Dietary Chromium Decreases Insulin Resistance in Rats Fed a High-Fat,
Mineral-Imbalanced Diet
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The effects of chromium (Cr) supplementation on diet-induced insulin resistance produced by feeding a high-fat, low-Cr diet
were studied in rats to ascertain the role of Cr in insulin resistance. Wistar male rats were maintained for 16 weeks after
weaning on a basal diet containing 40% lard, 30% sucrose, and 25% casein by weight and adequate vitamins and minerals
without added Cr (—Cr). Fasting levels of insulin, glucose, and triglycerides and the responses during an intravenous glucose
tolerance test (IVGTT) were compared as indices of insulin resistance and the effectiveness of dietary Cr. IVGTTs and blood
sampling for data analyses were performed over a 40-minute period after IV glucose injection (1.25 g/kg body weight) in
overnight-fasted animals under pentobarbital anesthesia (40 mg/kg body weight). AH animais were normoglycemic {—Cr,
109 + 3 mg/dL; +Cr, 119 = 5), with fasting insulin levels elevated in the —Cr group (65 = 10 pU/mL) versus the +Cr group
(31 = 4 pU/mL). Increases in plasma triglycerides in the —Cr group were not significant. Following glucose injection, the rate of
glucose clearance was lower in the —Cr group (1.74 + 0.22 v2.39 + 0.11%/min), and 40-minute glucose areas in the —Cr group
tended to be higher than in the +Cr group. The insulin response to glucose injection was 20% higher in the —Cr group.
Forty-minute plasma triglyceride areas were lower in +Cr rats (875 = 62 v 1,143 = 97 mg/dL - min in —Cr rats). These data

demonstrate that the insulin resistance induced by feeding a high-fat, nutrient-stressed diet is improved by Cr.
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T IS GENERALLY ACCEPTED that high dietary fat intake
causes glucose intolerance and insulin resistance in man
and in laboratory rodents. Impaired glucose tolerance associ-
ated with a high fat intake is the result of fat-induced changes in
membrane-associated proteins in various tissues. Studies!?
suggest that functioning of both the insulin receptor and the
glucose transporter can be modulated by such diet-induced
alterations in plasma membranes. Glucose intolerance and
abnormal pancreatic functioning comparable to non—insulin-
dependent diabetes in humans are also observed in animals with
a diet-induced deficiency in various minerals including cop-
per,>® zinc,5 and chromium (Cr).” In addition, significant
interactions between these dietary micronutrients are known to
occur in the development of mineral deficiency states that are
also influenced by the level and type of macronutrients (carbo-
hydrate, fat, and protein) present in the diet.”

In contrast to other mineral deficiency states, Cr deficiency is
difficult to produce in animals.” Signs of Cr deficiency in rats
are extremely marginal if Cr is simply omitted from the diet. Cr
exerts larger effects under dietary or physical stress.!? Studies
reporting borderline or no effects of Cr on glucose tolerance in
Cr-supplemented compared with unsupplemented animals have
usually used specially prepared low-Cr diets high in sucrose
containing added cholesterol,!! torula yeast as the protein
source,'? or commercially available rat chow.*>!4 The presence
of Cr in the basal diet,'>* inadequate amounts of Cr in
supplemented groups, and use of starch-containing diets'® may
explain the absence of response to Cr supplementation in some
studies.
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Studies reporting an absence of any effects of Cr deficiency
on glucose tolerance and related metabolic parameters'>!> have
given little attention to the early experimental approaches used
and conclusions derived.'® Flatt et al'3 observed no effects on
30- or 60-minute glucose levels after intraperitoneal administra-
tion of glucose in rats maintained on a low-Cr diet. Other
investigators using oral glucose tolerance tests and finding
either no effects or borderline effects of Cr supplementation or
deficiency have similarly used only the 60-minute time point or
even longer intervals after glucose administration.!13 In the
early experiments using intravenous glucose tolerance tests
(IVGTTs), rats were fed a low-Cr diet for 2 to 3 months, and
only “responders” with a low Kg (measured 2 weeks before Cr
administration) were used in the bioassay for glucose tolerance
factor (GTF) activity in Cr-containing compounds. Glucose
tolerance was significantly impaired in the Cr-deficient respond-
ers with glucose disappearance rates less than 2.0%/min, as
compared with 4.0%/min typically measured in normal rats fed
regular diets.!” Positive effects of Cr-containing GTF com-
pounds on the restoration of the Kg were routinely observed in
these animals. Assuming that insulin secretion is not increased
by administration of Cr, the twofold increase in the rate of
glucose disappearance was attributed to enhanced insulin
effectiveness on peripheral glucose uptake.!®

The objective of these studies was to assess the influence of
dietary Cr on both the tissue sensitivity to endogenous insulin
and the insulin secretory responsiveness to intravenous adminis-
tration of glucose in rats. The effects of dietary Cr were
measured by comparing glucose and insulin responses to
intravenous glucose administration in rats maintained on the
basal diet versus rats fed the same diet supplemented with Cr as
CrCl; added to the drinking water. As compared with our
previous study,!8 the effects of Cr supplementation on glucose
tolerance were not associated with any significant effects on
B-cell glucose responsiveness, although insulin levels were
consistently lower during the IVGTT in supplemented rats.
These relative differences in B-cell responsiveness to intrave-
nous glucose in the Cr-deficient rats used here may be the resuit
of the high fat content of the low-Cr diet. In these studies,
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besides an enhanced glucose removal efficiency, we observed
that Cr may also have a role in the maintenance of normal
triglyceride metabolism in the rat.

MATERIALS AND METHODS

The study protocol and animal care procedures were approved by the
US Department of Agriculture Beltsville Area Research Animal Care
Committee., Weanling male Wistar rats (Charles River, Wilmington,
MA) were housed on a 12-hour light/dark cycle with constant ambient
temperature (25°C) and environmental conditions that minimize exter-
nal Cr contamination from air, dust, cages, etc.!® Fourteen weanling
animals were randomly assigned to either a Cr-deficient (—Cr) or
Cr-supplemented (+Cr) diet. Technical problems were encountered
with two +Cr rats and one —Cr rat, resulting in five +Cr and six —Cr
animals. +Cr rats were provided with 5 ppm Cr as CrCl; added to the
drinking water.'® Cr was added to the water rather than to the diet to
minimize cross-contamination. Any water spillage was readily con-
tained on absorbent paper. The basal low-Cr diet (33 = 14 ng Cr/g diet)
was 30% sucrose, 40% lard, and 25% casein by weight. The standard
reference materials and methods of Cr analysis have been described.?®
Recommended levels of vitamins were present in the diet,”! and to
minimize Cr contamination, the macroelement content of the diet was
decreased marginally. The diet contained the following (in mg/kg diet):
1,400 sodium, 5,035 potassium as chloride, 5,000 calcium as carbonate,
4,000 phosphorus as potassium phosphate, and 400 magnesium as
sulfate. The following trace elements (in mg/kg diet) were also added:
10 zinc as carbonate, 3 iron as sulfate, and 0.2 iodine as potassium
iodate. To compromise the functioning of the endocrine pancreas,’
copper as carbonate was added at 1 mg/kg during the initial 6 weeks of
rapid growth. Copper was present in the diet at recommended levels (6
mg/kg) after the sixth week. Stock animals were fed 2 commercial stock
diet (Rat Mouse Hamster 3200; Agway, Waverly, NY).

Experimental Protocol

Fasting plasma insulin, glucose, and triglyceride levels were mea-
sured as indicators of the dietary effect on insulin resistance. Blood
samples for baseline measurements were drawn by heart puncture under
pentobarbital anesthesia (40 mg/kg body weight). Following collection,
blood samples were transferred to polypropylene tubes containing
EDTA (12 mg/mL). Plasma samples were harvested and stored frozen
until assay.

Insulin, Glucose, and Triglyceride Responses During an
IVGTT

The effects of Cr deficiency and supplementation on the insulin
responsiveness of the pancreas and sensitivity to endogenous insulin
during an IVGTT were assessed after 16 weeks on the low-Cr diet.
Tolerance tests were performed on overnight-fasted rats anesthetized
with pentobarbital (40 mg/kg). The procedure for blood sampling via
the cannulated jugular vein has been described in detail.!® In addition to
the —Cr and +Cr groups, tolerance tests were also performed on five
chow-fed rats for comparison to animals fed a regular stock diet.

Assay Procedures

Plasma glucose levels were measured with a Centrifichem System
600 using the hexokinase method (Baker Instruments, Allentown, PA).
Plasma triglycerides were also assayed enzymatically using the Cen-
trifichem 600. Insulin concentrations were measured using the radioim-
munoassay procedure of Albano et al.?2 Samples were assayed in
triplicate using standards prepared from rat insulin (kindly provided by
Eli Lilly, Indianapolis, IN). Counting and data reduction were per-
formed with an LKB gamma-counting system (Model 1282; Wallac,
Gaithersburg, MD).
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Data Analyses

Glucose clearance (Kg) was determined using computer-generated
linear regression lines. Glucose, insulin, and triglyceride response areas
were determined from plasma levels using procedures outlined previ-
ously.!® The plasma values shown are the mean * SEM. The
significance of differences between —Cr and +Cr groups was deter-
mined using Student’s f test.

RESULTS

Both groups of rats fed the low-Cr, high-fat diet showed an
essentially normal growth rate and body weight gain over the
16-week period of study. Growth patterns in the two groups of
rats fed the basal low-Cr diet were similar to those of chow-fed
animals, and the mean body weights of both groups were
similar (data not shown).

After 16 weeks on the low-Cr diet, unsupplemented rats
showed pronounced fasting hyperinsulinemia with normoglyce-
mia, indicating the presence of insulin resistance induced by the
experimental diet (Table 1). In contrast, plasma insulin and
glucose levels were essentially normal in +Cr animals and were
similar to the levels measured in chow-fed rats (data not
shown). Plasma triglyceride levels tended to be lower in +Cr
versus —Cr animals.

The insulin response was lower in both groups of rats fed the
high-fat diet compared with chow-fed animals (Fig 1). In
addition, modulatory effects of Cr supplementation on insulin
responsiveness were also apparent, with insulin levels consis-
tently lower in +Cr versus —Cr rats.

More efficient glucose utilization due to Cr is illustrated by
comparing the glucose decay constant (Kg) as represented by
the slope of the lines shown in Fig 2. In contrast to the K¢ in
chow-fed rats (5.18%/min), the K; in —Cr animals was
decreased more than 50% (1.74%/min). Glucose removal
efficiency was also lower than normal in +Cr rats, although a
significant restorative effect of Cr was observed, with the Kg
(2.39%/min) being increased by almost 40% relative to that of
—Cr animals. It should be noted that at all time points before
minute 40, insulin levels were approximately 100 uU/mL.,
indicating that hepatic glucose release was fully suppressed.??
Thus, differences in the plasma glucose response measured in
these animals represent differences in peripheral glucose utiliza-
tion and not hepatic glucose production.

Table 2 provides a comparison of insulin, glucose, and
plasma triglyceride response areas during the 40-minute toler-
ance test in —Cr and +Cr rats fed the basal high-fat diet. As
compared with the insulin areas near 7,500 pU/mL - min in
chow-fed animals (data not shown), the areas in rats fed the
purified diet were almost 50% lower, illustrating the marked

Table 1. Effects of Cr Supplementation on Fasting Plasma Insulin,
Glucose, and Triglyceride Levels in Rats Fed a High-Fat Diet

Low in Cr
+Cr
Parameter ~Crin=7) {n = B)
Insulin {(pU/mL} 65 = 10* 31 £ 4%
Glucose (mg/dL) 109 = 3 118 =5
Triglycerides (mg/dL) 82+5 715

NOTE. Values are the mean = SEM. Values with different super-
scripts are significantly different at P < .05 (Student’s ttest).
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Fig 1. Plasma insulin response during an IVGTT in —Cr and +Cr
rats fed a low-Cr, high-fat diet and in stock diet-fed rats. Values
before the axis break denote fasting levels. The dashed line denotes
values for 5 stock-fed rats.

depressive effect of the high-fat diet on the responsiveness of
the endocrine pancreas to glucose (Fig 1). In relation to this, it
should be noted that 40-minute insulin areas in animals fed a
diet lower in fat (15% lard) and containing identical levels of
minerals as used herein are nearly fourfold greater (~15,000
uU/mL - min; unpublished results, June 1994) than in the
high-fat—fed rats (~3,800 pU/mL - min; Table 2). In accordance
with the higher rates of glucose clearance measured in +Cr rats,
40-minute glucose areas tended to be smaller in the supple-
mented animals.

In addition to insulin and glucose responses, there was a
pronounced decrease in plasma triglyceride levels during the
40-minute tolerance test. This triglyceride-lowering effect was
observed in all rats, with 40-minute steady-state levels lower in
+Cr compared with —Cr animals. These differences resulted in
smaller 40-minute triglyceride areas in +Cr animals, indicating
an enhanced effectiveness of endogenous insulin in +Cr
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Fig2. Glucose clearance (Kg) during an IVGTT in —Cr and +Cr rats
fed a low-Cr, high-fat diet. Excess glucose represents glucose levels
corrected for basal glucose concentrations. The dashed line denotes
values for 5 stock rats and corresponds to a K; of 5.18%/min.
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Table 2. IVGTT Plasma Insulin, Glucose, and Triglyceride Responses
in —Cr and +Cr Rats Fed a High-Fat Diet Low in Cr

—Cr{n = 8) +Cr(n = 5)
Insulin area above basalt 3,838 = 1,493 3,791 £ 1,153
Glucose area above basal§ 11,238 *+ 568 9,907 = 300
Triglyceride area|| 1,143 = 97* 875 + 621
KG (%/min) 1.74 = 0.22t 239 = 0.11%

NOTE. Values in the same row with different superscripts are
significantly different at P < .05.

$40-minute insulin area (pU/mL - min).

840-minute glucose area (mg/dL - min).

[[40-minute triglyceride area under the curve {mg/dL - min).

animals (Table 2). Triglyceride areas in +Cr animals were
similar to those in chow-fed animals (data not shown).

DISCUSSION

The observations reported here and in previous studies from
this laboratory examining intravenous glucose tolerance in
Cr-deficient rats'® support the proposal that impaired glucose
tolerance in Cr deficiency reflects defects in peripheral tissue
sensitivity to insulin.'® Glucose removal rates were nearly 40%
higher and occurred at circulating insulin levels that were
consistently lower in the Cr supplemented rats. In previous
studies, we observed even larger modulatory effects of Cr
supplementation on the insulin response to intravenous glu-
cose.!® In those experiments using rats fed a low-Cr sucrose diet
high in iron, B-cell hypersecretion of insulin was prevented by
Cr and insulin responses in supplemented animals were 50%
lower during the 40-minute glucose tolerance test. Except for
studies performed in severely glucose-intolerant human sub-
jects,?* the modulatory effects of Cr supplementation on the
insulin response to oral glucose in humans have been relatively
small. A greater insulin response after oral compared with
intravenous glucose administration is well documented and
may, in part, underlie the response differences.?> Comparisons
between rat and human responses are complicated by differ-
ences in dietary fat content, which is typically high in the
average human diet (>>40% by calories in Western countries) in
contrast to commercial rat diet, which often contains no added
animal fat.2!

In these experiments, the basal diet was high in fat to enhance
insulin resistance in the experimental animals. The use of a
high-fat diet was motivated by studies from many investigators
demonstrating that the tissues of rats fed a high-fat diet are less
sensitive to insulin versus those of animals fed a regular
diet.2627 The presence of insulin resistance was indicated by the
hyperinsulinemia in the fasting state and marked decrease of the
K in the fat-fed Cr-deficient rats used here. In accordance with
studies from other groups examining interactions between
dietary sucrose and various factors such as exercise, obesity,
and cold acclimatization on glucose tolerance,?®3° we have
shown previously that the expression of Cr deficiency and
supplementation effects is also significantly dependent on the
sucrose content of the experimental diet. Animals fed low-Cr,
high-carbohydrate diets show no impairment of glucose toler-
ance and glucose clearance are unaffected by Cr supplementa-
tion.3! Beneficial effects of Cr supplementation on glucose
tolerance are not observed in rats fed a low-Cr diet excessively
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high (>70%) in sucrose.?! Thus, an apparent discordance exists
between this lack of any Cr effects on the Kg and the amply
documented effects of high-sucrose diets in producing a deple-
tion of Cr stores in rats fed low-Cr, high-carbohydrate diets.
Since high-carbohydrate diets are usually low in fat, it is clear
that diet-induced changes in metabolism are also the result of an
altered (decreased) fat content of the diet. The need for the use
of low-Cr diets containing adequate amounts of saturated fat in
Cr supplementation studies is underscored by the findings from
several investigators using diets containing insufficient levels of
saturated fat and showing no or borderline effects of Cr
supplementation on glucose tolerance.1315 In addition to
compensatory changes in B-cell secretion of insulin,'® direct
effects of high-carbohydrate diets on glucose metabolism in
tissues may also underlie the borderline effects of Cr supplemen-
tation on glucose tolerance in rats fed high-carbohydrate diets
low in fat. In support of this conclusion are studies using rats fed
a diet lower in fat (15% lard) containing the same levels of trace
minerals used here. These animals have a clearance of injected
glucose two to three times faster than that of chow-fed rats, and
no effects of Cr supplementation on glucose clearance are
detectable.?! In addition, insulin secretion is significantly en-
hanced, with 40-minute insulin areas being more than twofold
greater than those measured in chow-fed rats.

Exaggerated insulin responses also occur in rats fed diets
containing corn oil,3 supporting the speculation that corn oil
diets may directly affect B-cell insulin release by changing the
membrane fatty acid composition.?? In contrast, as seen in this
study, high levels of animal fat (lard) in the diet have opposite
effects on the pancreas, resulting in a marked decrease in B-cell
responsiveness to glucose. The in vivo observations shown in
this study are in accordance with studies by other investigators
reporting that high-fat feeding is associated with relative
postprandial hypoinsulinemia in rats,26 as well as in vitro
studies suggesting that insulin secretion is negatively influenced
by high-fat feeding.33-3 Thus, in contrast to the effects of
feeding diets high in sucrose (low animal fat) or containing corn
oil, the decreased glucose clearance and insulin resistance
observed in the high-fat—fed rats used in this study were more
likely the result of direct effects of chronically elevated
circulating free fatty acids on peripheral tissues caused by
consumption of the high-fat diet. As seen here, Cr supplementa-
tion had restorative effects on insulin resistance, with the Kg
being increased approximately 40% in the supplemented ani-
mals. The observation that fasting insulin levels were higher in
Cr-deficient rats is indicative of more severe insulin resistance
in response to the absence of Cr in the experimental diet. The
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development of fasting hyperinsulinemia was also prevented in
response to Cr supplementation, with normalization of fasting
insulin levels.

In this study, no significant beneficial effects of Cr on fasting
triglyceride levels were seen, although triglyceride levels
tended to be lower in Cr-adequate animals. In contrast, large
differences between Cr-adequate and Cr-deficient rats were
observed in response to intravenous glucose administration.
Steady-state plasma triglyceride levels during the 40-minute
tolerance tests were decreased in all anmimals. However, the
incremental decrease in the triglyceride concentration was
larger in Cr-adequate rats, resulting in lower steady-state levels
and smaller 40-minute triglyceride areas as compared with the
unsupplemented Cr-deficient rats. This acute triglyceride-
lowering effect is likely the result of two separate actions of
insulin: activation of lipoprotein lipase, leading to an enhanced
degradation of triglycerides,® and concurrent suppression of
lipolysis, resulting in a decreased supply of free fatty acids
required for triglyceride biosynthesis.’” It is well documented
that even small increases in insulin can cause marked inhibition
of lipolysis, with this effect being complemented by elevated
blood glucose levels®® as occur following intravenous glucose
administration. This conclusion is also supported by the well-
established correlation between elevated plasma free fatty acids
and hypertriglyceridemia.?” Experimental support for the in-
volvement of Cr in this acute triglyceride-lowering response
also derives from studies by Mirsky® reporting a 50% decrease
of plasma free fatty acids in streptozotocin-diabetic rats 30
minutes after administration of a Cr complex. Concerning these
Cr effects on blood lipids, Mirsky cited early studies by Tuman
et al* showing a decrease in plasma triglyceride within hours of
intraperitoneal administration of organic forms of Cr to geneti-
cally diabetic mice. The conclusion that Cr is required for
maintenance of the sensitivity of these processes to insulin is
also supported by in vitro studies showing significantly de-
creased free fafty acid release in adipose tissue from Cr-
supplemented rats compared with rats with marginal Cr defi-
ciency.!?

In conclusion, Cr supplementation improves the glucose
removal efficiency in rats with dietary insulin resistance in-
duced by feeding a low-Cr diet high in saturated fat. This action
of Cr to enhance glucose removal in response to endogenous
insulin also includes a significant effect on blood triglyceride
metabolism. The more pronounced decreases of triglycerides in
Cr-adequate rats suggest that Cr may also be required for
maintenance of the normal antilipolytic action of insulin, a
well-documented effect of the hormone.
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