared to high-fat-fed, vehicle treated
mice. (B) Blood glucose levels following insulin challenge (1.5 IU/Kg). Data are
represented as means ± SEM (n = 8-12), *p < 0.01 compared to high-fat-fed, vehicle-treated
mice.
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Figure 3.
Effect of oral supplementation with Cr(D-Phe)3 on serum lipid profile and inflammatory
markers (A) triglycerides (B) total cholesterol (C) LDL-cholesterol (D) Dr. HDL-cholesterol
(E) IL-6 and (F) C-reactive protein. Data are presented as mean ± SEM (n = 8 per group), *p
< 0.05 vs standard chow, #p < 0.05 vs high-fat diet, vehicle-treated animals).
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Figure 4.
Effect of oral supplementation with Cr(D-Phe)3 on basal and insulin-stimulated skeletal
muscle glucose up-take. Data are presented as mean ± SEM (n=8 per group), **p < 0.01
skeletal muscle glucose uptake in high-fat-fed mice compared to vehicle treatment.
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Figure 5.
Effect of Cr(D-Phe)3 on glucose up-take in insulin resistant cultured myotubes. Cr(D-Phe)3
has caused concentration-dependent reversal of the blunting of glucose up-caused by
palmitate. Data are represented as means ± SEM, *p<0.05 (n = 4) compared to palmitic acid
0.4mM, #p < 0.05 compared to insulin 100nM).
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Figure 6.
Effect of Cr(D-Phe)3 on insulin signaling in insulin resistant myotubes. Myotubes treated
with palmitate (0-1 mM) for 16 h prior to stimulation with insulin (10 nM, 10 min), and
immunoblotted with the indicated antibodies in the absence (A) or presence (B) of
chromium (100 μM) prior to stimulation with insulin (10 nM, 10 min) and immunoblotted
for p-Akt, and p-JNK. Blots were reprobed for total-Akt and total JNK respectively (C).
Concentration dependent effect of chromium on the insulin stimulated- phosphorylation of
Akt and insulin receptor β in the presence and absence of palmitate.
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Figure 7.
Effect of palmitate, in the absence and presence of Cr(D-Phe)3, on insulin-stimulated PI3-
kinase activity in immunoprecipitates of IRS-1 complex from cultured myotubes. The data
represent the mean ± SEM of triplicates from two independent experiments. *p < 0.05 (n =
3) between the indicated groups.
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Table 1

General features of standard chow and high-fat-diet- fed mice with or without 8-week treatment of Cr(D-Phe)3
at 45 μg/kg/d.

Standard Chow HF Diet HF Diet + Cr(D-Phe)3

Fasting glucose (mg/dL) 97.2 + 7.38 130.8 + 9.18* 99.72 + 7.74

Fasting insulin (ng/ml) 0.24 ± 0.05 1.00 ± 0.27** 0.13 ± 0.06

Body mass (g) 27.88 ± 0.67 28.11 ± 1.01 27.86 ± 1.68

Heart mass (g) 0.19 ± 0.01 0.18 ± 0.01 0.18 ± 0.01

Liver mass (g) 1.36 ± 0.05 1.34 ± 0.02 1.34 ± 0.06

Kidney mass (g) 0.31 ± 0.02 0.29 ± 0.02 0.27 ± 0.02

*
p < 0.05,

**
p < 0.001
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