
www.elsevier.com/locate/metabol
Metabolism Clinical and Ex
Effects of chronic chromium picolinate treatment in

uninephrectomized rat

Mahmood S. Mozaffaria,T, Champa Patela, Claudia Ballasa, Stephen W. Schafferb

aDepartment of Oral Biology and Maxillofacial Pathology, Medical College of Georgia, Augusta, GA 30912-1128, USA
bDepartment of Pharmacology, College of Medicine, University of South Alabama, Mobile, AL 36688, USA

Received 19 October 2004; accepted 19 April 2005
Abstract

Chromium picolinate [Cr(pic)3] is a nutritional supplement that is advocated as an adjuvant therapy for impaired glucose tolerance/type

2 diabetes because it improves glucose homeostasis. Because renal dysfunction is a major complication of type 2 diabetes, the potential

impact of Cr(pic)3 on kidney function requires due consideration. This investigation takes added importance because the kidney is not only

the principal route of elimination for chromium but also an organ that preferentially accumulates it. To avoid the confounding influence of

chronic hyperglycemia, and its associated complications, we used the unilaterally nephrectomized (UNX) rat that shows impaired kidney

function with age. We tested the hypothesis that chronic treatment of the UNX rat with Cr(pic)3 exacerbates the age-related decline in renal

function. Accordingly, UNX rats were fed a diet lacking (eg, control; n = 5) or containing 5 mg/kg of Cr(pic)3 (n = 7) for 60 days. The

treatment did not affect glucose tolerance as reflected by lack of any effect on changes in blood glucose concentration during glucose

tolerance testing. Although nonfasting blood glucose concentrations were similar between the 2 groups, plasma insulin concentration was

lower in the Cr(pic)3-treated group (P b .05), suggesting improved insulin sensitivity. Body weight, blood pressure, heart rate, daily food

and fluid consumption, daily urinary fluid and electrolyte excretions, urine osmolality, and daily protein excretion were similar between the

2 groups before and during Cr(pic)3 treatment. Although renal excretory responses to acute administration of a 5% isotonic saline volume

load were similar between the 2 groups, the Cr(pic)3-treated group displayed a more robust ability to excrete a 10% isotonic saline volume

load, an effect primarily related to reduced tubular reabsorption of the filtered fluid and sodium loads. In conclusion, chronic Cr(pic)3 did

not adversely affect renal function. Rather, the treatment improved the ability of the animal to dispose of an acute isotonic saline volume

load, suggesting preservation of renal function in the UNX rat.

D 2005 Elsevier Inc. All rights reserved.
1. Introduction

The manufacture and sale of nutritional supplements is a

multibillion dollar industry with various formulations of

trivalent chromium contributing significantly to this market

[1]. The interest in chromium supplementation stems from

earlier animal studies that indicated an essential role for

trivalent chromium in carbohydrate metabolism [2-4].

Subsequent observations that patients on total parenteral

nutrition also develop a deficit in carbohydrate metabolism,

which can be alleviated with trivalent chromium, estab-

lished the essential role of trivalent chromium in human diet

as well [5-8]. Because dietary chromium is poorly absorbed

(about 0.5%-2%), there has been a surge of interest in use of
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bioavailable formulations of trivalent chromium (eg, chro-

mium picolinate [Cr(pic)3]; ~5% bioavailable) as adjunctive

therapy for impaired glucose tolerance/ type 2 diabetes

[9-11]. Indeed, Cr(pic)3 ranked second in sales, after

calcium supplements, with a market value of over half a

billion dollar in the year 2000 [1]. Thus, chromium is the

second leading inorganic element sold in the market place.

Clearly, rational and effective therapeutic strategy should

minimize potential adverse effects while enhancing thera-

peutic efficacy of any drug or nutritional supplement. With

regards to Cr(pic)3, several anecdotal case reports of

individual subjects suggest renal dysfunction may be a

common side effect of this nutritional supplement although

a cause-and-effect relationship has not been established

[10,12-15]. Awareness of the potential for adverse effects

has increased after the demonstration of a clastogenic (ie,

chromosomal breakage) effect of Cr(pic)3 in vitro [16-18].
perimental 54 (2005) 1243–1249
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However, to our knowledge, adverse renal effects of

Cr(pic)3 have not been verified in placebo-controlled

studies using human subjects. Indeed, it has been suggested

that the clastogenic potential may not be a major threat in

vivo because the majority of Cr(pic)3 is distributed into the

cytosol rather than the nucleus or the mitochondria [9,19].

On the other hand, the assertion that trivalent chromium

supplementation is safe and effective has primarily relied on

results of studies which have used normal animals without

coexistence of renal dysfunction [10,11,20]. More impor-

tantly, these studies have rarely focused on the chronic renal

functional effects of Cr(pic)3. Because the kidney is the

principal route of elimination for Cr(pic)3 and an organ in

which it accumulates [9,10,19,21], the investigation of the

impact of Cr(pic)3 on a dysfunctional kidney, independent

of chronic hyperglycemia and its associated complications,

is warranted.

We have previously shown that removal of one kidney at

4 weeks of age leads to impaired renal function, causing a

significant reduction in the ability of the animal to dispose

of a saline volume load as the animal reaches 6 months of

age [22,23]. It is noteworthy that renal adaptation to loss of

one kidney is dependent on the age of the animal at the time

of unilateral nephrectomy (UNX; [24]). In other ongoing

studies, we have observed a more marked, and accelerated,

deterioration of renal function in rats that have undergone

UNX at about 10, rather than 4 [22,23], weeks of age. Thus,

we examined the chronic impact of Cr(pic)3 on renal

function of rats in whom the right kidney was removed at

10 weeks of age. Accordingly, we tested the hypothesis that

chronic treatment of the UNX rat with Cr(pic)3 exacerbates

the age-related decline in renal function.
2. Materials and methods

Male Wistar-Kyoto rats (9-week-old) were obtained from

Harlan Laboratories (Indianapolis, Ind). All rats were

maintained at constant humidity (60% F 5%), temperature

(248C F 18C), and light cycle (06:00 am to 06:00 pm).

Unless otherwise indicated, animals had free access to food

and water.

One week after arrival, the right kidney was removed from

each rat under pentobarbital anesthesia (50-60 mg/kg, IP) and

postoperative analgesia (1 mg/kg butorphanol, SC)

[22,23,25]. After 2 weeks to allow for compensatory renal

hypertrophy, the animals were subdivided and either

remained on the standard rat diet (Harlan Teklad diet no.

8604; n = 5) or were switched to the standard diet that was

supplemented with 5 mg/kg of Cr(pic)3 (Harlan Teklad diet

no. 03326; n = 7); the diet contained 5 mg of Cr(pic)3 rather

than 5 mg/kg of Cr as Cr(pic)3. It is noteworthy that others

have used diets containing more than 100 mg/kg of Cr(pic)3

[20]. We used the 5 mg/kg of Cr(pic)3 diet because, based on

measured daily intake of ~20 g food, this diet provides

Cr(pic)3 to the animal in doses that are closer to those

consumed by human subjects [9]. Hemodynamic parameters
(tail cuff; IITC/Life Science Instruments, Woodland Hills,

Calif) and daily metabolic data were collected before as well

as 14, 28, and 60 days after initiation of Cr(pic)3 treatment.

For daily metabolic data, the animals were housed individ-

ually in metabolic cages. After a period of 3 days of

acclimation, 2 consecutive 24-hour urine samples were

collected and daily consumption of food and fluid measured.

Each rat underwent a glucose tolerance test at about 8 weeks

after initiation of dietary Cr(pic)3 supplementation and

before renal function studies. For glucose tolerance testing,

after an overnight fast, each rat was injected with a glucose

load (2 g/kg, IP). Blood samples were obtained after a 1- to

2-mm cut at the end of the tail; a drop of blood sample was

placed directly on a test strip and glucose concentration

measured with a glucometer [23,25]. Nonfasting blood

samples were collected for determination of blood glucose

concentration and plasma insulin concentrations by radioim-

munoassay (ICN Biomedicals, Costa Mesa, Calif; [26]).

For renal function studies in the conscious animal,

each rat was preimplanted with femoral vessels cathe-

ters and a bladder cannula under pentobarbital anesthesia

(50-60 mg/kg, IP) followed by postoperative analgesia

(1 mg/kg butorphanol, SC). Two days after the surgical

procedure, each rat was placed in an environmental

conditioning unit to which the animal was acclimated for

several hours, 5 days before renal function studies. The

arterial and venous catheters were flushed with isotonic

saline containing 5 U/mL of heparin.

To determine the glomerular filtration rate (GFR), each

rat received an intravenous injection of 0.2 mL of isotonic

saline containing a priming dose of 2 lCi of 3H-inulin

(Dupont Co, Boston, Mass), followed immediately by a

20 lL/min intravenous infusion of isotonic saline contain-

ing 2.5 lCi/mL of 3H-inulin [22,23,25]. After a 45-minute

equilibration period, which is sufficient to achieve a steady-

state radioactive level in the plasma, a 30-minute urine

sample was collected for determination of baseline excre-

tory parameters. A 30-minute volume expansion (equivalent

to 5% of the animal’s body weight) was then initiated with

isotonic saline containing 3H-inulin [22,23,25]. This was

followed by infusion of isotonic saline containing 3H-inulin

at the rate of 20 lL/min for the remainder of the experiment.

Urine samples were collected at 15, 30, 60, and 90 minutes

after initiation of the saline volume load. At the midpoint of

each urinary collection period, 0.2 mL of arterial blood

sample was collected for determination of plasma radioac-

tivity and electrolyte composition; the blood sample was

replaced with an equal volume of isotonic saline. The next

day, the infusion protocol was repeated with an isotonic

saline volume load which was equivalent to 10% of the

animal’s body weight and administered over 30 minutes. At

the conclusion of renal function studies the animals killed

with pentobarbital (50 mg/kg, IV); the weight of the

remaining kidney was determined for each animal.

Sodium and potassium were measured by flame pho-

tometry and used to calculate sodium and potassium
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excretion. Urine osmolality was measured by an osmometer,

whereas urinary protein content was measured by the

Comassie blue method (Sigma, St Louis, Mo). Glomerular

filtration rate and fractional excretions of water and sodium

were calculated using standard clearance formulas

[22,23,25].

2.1. Statistics

All data were analyzed by 1-way analysis of variance.

Variables that were measured sequentially were analyzed by

repeated-measures analysis of variance. Duncan post hoc

test was used for comparison of mean values (significance

of criteria of P b .05). Data are reported as means F SEM.

3. Results

Body weight was similar between the control and

Cr(pic)3-treated groups before (248 F 5 vs 237 F 3 g)

and 60 days after initiation of Cr(pic)3 treatment (356 F 9

vs 353 F 7 g, control and Cr(pic)3, respectively); both

groups displayed similar kidney weights [2.2F 0.2 vs 1.8F
0.1 g, P = 0.20; control and Cr(pic)3, respectively].

Furthermore, systolic blood pressure (123 F 9 vs 124 F
6 mm Hg) and heart rate (367 F 9 vs 369 F 10 beats per

minute) were similar between the 2 groups 60 days after

initiation of Cr(pic)3 treatment.

Dietary Cr(pic)3 treatment did not affect either the

fasting blood glucose concentration or the response to

glucose tolerance testing (Fig. 1A). However, although

nonfasting blood glucose concentration was similar between

the 2 groups, the Cr(pic)3-treated group displayed reduced

nonfasting plasma insulin concentration, suggesting im-

proved insulin sensitivity (Fig. 1B-C).

Daily intake of food and fluid or daily excretions of urine

and electrolytes, urine osmolality, and protein excretion were

similar between the 2 groups before dietary assignment (data

not shown). These parameters remained similar between the

2 groups 14, 28, and 60 days after dietary assignments.

Table 1 summarizes metabolic data for the experimental

groups 60 days after initiation of Cr(pic)3 treatment.

It is noteworthy that subtle or even marked changes in

renal function may not be recognized by assessment of daily

metabolic data alone. An example is the streptozotocin-

treated type 1 diabetic rat, which excretes large volumes of

fluid and similar amounts of sodium in comparison to its

control counterpart over a 24-hour period [27]. Yet the type

1 diabetic rat is markedly impaired in its ability to dispose of

a saline volume load (5%-10% of body weight), thereby

indicating impairment of the volume reflex mechanism

[28,29]. Therefore, at the conclusion of the daily metabolic

studies (ie, 60 days after initiation of the Cr(pic)3

treatment), renal responses to an isotonic saline volume

load were determined in the conscious animal with

preimplanted vascular and bladder catheters.

Fig. 2A and B shows that Cr(pic)3-treated rats displayed

a similar diuretic response but a mild increase in the
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natriuretic response after administration of a saline volume

load (5% of body weight); these responses are lower than

those of rats which undergo UNX at 4 weeks of age or

sham-operated 2-kidney rats [22]. As expected, administra-

tion of a 10% saline volume load resulted in significantly

greater fluid and sodium excretions in both groups

compared with the 5% volume load. Interestingly, however,

Cr(pic)3-treated rats displayed a more robust increase in

both fluid and sodium excretions during administration of

the 10% volume load (Fig. 2A-B). Potassium excretion was

similar between the 2 groups during either the 5% or the

10% volume expansion (Fig. 2C).



Table 1

Daily metabolic data for the experimental groups 60 days after initiation of dietary Cr(pic)3 supplementation

Group Food intake

(g)

Fluid intake

(mL)

Urine excretion

(mL/d)

Na+ excretion

(mEq/d)

K+ excretion

(mEq/d)

Urine osmolality

(mosM/kg)

Protein excretion

(mg/d)

Control (n = 5) 20.2 F 0.5 34.6 F 1.0 16.3 F 1.0 1.27 F 0.09 5.34 F 0.19 1746 F 80 24.2 F 1.3

Cr(pic)3 (n = 7) 19.3 F 0.6 33.1 F 1.1 15.1 F 1.1 1.33 F 0.07 4.87 F 0.24 1975 F 88 20.8 F 1.6
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Baseline GFR was similar between the 2 groups and

both groups displayed similar changes in GFR during

saline volume loading although the Cr(pic)3-treated group

showed a numerical advantage compared with the control

group (Fig. 3A). Analysis of fractional excretion and

glomerular filtration data suggest that reduced tubular

reabsorption of the filtered fluid and sodium loads
Fig. 2. Line graphs show diuretic (A), natriuretic (B), and kaluretic (C)

responses of the control and Cr(pic)3-treated rats to immediate intravenous

administration of an isotonic saline volume load that was equivalent to

either 5% (circles) or 10% (triangles) of the animal’s body weight. Data are

means F SEM. *P b .05 compared with other rats at the same time point.
contributes to greater diuretic and natriuretic responses to

saline volume expansion during the 10% than the 5%

isotonic saline volume load. Moreover, the differential in

excretory responses between the Cr(pic)3-treated and the

control groups during administration of the 10% volume

load can be attributed to reduced tubular reabsorption of

the sodium load (Fig. 3A-C).
Fig. 3. Panel A shows that baseline and changes in GFR during isotonic

saline loading were similar between the control and Cr(pic)3-treated rats.

Panels B and C show fractional excretions of fluid and sodium,

respectively, in control and Cr(pic)3-treated rats in response to either a

5% (circles) or a 10% (triangles) saline volume load. Data are means F
SEM. *P b .05 compared with other rats at the same time point.
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4. Discussion

This study indicates that chronic treatment of rats with

Cr(pic)3 does not affect blood pressure, heart rate, or the

ability of the animals to thrive. Furthermore, Cr(pic)3-

treated rats displayed similar nonfasting blood glucose

levels but a lower nonfasting plasma insulin concentration,

suggesting improved insulin sensitivity. Also of interest was

the lack of any adverse effect of Cr(pic)3 on renal function.

Rather, the treatment improved the ability of UNX rats to

dispose of an acute saline volume load. Taken together, the

data suggest that Cr(pic)3 modulates renal function inde-

pendent of changes in blood glucose concentration or

systemic hemodynamics.

Numerous studies have confirmed a beneficial effect of

trivalent chromium [eg, Cr(pic)3] on glucose (and lipid)

metabolism but the exact molecular events subserving its

metabolic effects remain to be established (see Refs

[10,11]). Nonetheless, several mechanisms have been

reported, including increased insulin receptor binding,

increased insulin receptor tyrosine kinase activity, and

decreased insulin receptor tyrosine phosphatase activity.

The net effect of these changes would be amplification of

insulin receptor signaling culminating in improved glucose

homeostasis [4,10,11,30,31]. This is consistent with the

reported beneficial effect of trivalent chromium on glycemic

control not only in conditions associated with insulin

resistance but also in healthy subjects [10,11,32-35].

Although the beneficial metabolic effects of Cr(pic)3

have been the focus of numerous investigations, others have

raised concerns regarding its safety and toxicity. Of

particular concern has been the potential genotoxicity of

Cr(pic)3. In 1995, Stearns et al [16] reported that Cr(pic)3

causes clastogenic damage (eg, chromosomal breakage) in

Chinese hamster ovary cells. A subsequent study using

cultured J774A.1 macrophage described a similar effect of

the supplement [18]. Using pUC19 plasmid DNA, Speetjens

and colleagues [17] showed that Cr(pic)3, in the presence of

air and biologic reductant ascorbate, relaxes supercoiled

DNA in a concentration-dependent manner. The authors

have proposed a mechanism for this effect that involves

reduction of Cr(pic)3 by ascorbate to [Cr(II)(pic)3]�; the

latter molecule is susceptible to air oxidation thereby

generating hydroxyl free radicals [17]. Hydroxyl free

radicals can cause severe DNA damage through any of a

large and complex set of reactions ranging from oxidation of

deoxyribose and base moieties to strand breaks [36].

Chromium picolinate is very stable and is able to

penetrate tissues more readily compared with other forms

of trivalent chromium (eg, its neutral charge and hydropho-

bicity). This is consistent with the observation that after

long-term Cr(pic)3 supplementation in the rat, chromium is

distributed into tissues although there appears to be

preferential accumulation in the kidney compared with

other tissues, such as the spleen and the heart [9,10,19].

Using 51Cr(pic)3 injections into Sprague-Dawley rats,
Hepburn and Vincent confirmed increased tissue content

of Cr(pic)3 (eg, liver and kidney) and also showed

preferential accumulation of 51Cr in the cytosol of hepato-

cytes (~75%; [9]). Furthermore, these authors showed that
51Cr(pic)3 is capable of entering the nucleus and the

mitochondria, but these organelles showed very little

accumulation of 51Cr. Based on these findings, these authors

suggested that the risk of damage to the DNA from

generation of hydroxyl radicals is reduced because Cr(pic)3

is preferentially accumulated in the cytosol rather than the

nucleus or the mitochondria [9]. Interestingly, however, in a

recent publication these investigators indicate that rats given

daily injection of Cr(pic)3 (38 lg) for 60 days not only ex-

crete significant quantity of 8-hydroxy-2V-deoxyguanosine
(8-OHdG) but also show increased renal tissue content of

8-OHdG [19]; 8-OHdG is a biomarker of oxidative DNA

damage and repair [36,37]. Based on kinetics of uptake of
51Cr(pic)3 into subcellular organelles, the authors suggest

that Cr(pic)3 enters the cell intact and gets incorporated into

the nucleus and the mitochondria. Nonetheless, although it

is readily destroyed or removed, the brief period of exposure

of these DNA-containing organelles to Cr(pic)3 is sufficient

for generation of significant DNA damage [19].

It is, however, rather difficult to reconcile the potential

genotoxicity of Cr(pic)3 in vivo with lack of any adverse

effect on renal function in this study or with the assertion of

other investigators that even high doses of chromium

supplementation is safe and does not cause adverse effects

[10,20]. It is plausible that residual damage from Cr(pic)3 is

not sufficient to adversely affect organ function. A more

likely explanation, however, could relate to the fact that

~5% of Cr(pic)3 is bioavailable after oral administration

[9,10]. The animals in our study had daily intake of about

100 lg of Cr(pic)3 [based on daily intake of ~20 g of

5 mg/kg Cr(pic)3 diet]. Thus, we estimate that about 5 lg of
daily intake actually reaches the systemic circulation. This

contrasts with the higher levels (about 38 lg/d of Cr(pic)3)

reported in the study of Hepburn and Vincent [19]. It is

plausible that, similar to in vitro observations, the in vivo

clastogenic effect is dose-related. The Cr(pic)3 intake of the

animals in this study is several fold higher (~6-17 times), on

per-kilogram basis, than those consumed by human subjects

[9]. Thus, provision of diets more enriched in Cr(Pic)3 may

not be applicable to the human subjects using this nutritional

supplement.

In this study, we used the UNX rat to explore chronic

renal effects of Cr(pic)3. The use of UNX rats was deemed

appropriate in light of the following considerations. First,

we have shown that removal of one kidney early in life (eg,

4 weeks of age) results in an impaired ability to dispose of a

saline volume load with advancing age [22,23]. Subsequent

observations indicated that renal adaptation to UNX

depends on animal’s age at the time of kidney removal

and at the time of assessing renal responses to acute plasma

volume expansion. Rats in which one kidney was removed

at 10, rather than 4, weeks of age, develop a more profound
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reduction in saline-induced diuresis and natriuresis com-

pared with their sham-operated 2-kidney counterparts (Refs

[22,23] and present study). In this study, the UNX rats were

about 5 months of age when renal excretory responses to

acute plasma volume expansion were determined. A

comparison of renal fluid and sodium excretion in response

to a 5% saline volume load reveals a marked reduction in

the ability of the 5-month-old UNX rats vs the 6-month-old

sham-operated rat to cope with acute plasma volume

expansion by augmenting diuresis and natriuresis (Fig. 2;

[22]). Indeed, 90 minutes after administration of the 5%

saline volume load, the UNX rats in this study excreted

about 10% to 15% of the administered sodium and fluid

loads compared with the much larger 40% to 50% excretion

by the sham-operated 6-month-old 2-kidney rats (see Refs

[22,23] for sham-operated data). This deficit is related to a

combination of reduced glomerular function and increased

tubular reabsorption activity ([22]; Fig. 3). It is noteworthy

that 6-month-old rats that had undergone UNX at 4 weeks of

age display renal responses to 5% saline volume expansion

intermediate between those of the 6-month-old sham-

operated 2-kidney rat [22] and the 5-month-old rat that

had undergone UNX at 10 weeks of age (Figs. 2 and 3).

Second, given that the UNX rat develops impaired renal

function with advancing age, the UNX model provides a

unique opportunity to explore renal effects of Cr(pic)3 in an

model of renal dysfunction lacking coexisting disorders that

impact kidney function (eg, hyperglycemia). Third, pro-

gressive loss of functional renal mass is a major feature of

type 2 diabetes [38], a condition for which Cr(pic)3 use is

advocated.

The renal response to volume loading is complex and

involves several components including (a) the afferent limb

(ie, volume receptors, electromechanical coupling, and

afferent fibers); (b) the central sites for neuronal processing

of afferent input; and (c) the efferent limb (ie, release and/or

action of humoral factors and renal sympathetic nerve

activity; [29]). Modulation of any of these components

could influence renal excretory function and thus account

for the increased saline volume–induced diuresis and

natriuresis in Cr(pic)3-treated rat. Nonetheless, at the level

of the kidney, baseline GFR was similar between the

2 groups although Cr(pic)3-treated rats displayed generally

higher, albeit nonsignificant, GFR during saline volume

loading compared with the control group. Thus, reduced

tubular reabsorption of the filtered fluid and sodium

contributes to improved saline volume–induced diuresis

and natriuresis as reflected by greater fractional excretions

of fluid and sodium. Similarly, the significant increase in

renal fluid and sodium excretions during administration of

the 10% rather than the 5% isotonic saline load is due to

reduced tubular reabsorption of the filtered load of fluid and

sodium (Fig. 3A-C).

Finally, it is noteworthy that Cr(pic)3-treated rats

displayed a lower ambient insulin concentration. Among

its multiple and diverse effects, insulin promotes sodium
reabsorption by renal tubules [39,40]. Thus, it is plausible

that the improvement in saline volume–induced diuresis and

natriuresis in Cr(pic)3-treated rats relate, in part, to lower

plasma insulin concentration.

In conclusion, chronic treatment of the UNX rats with

Cr(pic)3 does not adversely affect renal function. Rather, the

treatment appears to benefit the remaining kidney. Because

the UNX rat displays impaired renal function with advancing

age compared with its 2-kidney counterpart [22,23], the

improvement in renal function in Cr(pic)3-treated rat

suggests preservation of renal function. These observations,

along with a similar blood glucose concentration despite a

lower plasma insulin concentration, raise the possibility that

Cr(pic)3 may exert brenoprotectionQ in animal models of

impaired glucose tolerance/type 2 diabetes that exhibit renal

functional deficits. Thus, long-term studies using appropriate

animal models of these disorders are needed to better

establish the impact of Cr(pic)3 on the kidney.
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