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Abstract Glucocorticoids (GCs) are often prescribed

in clinics but many adverse effects are also attributed to

GCs. It is important to determine the role of GCs in the

development of those adverse effects. Here, we inves-

tigated the impact of GCs on trivalent chromium (Cr)

distribution in animals. Cr has been proposed to be

important for proper insulin sensitivity, and deficits may

lead to disruption of metabolism. For comparison, the

effect of a high-fat diet on Cr modulation was also

evaluated. C57BL/6JNarl mice were fed regular or high-

fat diets for 12 weeks and further grouped for treatment

with prednisolone or saline. Cr levels in tissues were

determined 12 h after the treatments. Interestingly,

prednisolone treatment led to significantly reduced Cr

levels in fat tissue in mice fed regular diets; compared to

the high-fat diet alone, prednisolone plus the high-fat

diet led to a further reduction in Cr levels in the liver,

muscle, and fat. Notably, a single dose of prednisolone

was linked with elevated Cr levels in the thigh bones of

mice fed by either regular or high-fat diets. In

conclusion, this report has provided evidence that

prednisolone in combination with a high-fat diet effects

modulation of Cr levels in selected tissues.
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Introduction

Glucocorticoid (GCs) hormones are secreted by the

adrenal cortex, and they exert essential influences on

glucose metabolism and energy homeostasis (Boyle

and Cryer 1991; De Feo et al. 1989; McMahon et al.

1988). They also possess potent anti-inflammatory and

immunosuppressive properties and are frequently used

in the clinic to reduce inflammation or immune

activation (Barnes 1998; Coutinho and Chapman

2011; Saklatvala 2002; Stahn et al. 2007). However,

many adverse effects are also attributed to GCs. These

include GC-induced osteoporosis (Bonacci et al. 2003;

Mazziotti et al. 2006), central adiposity (Rockall et al.

2003), dyslipidemia (Taskinen et al. 1983; Wajchenberg

2000), skeletal muscle wasting (Khaleeli et al. 1983),

insulin resistance (Schacke et al. 2002), tendency

toward hyperglycemia (McMahon et al. 1988; van

Raalte et al. 2009), glucose intolerance, and overt

diabetes (Schacke et al. 2002). Of note, among these

adverse effects, GC-induced osteoporosis, glucose

intolerance, and diabetes can lead to severe medical

problems (Schacke et al. 2002; Bonacci et al. 2003;
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Mazziotti et al. 2006). Excessive GC levels are known to

contribute to some GC-related osteoporosis (Delany

et al. 1994; Lukert and Raisz 1990), by stimulating bone

resorption by osteoclasts, decreasing bone mass by

inhibiting osteoblasts, and decreasing intestinal calcium

resorption (Olbricht and Benker 1993; Lukert and Raisz

1994; Canalis 1996; Gulko and Mulloy 1996). In

addition, insulin activity has been suggested to affect

bone metabolism in that physiological insulin concen-

trations can stimulate collagen production by osteo-

blasts and insulin may reduce bone resorption by

decreasing parathyroid hormone-stimulated osteoclast

cell formation (McCarty 1995).

Currently, many efforts are focused on understand-

ing and diminishing GC-induced adverse effects

(Stahn et al. 2007; Clore and Thurby-Hay 2009; van

Raalte et al. 2009). Many previous reports have

indicated a link between trivalent chromium (Cr)

deficiency and type 2 diabetes or insulin resistance

(Brown et al. 1986; Freund et al. 1979; Jeejeebhoy et al.

1977; Vincent 2000). Moreover, many Cr supplements

can ease some type 2 diabetes-related disorders,

especially in animal models. These models all indicate

that Cr has a significant anti-diabetic potential (Chen

et al. 2009b, 2010; Cefalu et al. 2002; Morris et al.

1993; Striffler et al. 1995; Krol and Krejpcio 2011;

Sahin et al. 2011). Intriguingly, a recent report

indicated that Cr is not an essential trace element in

rats, and the same group concluded that supranutri-

tional amounts of Cr in the diet had the pharmacolog-

ical effect of increasing insulin sensitivity (Di Bona

et al. 2011). However, in a human case report, Cr

administration with i.v. decreased the insulin require-

ments, and this improves glucose control (Phung et al.

2010); this supplementations also enhance insulin

sensitivity in patients with type 2 diabetes, and subject

phenotypes have been shown to be very important

when assessing the clinical responses to Cr (Wang et al.

2007). Moreover, many important reports also provide

clues that Cr indeed plays a role in metabolism. For

example, Cr supplementation protects against renal

dysfunction by modulation of NF-kappa B pathway

in high-fat and streptozotocin-induced diabetic rats

(Selcuk et al. 2012); Cr supplement also modulates

serotonergic properties and carbohydrate metabolism

in a diabetic rat model (Komorowski et al. 2012).

Moreover, another report indicates that Cr supplemen-

tation can lower blood levels of proinflammatory

cytokines (TNF-alpha, IL-6, C-reactive protein),

oxidative stress, and lipids levels in diabetic rats. (Jain

et al. 2007). Taken together, these reports have

supported that Cr is an important co-factor or pharma-

cological agent for proper carbohydrate metabolism

and also for effective insulin responses. These influ-

ences could be more important in subjects suffering

from impaired insulin activity or dietary carbohydrate

stress. Moreover, high carbohydrate intake and some

stressful dietary situations have also been reported to

promote the excretion of Cr in the urine (Anderson

1997; Morris et al. 1988). Interestingly, our raw data

also showed that a high-fat diet plays a role in

deterioration of Cr accumulation in some insulin-

sensitive tissues. Therefore, this study aimed to

determine the influence of GCs or a high-fat diet on

altered Cr distribution in tissues. This could further

reveal the mechanisms underlying certain GCs-related

disorders, and potentially explain some GC-induced

side effects in terms of Cr modulation in animals.

Materials and methods

Animal, diet and tissue preparation

C57BL/6JNarl (C57BL) and KK/H1 J (KK) mice were

used in this study. Animals were maintained in a room at a

mean constant temperature of 22 ± 2 �C with a 12-hour

light–dark cycle and free access to food and water.

C57BL mice were grouped and fed a regular diet (5008

Rodent LabDiet) or a high-fat diet (high-fat Rodent

TestDiet, 67 % of calories provided by fat) for 12 weeks.

The KK mice were also grouped and fed a mouse

diet (18.3 % protein, 25.8 % fat, 55.9 carbohydrates;

gross energy, 4.35 kcal/mg) or a high-fat diet (16.3 %

protein, 66.6 % fat, 17.1 % carbohydrate; gross energy,

7.1 kcal/mg) for 12 weeks. Each group was further

divided into 2 groups and injected with prednisolone or

saline (control) as described below. Number of animals in

each experiment is indicated within each figure. In all

animal experiments, the authors adhered to the guidelines

for the Care and Use of Laboratory Animals, as rec-

ommended by the Taiwanese government.

Injections of prednisolone and biochemical

analysis

After 12 weeks on a specific diet described above,

feeding groups were divided into 2 groups. Mice were
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then intra-peritoneally injected with prednisolone

(2 mg/kg body weight; Donison) or saline (control

group). Twelve hours after injection, mice were fasted

for another 12 h, and blood samples were collected from

tail veins and subjected to biochemical analysis. Blood

glucose was determined using glucose oxidase reaction;

blood insulin levels were determined using a commercial

kit (Rat Insulin ELISA kit, Crystal Chem Inc.). Serum

triacetylglycerol levels were determined using clinical

chemistry analyzers (Hitachi Autoanalyzer 7070 and

Roche I 800). Mice were sacrificed under anesthesia, and

the thigh bone, epididymal fat, liver, and quadriceps were

collected and stored at -20 �C until further Cr analysis.

Cr analysis

After the experiments, the samples of blood and tissues

(liver, muscle, fat, and bone) were collected. Then, the

collected samples (250 ll of blood, 0.1 g of tissues) were

digested in 65 % nitric acid (1 ml) and heated at 65 �C

for 1 h. The digested solutions were diluted with distilled

water up to 5 ml before measurement. The calibration

solutions were prepared from 1,000 ll/ml stock solutions

from Merck by dilution with distilled water. Chromium

concentrations of standards and samples were determined

using graphite furnace atomic absorption spectropho-

tometry (Hitachi Z-2000 series polarized Zeeman atomic

absorption spectrophotometer). In this assay, no tissue

retention studies were done. Therefore, the data represent

not absolute chromium levels in tissue that can be

compared to other literature values.

Insulin resistance analysis

The homeostasis model assessment-estimated insulin

resistance (HOMA-IR) has been widely used for the

estimation of insulin resistance in research (Albreda et al.

2000, Mao et al. 2007, Vogeser et al. 2007). Therefore,

insulin resistance of mice was evaluated using homeo-

stasis model assessment (HOMA-IR). Fasting plasma

glucose (FPG: mmol/l) and fasting plasma insulin

concentration (FPI: mU/l) were determined. Insulin

resistance was calculated as follows: FPI 9 FPG/22.5

as reported previously (Matthews et al. 1985).

Statistical analysis

Data are expressed as mean ± standard deviation

(±S.D.), and statistical analyses were performed by

the Student’s t test using Microsoft Excel. A P value of

less than 0.05 or 0.01 was considered significant.

Otherwise, data from four groups were analyzed by

using the one-way ANOVA with a post hoc compar-

ison analysis.

Results

The effects of prednisolone in combination

with a high-fat diet on Cr distribution

in C57BL/6 J mice

To determine the role of prednisolone in modulation of

Cr levels in tissues, the effects of prednisolone on Cr

mobilization or accumulation in the epididymal fat,

quadriceps, liver, blood, and thigh bone were evalu-

ated. First, in mice fed regular diets, Cr levels in fat

(epididymal fat) were significantly reduced after a

single dose of prednisolone (Fig. 1). However, Cr

accumulation in the liver, muscle (quadriceps), bone

(thigh bone), and blood were unaffected by this

treatment. This result implies that prednisolone treat-

ments indeed have an impact on Cr accumulation in

certain tissues. The high-fat diet, in our preliminary

data, has been found to reduce Cr accumulation in the

liver, muscle, and bone tissues (data not shown). Here,

in line with our previous data, a long-term high-fat diet

(12 weeks) significantly reduced Cr levels in the liver,

muscle, and bone (Fig. 2a). Intriguingly, prednisolone

treatment can further diminish Cr accumulation in
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Fig. 1 Chromium concentrations in fat are reduced by a single

dose of prednisolone in mice fed regular diets. C57BL/6 J mice

(n = 20) were grouped and fed regular diets for 12 weeks. Mice

were further divided into two groups and injected either with

saline or prednisolone as described in Materials and methods

section. Tissue samples were harvested 24 h after injection and

chromium levels were determined. Values are expressed as

mean ± S.D. *P \ 0.05 versus control
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tissues, and prednisolone plus the high-fat diet led to

considerably reduced Cr accumulation in the liver, fat

and muscle (Fig. 2b). Therefore, these findings indi-

cate that prednisolone and high-fat diets all tended to

reduce Cr levels in selected insulin-sensitive tissues.

GC treatment has been linked to GC-induced

osteoporosis. Thus, the impact of prednisolone and

the high-fat diet on Cr levels in the thigh bones was

also evaluated in this study. Interestingly, predniso-

lone treatment seems to exert profound effects on Cr

levels; Cr levels in the thigh bones were increased

moderately (Fig. 1) or significantly (Fig. 2b) in 2

different animal models. In this study, Cr levels were

considerably promoted in C57BL/6 J mice (Fig. 2a, b)

and KK mice (Fig. 4a, b) by prednisolone treatment.

In contrast, Cr levels in the thigh bone were reduced

considerably by the high-fat diet in both animal

models (Fig. 2a; data in KK model are not shown).

These findings indicate that prednisolone affects Cr

levels in the thigh bone.

The effects of prednisolone in combination

with a high-fat diet on blood insulin, fasting

glucose, triacetylglycerol, and insulin resistance

Blood insulin, fasting glucose, triacetylglycerol, and

insulin resistance index (assessed by HOMA-IR) were

examined in prednisolone-treated C57BL mice that

were fed regular or high-fat diets. Compared to the

mice fed a regular diet (Fig. 3), mice fed a high-fat diet

exhibited significantly increased blood insulin

(Fig. 3a), fasting blood glucose (Fig. 3b), and triace-

tylglycerol (Fig. 3c), and higher insulin resistance

values (Fig. 3d). These data confirmed the adverse

effects of high-fat diet in terms of diabetogenic-related

indices (Fig. 3). High-fat diet plus prednisolone

treatment worsened blood insulin, triacetylglycerol,

and insulin resistance index.

The effects of prednisolone in combination

with a high-fat diet on Cr distribution

in KK/H1 J mice

High-fat diets have been shown to significantly

promote the development of hyperglycemia, dyslipi-

demia, hyperinsulinemia, and insulin-resistant C57BL

mice (Fig 3). Moreover, prednisolone treatment fur-

ther diminished Cr accumulation in insulin-sensitive

tissues in high-fat diet fed C57BL mice (Fig. 2b).

Thus, we used genetically insulin-resistant KK/HlJ

mice to explore whether the prednisolone treatment

aggravated the diminution of Cr accumulation in high-

fat diet fed KK mice. In KK mice fed the mouse diet

(about 25 % fat, Fig. 4a), prednisolone treatment

resulted in significantly decreased Cr levels in muscle

but an increase in bone (Fig. 4a). Moreover, prednis-

olone lowered Cr accumulation in KK mice fed a high-

fat diet (about 66 % fat), significantly reducing Cr

concentrations in muscle and fat (Fig. 4b). Therefore,

these findings are similar to those obtained using

C57BL mice. Compared to KK mice fed normal

mouse diet, high-fat diet significantly decreased Cr

concentration in the liver, epididymal fat, and thigh

bone. However, Cr levels in muscle and blood were

unaffected by the high-fat diet (data not shown). Thus,

the findings from KK mice also support the contention
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Fig. 2 Prednisolone treatment worsens Cr levels in the liver,

muscle, and fat in mice fed a high-fat diet. a C57BL/6JNarl mice

(n = 18) were grouped and fed normal or high-fat diets for

12 weeks. Tissue samples were collected, and chromium levels

were determined. b C57BL/6JNarl mice (n = 18) were fed

high-fat diets for 12 weeks. Mice were further divided into

groups and injected either with saline (control) or prednisolone

as described in Materials and methods section. Tissue samples

were harvested 24 h after injection and chromium levels were

determined. Values are expressed as mean ± S.D. *P \ 0.05,

**P \ 0.01, ***P \ 0.001 versus normal diets or control group
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that the high-fat diet tends to reduce Cr accumulation

in insulin-sensitive tissues and the thigh bone.

Discussion

We have demonstrated here that prednisolone treat-

ment in animals fed high-fat diets can lead to reduced

Cr levels in insulin-sensitive tissues, while tending to

elevate Cr levels in the thigh bone. To our knowledge,

this is the first study to examine the effects of

prednisolone on Cr distribution in animals. Since the

tested animals received a single dose of prednisolone,

we believe that the impact of prednisolone on Cr

modulation could be augmented in subjects receiving

multiple doses of prednisolone. Therefore, the effects

of different dosages, durations, or types of steroids on

Cr mobilization should be further investigated.

Intriguingly, a recent report demonstrated that Cr is

not an essential trace element for rats and concluded
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Fig. 3 Levels of blood insulin, triacetylglycerol, and insulin

resistance are elevated by the combination of prednisolone and a

high-fat diet. C57BL/6JNarl mice were grouped and fed normal

diets or high-fat diets for 12 weeks. Mice were then treated

either with saline or prednisolone for 24 h. Samples were

harvested and blood insulin (a), fasting blood glucose (b),

triacetylglycerol (c), and insulin resistance (d) were determined

as described in Materials and methods section. Values are

expressed as mean ± S.D. A one-way ANOVA with a post hoc

comparison analysis were conducted to analyze the four groups.

a, b, c different superscript letters indicate significant difference

between two groups (P \ 0.05)
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Fig. 4 Chromium distribution in tissues is modulated by a

single dose of prednisolone in KK/H1 J mice. a KK/H1 J mice

(n = 20) were grouped and fed a mouse diet (25.8 % fat) for

12 weeks. Mice were further divided into 2 groups and injected

with either saline or prednisolone as described in Materials and

methods section. Tissue samples were harvested 24 h after

injection and chromium levels determined. b KK/H1 J mice

(n = 16) were fed a high-fat diet (66.6 % fat) and were

processed as described in (a). Values are expressed as

mean ± S.D. *P \ 0.05 and **P \ 0.01 versus control
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that effects of supranutritional Cr in the diet should be

regarded as pharmacological effects (Di Bona et al.

2011). However, as described in the introduction

section, many previous reports have provided evi-

dences that Cr is a co-factor, especially in subjects

that have suffered certain disorders. For more clues, Cr

has been reported to activate glucose transporter 4

trafficking and enhance insulin-stimulated glucose

transport in an in vitro cell assay (Chen et al. 2006).

Moreover, Cr supplementation can attenuate hepatic

damage in a rat model of chronic cholestasis (Chen

et al. 2009a) and help to attenuate high-fat diet-

induced non-alcoholic fatty liver disease in KK/HlJ

mice (Chen et al. 2010). Furthermore, Cr supplemen-

tation enhances insulin signaling in skeletal muscle in

obese KK/HlJ diabetic mice (Chen et al. 2009b). Thus,

the beneficial effects of Cr on insulin-related functions

are more convincingly revealed in rodent models and

also in several recent human reports (Phung et al.

2010; Wang et al. 2007).

This study demonstrated that prednisolone chal-

lenge leads to reduced Cr levels in insulin-sensitive

tissues, especially in mice fed a high-fat diet. This

kind of treatment may gradually impair insulin

responses, especially in patients who receive long-

term GC treatment. On the other hand, a high-fat diet

has also been shown here to severely reduce Cr

concentrations in insulin-sensitive tissues, and this

manifests a link between impaired insulin responses

and a high-fat diet. Indeed, through the studies of

some diabetogenic indexes of mice fed high-fat

diets, we have learned that this kind of diet

contributes to elevated levels of blood insulin,

fasting glucose, and triacetylglycerol, and to insulin

resistance. Consistent with those observations, this

report indicates here that the combination of a high-

fat diet and prednisolone led to considerable

decreased Cr levels in some insulin-sensitive tissues,

accompanied by decreased blood insulin, fasting

glucose, triacetylglycerol, and insulin resistance.

Therefore, this study also partially supports a link

between Cr and some kinds of metabolic disorders.

Interestingly, Cr has been suggested to play a role in

preservation of bone density through anabolic effects

of insulin on bone metabolism (McCarty 1995).

Therefore, it is assumed here that the mechanisms by

which GCs elicit osteoporosis may include Cr

modulation, and in some way the indirect reduction

of insulin sensitivity.

Some nutrients, macronutrients, and several trace

minerals are linked with the constitution of the bone

matrix (Saltman and Strause 1993; Heaney et al. 1982;

Arnaud and Sanchez 1990; Gur et al. 2002). However,

direct role of Cr in the bone matrix is limited.

Although a recent report shows that Cr is not an

essential element for rats in terms of body composi-

tion, glucose metabolism, or insulin sensitivity (Di

Bona et al. 2011), the effect of Cr on bone quality was

not addressed in that study. Our data show that

prednisolone treatment can lead to considerably

increased Cr levels within bone. Possibly, these

elevated levels of Cr in bone may affect the interaction

between Cr and other bone minerals that may

indirectly modulate bone density. Nevertheless, the

relationship between bone Cr levels and bone quality

should be further investigated.

Physiological insulin has been reported previously

to indirectly affect Cr mobilization in insulin-sensitive

tissues; this may affect the role of insulin in glucose

transport or the transferrin-recycling pathway (Borguet

et al. 1990; Clodfelder et al. 2001; Clodfelder and

Vincent 2005; Sun et al. 2000; Vincent 2000). This

study shows that prednisolone treatment plays a role in

controlling Cr levels in insulin-sensitive tissues or

the thigh bone. Thus, it is assumed that other hormones

that physiologically modulate carbohydrate metabo-

lism may partially contribute to Cr mobilization or

distribution.

In conclusion, this study has demonstrated that

prednisolone treatment can alter Cr levels both in

insulin-sensitive tissues and in the thigh bone, and

these affects can be augmented in mice fed a high-fat

diet. These influences are suggested to partially

contribute to some of the adverse effects of GCs, and

we believe that the effects of prednisolone on Cr

modulation could accumulate in animals undergoing

long-term GCs therapy. The findings of this study

should motivate further investigations of the influences

of dose, duration of treatment, and type of steroids on

Cr modulation. Moreover, whether Cr supplementa-

tion can partially overcome adverse effects of GC

treatments should be further investigated.
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