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Summary

Chromium supplementation (Cr) may be useful in the management of diabetes and appears to
improve some aspects of glucose handling. However, several studies have used either high doses
of Cr supplementation or have placed control animals on a Cr-deficient diet. We therefore wanted
to test whether Cr dosages in the ranges that more closely approximate recommended levels of
supplementation in humans are efficacious in glycemic control under normal dietary conditions.
Euglycemic Wistar or diabetic Goto-Kakizaki (GK) rats (a model of nonobese NIDDM) were
assigned to water (control) or chromium picolinate (Cr-P) supplementation (1 or 10 mg/kg/day)
groups for up to 32 weeks. Glucose tolerance was tested following an overnight fast by injecting
sterile glucose (1.0 g/kg, i.p.) and then measuring blood glucose at select times to determine the
sensitivity to glucose by calculation of the area under the curve. Cr-P did not significantly alter the
growth of the animals. In the euglycemic Wistar rats, Cr-P supplementation did not alter the
response to a glucose tolerance test. In the GK rats, Cr-P supplementation significantly improved
glucose tolerance at both levels of Cr-P supplementation (1 mg/kg/day: H,0; 100 £ 11%; Cr-P 70
6 8%; 10 mg/kg/day: H,0; 100 + 10%; Cr-P 66 + 9 %). Cr-P supplementation produced a small
improvement in some indices of glycemic control. There were no differences observed for the two
levels of Cr-P supplementation suggested that we did not identify a threshold for Cr-P effects, and
future studies may use lower doses to find a threshold effect for improving glucose tolerance in
diabetics.

Keywords

chromium picolinate; type 2 diabetes; NIDDM; Goto-Kakizaki; dietary supplements; glucose
tolerance

INTRODUCTION

Cardiovascular disease is the leading cause of mortality in noninsulin dependent diabetes
mellitus patients (NIDDM). Although originally thought to be a metabolic problem,
widespread systemic complications are now recognized. Diet modification, exercise, and
medications are the current treatment modalities. However, even with strict compliance, tight
glycemic control is difficult to achieve for some patients. The use of alternative therapies is
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rising and despite lacking a solid foundation for its use, chromium is increasingly used as a
dietary supplement (1). Some reports have suggested that chromium supplementation (Cr)
may be useful in the management of diabetes. However, the efficacy of chromium or safety
for long-term use remains unclear. Complications of diabetes place an enormous cost on the
health care system and the potential for a low-cost supplement that may aid in the
management of diabetes warrants evaluation.

Chromium is an essential element that exists as tri-or hexavalent forms. Although chromium
(1) is biologically beneficial, chromium (V1) is cytotoxic (2, 3). Chromium-deficient diets
are associated with impaired glucose tolerance, hyperglycemia, and hyperinsulinemia (4-6).
More severe forms of Cr deficiency include nerve dysfunction, and Cr is now routinely
added to total parenteral nutrition (7). It has been suggested that the average daily dietary
intake of Cr of most individuals is below the recommended values for adults (8). Cr levels in
diabetics are thought to be depressed as Cr levels in hair samples of type 1 diabetic patients
and in the plasma of NIDDM patients were significantly decreased, while urinary excretion
was increased in both humans and diabetic animals (5, 9-11). Chromium tissue levels vary
by organ and diabetes does not impact equally upon them, although the major depositories in
the kidney and muscle have greater depletions as a function of diabetes (11-15).

Chromium is thought to enhance insulin sensitivity or serve as an antioxidant to relieve the
increased oxidative stress associated with diabetes (5, 13, 16-18). Some studies have found
that chromium supplementation significantly decreased the fasting blood glucose and
decreased the HbA . of diabetic individuals (16, 19). Several reviews including a meta-
analysis concluded that Cr was without effect on euglycemic individuals but likely to be
somewhat effective on individuals with impaired glucose metabolism (1, 8, 20).

Goto-Kakizaki (GK) rats are a nonobese model of NIDDM, which are hyperinsulinemic and
have an elevated fasting glucose (21-25). As a model of type 2 diabetes, the GK rats do not
have the confounding factors of hyperlipidemia or hypercholesterolemia observed in obese
diabetic rats. GK rats display symptoms associated with diabetic complications, including
reduced nerve conduction velocity indicative of peripheral neuropathy (26). Progressive
renal involvement in GK rats presents in a manner similar to NIDDM in humans including a
thickened glomerular basement membrane (22, 27-31). GK animals also display increases in
oxidative stress markers and susceptibility to lipid peroxidation in the hearts of older (12-18
months) but not younger (3—6 months) animals (32-36). The etiology of the GK rats is
unknown, but it has been suggested that impaired pancreatic mitochondrial function may
partially explain the depressed insulin release (34, 37).

Although there is little indication that Cr supplementation is beneficial in euglycemic
individuals, there is evidence for a dose-dependency effect in diabetics (19, 38). There are
significant differences between humans and rats in terms of their mass, rates of metabolism,
and turnover of metabolites or drugs, and scaling Cr supplementation for the rat is somewhat
difficult. Also, problematic with chromium supplementation studies are the high doses of
chromium used, the relatively short length of the protocols, or the use of chromium deficient
diets as controls (4, 6, 11, 39). We therefore wanted to test under normal dietary conditions
whether Cr supplementation is efficacious for glycemic control.
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MATERIALS AND METHODS

Animal Model

Female euglycemic Wistar and diabetic Goto-Kakizaki rats were used throughout this study.
The GK animals were originally received courtesy of R. Farase (University of South Florida
for Health Sciences) (31). The GK rats are a nonobese model of NIDDM that have elevated
fasting glucose, impaired response to glucose, and increased HbA1c levels at an early age
(21-23). Experimental protocols using animals had institutional approval, and animals were
maintained in accordance with institutional polices and the Public Health Service
(NIH:PHS) Policy on Humane Care and Use of Laboratory Animals (revised 8/2002).

Chromium Picolinate Supplementation

GK and Wistar rats were assigned to water (distilled) or chromium picolinate (Cr-P)
supplementation groups (Table 1). All animals were fed Purina Rat Chow (#5008). Body
weights were determined on a biweekly basis. Water consumption was determined three
times a week (Monday, Wednesday, Friday) to permit calculation of daily water intake.
Chromium picolinate (Nutrition 21, Purchase, NY) was added to the distilled water (7-11
ug/ml) to yield an averaged daily dose for the GK1 and Wistar groups of 1.0 + 0.02 mg/kg/
day. For the high-dose treatment (GK10), Cr-P was added to distilled water to a final
concentration of 100 pg/ml to yield a final dose of ~10 mg/kg/day. Treatments lasted 32
weeks for the GK1 and Wistar groups; the GK10 group received chromium supplementation
for 16 weeks.

Glucose Tolerance Test

The tolerance to glucose was tested following an overnight fast; animals were moved to new
cages at 4 PM and the glucose tolerance test (GTT) was started between 09:30 and 10:30 the
following morning. The animals were weighed and injected with Nembutal (40 mg/kg, i.p.),
and then at least 15 min were allotted for the animals to achieve a suitable plane of
anesthesia. To perform the GTT, sterile glucose (1.0 g/kg i.p.) was injected into the
abdominal cavity being careful to avoid the g-i tract. Tail vein blood (50 pl) was sampled at
selected intervals (preinjection, 15, 30, 60, 120 min). Larger aliquots (300 pl) were drawn
preinjection and at 60 min for determination of plasma insulin. Blood glucose was
determined using an AccuChek monitor (Roche Diagnostics, Indianapolis, IN) calibrated
using known standards. Insulin was determined from plasma by ELISA (Crystal Chem,
Downers Grove IL). An insulin sensitivity index value was calculated according to the
method described by Matsuda and DeFronzo (40).

Statistical Analysis

Values present are mean + SEM of 6-10 animals per group. Where appropriate, #test, 1- or
2-way ANOVA analyses were utilized; post-hoc analysis was done using a Fisher’s LSD
analysis. Statistical analyses were performed using NCSS 2000 software (NCSS, Kaysville
UT). Statistical significance was set at £ < 0.05.
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RESULTS

GK and Wistar rats were supplemented with chromium in the form of chromium picolinate
(Cr-P). The animals were fed a standard diet (Purina Rat Chow #5008) that contained 2 ppm
chromium, and no effort was made to create a chromium deficient diet in the control groups.
The addition of Cr-P did not significantly alter water consumption of the GK1 or Wistar
groups. Animals were weighed at regular intervals and Cr-P supplementation did not
significantly alter the growth of either the GK or Wistar rats (Fig. 1).

At the time of sacrifice, body and organ weights were determined. Both the heart
weight:body weight ratio and the kidney weight:body weight ratio were significantly
increased in the GK rats when compared with the Wistar rats (Table 1). The GK rats
weighed significantly less than the Wistar rats and this may have influenced the organ:body
ratio. An analysis of covariance using body weight as the covariant was performed and
determined that the GK rats had significant kidney hypertrophy when compared with the
age-matched Wistar rats. Covariant analysis using body weight found no strain differences
for either heart weight or left ventricle weight. In a separate group of GK and Wistar rats,
tibia length was measured and the kidney weight:tibia length was also significantly
increased in the GK rats when compared with the Wistar rats (data not shown). Cr-P
supplementation did not influence organ weights in the GK rats. Cr-P supplementation did
produce a significant increase in the kidney:body weight ratio of the Wistar rats (Table 1).

Fasting blood glucose levels and the calculate insulin sensitivity index were not significantly
altered by Cr-P supplementation (Table 2). Although the GK rats have reported to be hyper-
insulinemic at a young age, we observed that the GK1 group had significantly lower fasting
plasma insulin when compared with the age-matched Wistar animals, which chromium
supplementation did not influence (Table 2). Glucose tolerance was tested by injection of
sterile glucose and determination of blood glucose levels at selected times (Fig. 2). Area
under the curve (AUC) was used to analyze for differences in glucose sensitivity. Six weeks
of Cr-P supplementation in the GK1 group appeared to lower the relative AUC (data not
shown); however, the values did not achieve statistical significance (P=0.061). When the
Cr-P supplementation was extended to 32 weeks for the GK1 group, a significant decrease in
the relative AUC was observed (Figs. 2B and 5B). Similarly, 16 weeks of Cr-P
supplementation lowered the AUC in the GK10 group (Figs. 3B and 5B). Cr-P
supplementation did not alter the AUC blood glucose values of the euglycemic Wistar group
(Figs. 4 and 5).

DISCUSSION

Chromium deficiency has been associated with diabetic-like symptoms including impaired
glucose tolerance. Chromium (Cr) supplementation may be useful in the management of
NIDDM (1). Some reports indicate that chromium supplementation will improve some
parameters of glycemic control in diabetic individuals (38, 41). Animal studies to date have
been insufficient to clearly demonstrate the efficacy of Cr-P on long-term glycemic control.
The major findings of this study are that Cr-P supplementation slightly improved glucose
tolerance in the GK rat using lower chromium dosages than previously studied.
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Direct comparisons of drug dosages between rodents and humans are difficult. Two major
approaches have been developed and include an allometric approach and a physiological
approach. The allometric approach utilizes modeling based on size or mass to develop an
equation to permit scaling. Many studies have utilized the allometric approach because of its
ease of use and dose extrapolations are made accordingly based on mg/kg basis. This
typically underestimates the relevant dose when going from large to small mammals (42). A
second approach has been to base dosing on the body surface area and to express the dose as
mg/m? (43). This approach has been used to calculate the maximum tolerated dose of
anticancer drugs in man using the LD10 of different species, with about a sevenfold
difference between humans and rats has been determined. Although relatively simple,
allometric scaling does not take into account differences in metabolism of a substance or the
distribution of a substance to target organs (44). The physiological approach assumes a
similarity among species in basic cellular structure and uses a physiologically meaningful
parameter such as the period of the heart rate. The resting hearts of rats and humans are
typically 400 and 72 beats/min, respectively, about a 5.5-fold difference (45, 46). Using this
approach, Mordenti demonstrated that the half-life of ceftizoxime was the same in several
species from mouse to human (47). Perhaps a better metabolic parameter may be resting
oxygen consumption, since it is directly linked to energy consumption. The resting oxygen
consumption of humans (~3.5 ml Oo/kg/min) is about eightfold less than that for a rat (~28
ml O,/kg/min) (48). Although imperfect, the six to eightfold differences between humans
and rats still places the lower dose used in this study above the levels of Cr-P
supplementation typically recommended for human consumption (8, 20).

No significant differences were observed either in the fasting blood glucose or in GK group;
and these results are similar to some other studies. Although no significant differences in the
absolute changes in the AUC, significant decreases in the relative AUC was similar for the
two levels of Cr-P supplementation utilized. This suggests that the response to a glycemic
challenge was better handled on the Cr-P supplementation groups. The data also suggests
that we did not identify a threshold for Cr-P effects. This is somewhat surprising in light of
the lower dosages used. Although a linear relationship between chromium tissue levels and
supplementation was reported in one study (15), others have found a plateau effect at higher
levels of chromium supplementation (12, 14, 49). This would suggest that the lower doses
used here should have uncovered a difference. One study, in which Cr-P was supplemented
into the dry feed of obese diabetic mice, observed an improvement in glucose tolerance only
at the higher dosage used (11). They also observed that glucose tolerance only improved
after 12 weeks, but not 4 weeks, of Cr-P feeding. This is similar to this study in that
although there was a tendency toward an improvement in glucose tolerance after 6 weeks of
Cr-P treatment (GK1), a significant change in the GTT was not observed until the end of the
study period. This would suggest that the impact of Cr-P supplementation may have a time
and dose dependency for an effect to be demonstrable. Future studies may use lower doses
to determine if they are able to alter glucose tolerance, or whether there is a threshold of Cr-
P supplementation that is required to achieve improvements.

Some studies of diabetic patients have reported decreased fasting blood glucose as a result of
Cr-P supplementation (1, 8, 20, 38, 41). In this study, fasting blood glucose levels did not
decrease as a result of Cr-P supplementation irrespective of dose or group, an observation
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similar to other animal studies (11, 12, 39, 49, 50). In part, this lack of effect may be
methodological. An inherent difficulty in drawing blood from conscious animals is a fear
reaction that may cause wide variations in sympathetic activation leading to increased blood
glucose. Alternatively, in using anesthetized animals, some forms of anesthetic, particularly
ketamine/xylazine, are known to increase blood glucose levels. (51-53). This study utilized
Nembutal, which has been shown to have minimal effects on blood glucose levels (52, 53).
A second consideration is the impact of the length of the fast and diurnal rhythm of the rats
on fasting blood glucose levels. In this study, animals were studied after an overnight fast
and anesthesia was initiated between 09:30 and 10:30 h to standardize the test conditions.

Diabetes is a metabolic disease that impacts on growth and it has been suggested that Cr-P
may favorably influence growth or weight gains. Studies of Cr-P supplementation in
euglycemic humans found that Cr-P supplementation was associated with weight loss and
loss of fat (54-56). One study of diabetic patients, found that Cr-P supplementation may
have attenuated the weight gains associated with sulfonylurea agents (41). In this study, Cr-P
supplementation did not influence growth. This finding is in agreement with Rhodes et al.
(57), who also found no change in growth as a result of Cr-P supplementation in F344/N rats
or B6C3F mice. Conversely, one study did find enhanced growth following Cr-P
supplementation in GK rats (39). That study differs in two ways: (1) the Cr-P dose used was
10 to 100 folds higher than this study, and (2) their study utilized young male GK rats that
were still growing. This study used females that had achieved their adult weights at the start
or near the start of the treatment period. It is possible that the increases in weight gains of
the GK males in that study may have been due to enhanced carbohydrate metabolism of the
growing animals.

The GTT is a reflection of both glucose sensing and insulin sensitivity in peripheral tissues.
Chromium is thought to improve insulin sensitivity by its interaction at the level of the
insulin receptor and there has been no suggestion that it alters pancreatic function (58-61).
Although the euglycemic insulin clamp technique is considered the best method to
quantitate insulin sensitivity, Matsuda and DeFronzo (40) have developed an insulin
sensitivity index from the GTT. Although the values for the index appeared to be increased,
our results indicated that chromium supplementation did not significantly increase insulin
sensitivity. The GK rats are thought to have some B-cell glucose insensitivity that may be
related to impaired mitochondrial function (24, 34, 37, 62). This “central” defect in the
pancreas is not something the chromium supplementation will correct. It is possible that
improvements in peripheral sensitivity may account for the slight improvements in glucose
tolerance observed. This concept is supported by the others, that in response to exogenous
insulin, glucose handling was improved in the Cr-P supplementation groups when compared
with diabetic controls (39). Future experiments to disassociate glucose sensing from
peripheral insulin sensitivity will be necessary to separately determine the site of Cr-P
improvement in glucose handling. Also other models such as obesity-induced diabetes,
where “peripheral” defects are the underlying cause may be more responsive to chromium
supplementation and could be the subject of future studies.
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SUMMARY

In the GK rats, Cr-P supplementation did not alter animal growth, individual organ weights,
or fasting blood glucose levels compared with the control GK rats group. Both Cr-P
supplementation dosages studied improved some indices of glucose handling as reflected by
significant decreases in the AUC during a GTT. No significant dose-dependent effect of Cr-P
supplementation on the GTT was observed suggesting that the threshold for the impact of
Cr-P supplementation was not identified. The GTT is a reflection of both glucose sensing
and insulin sensitivity, and it is unclear whether Cr-P supplementation improved either or
both of these parameters. Future experiments to more clearly disassociate glucose sensing
from peripheral insulin sensitivity will be necessary to separately determine the site of Cr-P
improvement in glucose handling. Future works to utilize NIDDM models that are more
specific models of insulin resistance to study the efficacy of this supplement are warranted.
These results do suggest that Cr-P may improve some indices of glycemic control in GK rats
and may be beneficial in the management of diabetes.
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Figure 1.

Chromium supplementation did not alter growth. GK rats were assigned to water (control) or
Cr-P supplementation and body weights were determined biweekly. (A) 1.0 mg/kg/day. (B)
10.0 mg/kg/day. No significant differences were found between the groups. Cr-P
supplementation did not alter the growth of the Wistar rats (data not shown).
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Glucose tolerance test of GK rats supplemented with 1.0 mg/kg day Cr-P for 32 weeks.
Animals were tested after an overnight fast and injected with Nembutal (40 mg/kg, i.p.), and
then injected with sterile glucose (1.0 g/kg) as described in Materials and Methods section.
(A) Blood glucose values. (B) Blood glucose values normalized to fasting blood glucose.
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Figure 3.
Glucose tolerance test of GK rats supplemented with 10.0 mg/kg day Cr-P for 16 weeks.

Animals were tested after an overnight fast and injected with Nembutal (40 mg/kg, i.p.), and
then injected with sterile glucose (1.0 g/kg) as described in Materials and Methods section.
(A) Blood glucose values. (B) Blood glucose values normalized to fasting blood glucose.
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Figure 4.

Glucose tolerance test of Wistar rats supplemented with 1.0 mg/kg day Cr-P for 32 weeks.

Animals were tested after an overnight fast and injected wi
then injected with sterile glucose (1.0 g/kg) as described in

th Nembutal (40 mg/kg, i.p.), and
Materials and Methods section.

(A) Blood glucose values. (B) Blood glucose values normalized to fasting blood glucose.
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Figure 5.

Area under the curve analysis of (A) absolute blood glucose values and (B) relative change
in blood glucose values. Animals were supplied with water or Cr- P as described in
Materials and Methods section. Values are mean = SEM of 6-10 animals per group. *P<
0.0.05 compared with respective water (control) group.
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