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Abstract

This study examined renal and glycemic effects of chromium picolinate [Cr(pic)3] supplementation in the context of its purported potential for DNA damage.
In preventional protocol, male obese diabetic db/db mice were fed diets either lacking or containing 5, 10 or 100 mg/kg chromium as Cr(pic)3 from 6 to 24 weeks
of age; male lean nondiabetic db/m mice served as controls. Untreated db/db mice displayed increased plasma glucose and insulin, hemoglobin A1c, renal tissue
advanced glycation end products, albuminuria, glomerular mesangial expansion, urinary 8-hydroxydeoxyguanosine (an index of oxidative DNA damage) and
renal tissue immunostaining for γH2AX (a marker of double-strand DNA breaks) compared to db/m controls. Creatinine clearance was lower in untreated db/db
mice than their db/m controls, while blood pressure was similar. High Cr(pic)3 intake (i.e., 100-mg/kg diet) mildly improved glycemic status and albuminuria
without affecting blood pressure or creatinine clearance. Treatment with Cr(pic)3 did not increase DNA damage despite marked renal accumulation of
chromium. In interventional protocol, effects of diets containing 0, 100 and 250 mg/kg supplemental chromium, from 12 to 24 weeks of age, were examined in
db/db mice. The results generally revealed similar effects to those of the 100-mg/kg diet of the preventional protocol. In conclusion, the severely hyperglycemic
db/db mouse displays renal structural and functional abnormalities in association with DNA damage. High-dose Cr(pic)3 treatment mildly improves glycemic
control, and it causes moderate reduction in albuminuria, without affecting the histopathological appearance of the kidney and increasing the risk for
DNA damage.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Chromium picolinate [Cr(pic)3] is suggested to improve glycemic
control in type 2 diabetes [1–6]. The interest in trivalent chromium
stems from studies that indicate that chromodulin is capable of
binding to the insulin receptor, thereby resulting in amplification of
insulin signaling; chromodulin is a low-molecular-weight chromium
binding substance or a likely product of its metabolism known as the
glucose tolerance factor [1,2,6]. Improvement in glucose homeostasis
per se, in turn, ameliorates oxidative stress, which is a major sequela
of chronic hyperglycemia that contributes importantly to the
pathogenesis of diabetic complications including nephropathy [7–9].
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While the beneficial metabolic effects of Cr(pic)3 have been the
focus of a number of investigations, others have raised concerns
regarding its safety and toxicity. Of particular concern has been the
potential genotoxicity of Cr(pic)3 [10–17]. Accordingly, it has been
suggested that reduction of Cr(pic)3 by ascorbate produces [Cr(II)(-
pic)3]−, which is susceptible to oxidation, thereby generating
hydroxyl free radicals [14]. Hydroxyl free radicals can cause severe
DNA damage through a large and complex set of reactions ranging
from oxidation of deoxyribose and base moieties to strand
breaks [18].

Chronic Cr(pic)3 supplementation results in distribution of
chromium into a variety of tissues including the kidney [19–21].
The kidney is also a principal route of elimination for chromium [22].
Given that nephropathy is a major complication of type 2 diabetes, it
is possible that chronic Cr(pic)3 use could be of potential detrimental
consequences to the kidney (i.e., with possibility to cause functional
dysregulation and/or altered structure) because of its accumulation
within this organ [21]. Thus, we examined the effects of preventional
and interventional Cr(pic)3 on glycemic control and the kidney of the
db/db mouse, which is one of the best characterized and most
intensively studied animal models of human type 2 diabetic
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nephropathy; the db/db mouse lacks the leptin receptor due to an
autosomal recessive mutation of the diabetic (db) gene [23–27]. The
db/db mouse is obese, markedly insulin resistant and severely
hyperglycemic; the heterozygous db/m littermate is lean and is
spared from the type 2 diabetic condition, thereby serving as an ideal
genetic control for the db/db mouse. Accordingly, we tested the
hypothesis that relatively high-dose chronic Cr(pic)3 increases the
risk for DNA damage in associationwith worsening of renal functional
and structural alterations in db/db mice. Assessment of DNA damage
included measurement of urinary excretion of 8-hydroxydeoxygua-
nosine (8-OHdG), an index of oxidative DNA damage, and renal tissue
γH2AX immunostaining, which is a sensitive marker of double-strand
DNA (dsDNA) breaks; dsDNA breaks are considered to be the most
severe form of DNA injury [28,29].

2. Materials and methods

The present studies utilized two major protocols: preventional and interventional.
For the preventional protocol, dietary Cr(pic)3 supplementation of db/db mice
commenced at 6 weeks of age before the manifestation of the disease (i.e., marked
obesity and type 2 diabetes). On the other hand, for the interventional protocol,
dietary Cr(pic)3 treatment started at about 12 weeks of age (i.e., after development of
obesity and type 2 diabetes). The animals (male db/m and db/db mice) were
purchased from the Jackson Laboratories and were housed in the laboratory animal
facilities at the Georgia Health Sciences University. All animals had free access to food
and water throughout the studies (unless otherwise specified). The use of animals for
these studies conformed to the institutional guidelines for the care and use of
laboratory animals.

2.1. Preventional protocol

At 6 weeks of age, the db/db mice were randomly assigned to either remain on the
regular rodent diet (Harlan Teklad diet number 8604) or be switched to the 8604-
based diet that was supplemented with 5, 10 or 100 mg/kg of chromium as Cr(pic)3
(i.e., db/db; 5 Cr, db/db; 10 Cr, and db/db; 100 Cr identified by Harlan Teklad diet
numbers 07602, 07603 and 07604, respectively; n=10 animals per group). Lean,
nondiabetic db/m controls (n=9) were provided with the 8604 diet (without
supplemental chromium).

Prior to sacrifice at 24 weeks of age, tail-cuff hemodynamics were measured,
and two consecutive 48-h urine samples were collected from each animal; urine
samples were used for determination of urinary excretions of albumin and 8-OHdG
[30]. Further, hemoglobin A1c levels were measured using a drop of blood from the
tail (Bayer HealthCare Diabetes Care, Sunnyvale, CA, USA). For determination of
plasma glucose and insulin concentrations, the 24-week-old animals were fasted
overnight, and blood samples were obtained from the retro-orbital plexus of the
conscious animal.

2.2. Interventional protocol

The interventional protocol utilized three groups of 12-week-old db/db mice that
were fed either the normal 8604 diet (n=4) or the 8604 diet that was supplemented
with either 100 or 250 mg/kg of chromium as Cr(pic)3 (n=6 mice/group; db/db; 100
Cr and db/db; 250 Cr, respectively). Glycemic and renal parameters were measured
before initiation of dietary Cr(pic)3; these measurements were repeated 4 weeks after
initiation of dietary regimen as well as before sacrifice and collection of tissues (i.e., 24
weeks of age) as described under the preventional protocol. The 24-week-old db/m
mice of the preventional protocol served as “historical controls” for untreated db/db
mice of the interventional protocol since these animals (i.e., db/m) were not provided
with supplemental chromium.

2.3. Tissue collection

After collection of metabolic data andmeasurement of tail-cuff hemodynamics, the
animals were anesthetized with sodium pentobarbital (40 mg/kg), and renal tissue
was procured for histopathological examination and immunohistochemistry (i.e., 10%
formalin-fixed). Slot blot analysis was performed for determination of tissue advanced
glycation end (AGE) products (e.g., tissue frozen in liquid nitrogen until assayed) [30].

2.4. Histological analysis and immunohistochemistry of kidney

Formalin-fixed and paraffin-embedded kidney blocks were cut in 4-μm sections.
For histopathological examination, kidney sections were processed for hematoxylin–
eosin (H&E), trichrome and periodic acid Schiff (PAS) staining protocols [30].
Immunohistochemical staining for γH2AX was carried out utilizing a monoclonal
anti-γH2AX primary antibody (Cell Signaling Technology, Danvers, MA, USA) and
biotinylated anti-rabbit IgG (BioGenex, San Ramon, CA, USA) as secondary antibody
[30]. Assessment of renal tissue γH2AX staining was performed using a BIOQUANT
computerized image analysis system (Nashville, TN, USA). After obtaining image in
initial automated steps of the image analysis, digital color thresholds distinguished the
immunoreactive objects followed by assignment of numerical values to stained areas.
This was followed by calculation of the ratio (in percent) of immunoreactive to
nonreactive areas. For each kidney section, five zones (four corners and one center)
were analyzed, and the average percent value was recorded for each animal; renal
tissues from four animals per group were subjected to immunohistochemistry and
image analysis.

2.5. Slot blot analysis

To determine kidney levels of AGE products, frozen renal tissue was pulverized,
added to the isolation buffer (10mM triethanolamine, 250mM sucrose, pH 7.6, 1 μg/ml
leupeptin, 2 mg/ml PMSF) and sonicated, and sodium dodecyl sulfate was added to a
final concentration of 1% prior to centrifugation; the supernatant was used for protein
assay (Biorad protein assay DC kit) [30]. Thereafter, samples were immobilized onto a
nitrocellulose membrane using the slot blot apparatus (BioRad). After blocking,
membranes were reacted with antibody against AGE products (6D12, Trangenic Inc.,
Kumamoto, Japan) followed by determination of optical density. To confirm equal
loading, membranes were stained with 0.1% Ponceau S solution (Sigma-Aldrich) and
also reprobed for β-actin [30]. The data were normalized to β-actin and expressed as
percent of the db/m control for AGE products.

2.6. Plasma and urinary parameters

Plasma glucose concentration was measured using a Beckman Glucometer II, and
plasma insulin concentration was determined using a radioimmunoassay kit (MP
Biomedicals, LLC, Solon, OH, USA). The data were used to calculate the insulin
resistance homeostatic model assessment (HOMA) index as follows: (FPI × FPG)/22.5,
where FPI and FPG denote fasting plasma insulin (μU/ml) and fasting plasma glucose
(mmol/L), respectively [30]. In addition, blood hemoglobin A1c values were measured
as an index of chronic glycemic status.

Urinary albumin excretion was measured using a murine microalbuminuria
enzyme-linked immunosorbent assay (ELISA) kit (Exocell, Philadelphia, PA, USA).
Similarly, urinary excretion of 8-OHdG was measured using an ELISA kit (Northwest
Life Science Specialties, LLC, Vancouver, WA, USA). Urinary and plasma creatinine
levels were measured (Cayman Chemicals and Biovision, respectively) and used to
calculate creatinine clearance rate, an index of glomerular filtration rate [30].

2.7. Tissue chromium analysis

Analysis of kidney chromium content was carried out by the Wisconsin
State Laboratory of Hygiene using inductively coupled plasma mass spectrometry
(ICP-MS) [30].

2.8. Statistics

All data were analyzed by the analysis of variance (ANOVA). Variables that were
measured sequentially were analyzed by repeated-measure ANOVA. Duncan's post hoc
test was used for comparison of mean values (significance of criteria of Pb.05). Data are
reported as mean ± S.E.M.

3. Results

3.1. Preventional protocol

Based on measurement of food intake, the diets provided chromium
atdoses of 460±33, 1208±125and9672±704 μg/kg/day for diets that
contained5, 10and100mg/kgof chromium, respectively. LowerCr(pic)3
intake (e.g., ranging from 190 to 410 μg/kg/day) does not influence
glycemic control or oxidative DNA damage (indexed by 8-OHdG) in the
obese Zucker rat [30]. All db/m control mice reached 24 weeks of age
when experiments were carried out. However, six untreated db/dbmice
and eight animals in each of the three Cr(pic)3-supplemented groups
reached 24 weeks of age; mortalities occurred between 20 and 24
weeks of age. It is established that db/db mice die with increasing age
and worsening of diabetes- and obesity-related complications [23].

All animals gained significant bodyweight during the course of the
study, although the db/db mice gained more weight than their db/m
controls (Fig. 1A). Dietary Cr(pic)3 treatment did not affect either the
course or the extent of gain in body weight in the db/db mice
(Fig. 1A). Further, the untreated db/db mice displayed significantly
reduced length for tibia and femur, but Cr(pic)3 did not affect these



Fig. 1. Effects of dietary Cr(pic)3 on body weight, bone length and blood pressure of db/
dbmice. (A) The db/dbmice gained significantly more weight than their db/m controls.
However, dietary Cr(pic)3 treatment did not affect body weight of db/db mice. (B)
Obesity/diabetes, but not Cr(pic)3 treatment, was associated with reduced bone
length. (C) Blood pressure was similar among the groups, irrespective of Cr(pic)3
treatment. The Cr(pic)3-treated db/db mice (e.g., db/db; 5, db/db; 10 and db/db; 100)
are identified according to the chromium content of their respective diets (i.e., 5, 10
and 100 mg/kg diet as chromium, respectively). Data are mean ± S.E.M. of six to nine
animals per group. ⁎Pb.05 compared to their db/m counterparts.
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parameters (Fig. 1B), likely suggesting lack of an adverse effect of the
supplement on the skeletal system. Kidney weight was greater in the
db/db (0.45 ± 0.02 g) than db/m (0.38 ± 0.02 g; Pb.05), but Cr(pic)3
treatment did not affect renal tissue weight (0.48 ± 0.03, 0.48 ± 0.01
and 0.48 ± 0.02 g for db/db mice fed 5, 10 and 100 mg/kg chromium
diets, respectively). The untreated db/db group displayed 7–8-mmHg
increase, albeit nonsignificant, in diastolic and mean arterial pres-
sures compared to the db/m group; Cr(pic)3 treatment did not affect
blood pressure (Fig. 1C). Heart rate was generally similar among the
groups (average range of 468–536 beats/min).

Fig. 2 shows that both fasting baseline plasma insulin and glucose
concentrations were greater in the db/db than db/m mice (panels A
and B). As a result, the HOMA value, an index of insulin resistance, was
elevated in the db/db than db/mmice (Fig. 2C). These observations are
consistent with marked elevation in hemoglobin A1c levels in the db/
db compared to db/m mice (Fig. 2D). Chronic low-dose chromium
supplementation (i.e., 5 mg/kg of diet) did not affect the glycemic
status of the db/db mice. However, relative to both the db/db and db/
db; 5 Cr groups, the db/db; 10 Cr and db/db; 100 Cr groups displayed
significant reductions in fasting plasma glucose in association with a
tendency for higher fasting insulin concentrations. Interestingly,
consistent with reduction in plasma glucose level (Fig. 2B), the db/
db; 100 Cr group displayed a mild, albeit significant, reduction in
HgA1c level compared to the db/db and db/db; 5 Cr groups (Fig. 2D).

Fig. 3 shows increase in renal tissue content of AGE products in the
db/db compared to db/mmice. Kidney AGE products remained higher
in the chromium-treated db/dbmice than lean db/m controls (despite
a mild, but nonsignificant, reduction in renal tissue AGE products of
db/db; 10 Cr and db/db; 100 Cr groups).

As shown in Fig. 4A, creatinine clearance was markedly lower in
the untreated db/dbmice than their db/m control counterparts. The 5-
and 10-mg/kg Cr(pic)3-treated db/db displayed a tendency for
improved creatinine clearance relative to the untreated group. On
the other hand, urinary albumin excretionwasmarkedly higher in the
untreated db/db than their db/m controls (Fig. 4B). Dietary Cr(pic)3
treatment partially reduced albuminuria, with the differential
achieving statistical significance for the db/db; 5 Cr and db/db; 100
Cr groups compared to their untreated db/db counterparts.

Examination of H&E-stained renal tissue demonstrated diffuse
glomerular eosinophilic deposition in db/db mice with expansion of
glomerular tufts, irrespective of Cr(pic)3 treatment, compared to
their db/m controls (Fig. 5, panels A–E). Nonetheless, some glomeruli
of db/db kidneys morphologically resembled those of the db/m
controls. Trichrome and PAS stains were performed to help highlight
glomerular deposition (Fig. 5, panels F–J and K–O, respectively). These
stains revealed diffuse glomerular deposition in renal tissues of db/db
mice, irrespective of Cr(pic)3 treatment, compared to those of db/m
controls. However, similar to H&E-stained sections, no specific
pattern was observed to correlate the extent of the material
deposition with progressive increase in dietary Cr(pic)3 intake.

In order to determine whether chronic Cr(pic)3 treatment
influences whole body oxidative DNA damage, urinary excretion of
8-OHdG was measured for experimental groups. As shown in Fig. 6,
the untreated db/db mice displayed marked increase in urinary 8-
OHdG excretion relative to their db/m controls. However, Cr(pic)3
treatment did not cause further increase in urinary excretion of 8-
OHdG (Fig. 6). In light of differences in creatinine clearance among
groups (Fig. 4A), 8-OHdG excretion data were normalized to
respective creatinine clearance data. As shown in Fig. 6 inset, a
similar pattern to that of absolute 8-OHdG excretion emerged,
although the db/db; 5 Cr group showed reduced ratio compared to
the other three db/db groups. To further explore potential impact of
diabetes and Cr(pic)3 on DNA damage, we carried out immunohis-
tochemical assessment of γH2AX, which is a sensitive biomarker of
dsDNA breaks [29]. As shown in panels B and C of Fig. 7, the untreated
db/db mice tissue sections show greater nuclear γH2AX immunos-
taining compared to their lean controls (Fig. 7A). We conjectured that
the impact of Cr(pic)3 would more likely be evident in animals with
highest Cr(pic)3 intake. Interestingly, however, the 100- mg/kg
Cr(pic)3 diet was not associated with more marked immunostaining
for γH2AX; rather, renal tissue of high-dose Cr(pic)3-treated db/db
mice showed reduced immunostaining than that of untreated db/db



Fig. 2. Effects of Cr(pic)3 on metabolic parameters in db/db mice. (A and B) Fasting plasma insulin and glucose concentrations and (C) the HOMA insulin resistance index of
experimental groups as described in Fig. 1. (D) Hemoglobin A1c values, an index of chronic glycemic status. Data are mean ± S.E.M. of six to nine animals per group. ⁎Pb.05 compared
to the db/m group. #Pb.05 compared to untreated db/db and db/db; 5 Cr groups.
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mice, resembling that of the db/m group (Fig. 7, panels A–C).
Consistent with this notion, image analysis revealed higher percent
score (i.e., ratio of immunoreactive to nonreactive areas) for the
untreated db/db than db/m controls (Fig. 7F), while the db/db; 100 Cr
group displayed a percent score value lower than untreated db/db but
similar to the db/m group.

Chromium is known to accumulate substantially in the kidney
[15,21]. Therefore, to determine whether the diabetic kidney also
accumulates chromium, renal tissue chromium content was mea-
sured by ICP-MS. As shown in Fig. 8, dietary Cr(pic)3 treatment
resulted in dose-related accumulation of chromium in the db/db
mouse kidney.
Fig. 3. Bar graph showing kidney level of AGE products expressed as a percent of the
nondiabetic db/m control group in experimental groups and effects of Cr(pic)3 as
described in Fig. 1. Representative blots are also shown for each group. Data aremean±
S.E.M. of six to nine animals per group. ⁎Pb.05 compared to the db/m group.
3.2. Interventional protocol

The preventional studies suggested improvement in glycemic
control of db/db mice fed the diet containing 100 mg/kg of chromium
without detectable adverse effects on the ability of the animal to grow
and thrive. Indeed, the Cr(pic)3-treated db/db mice had better
survival than their untreated counterparts (i.e., 80% vs. 60%, above).
Thus, for the interventional protocol, db/db mice were fed Cr(pic)3-
enriched diets containing 0, 100 and 250 mg/kg of supplemental
chromium. The 100- and 250-mg/kg chromium diets provided
chromium at doses of 9430 ± 1150 and 19,180 ± 3960 μg/kg/day,
respectively. All animals except one in the 100-mg/kg chromium diet
group reached 24 weeks of age.

Bodyweights (ranging from 44 to 46 g) and hemoglobin A1c levels
(ranging from 6.2% to 6.9%) were similar among the three groups of
db/db mice (i.e., untreated db/db, db/db; 100 Cr and db/db; 250 Cr) at
12 weeks of age prior to initiation of dietary Cr(pic)3 treatment. By
24 weeks of age, body weight remained similar among the groups
(48.8 ± 1.5 g, untreated db/db; 49.0 ± 2.9 g, db/db; 100 Cr and
48.9 ± 1.0 g, db/db; 250 Cr). In progression from 12 to 24 weeks of
age, all groups showed a significant increase in hemoglobin A1c
levels, although the increase was less (Pb.05) for the two Cr(pic)3-
treated groups than the untreated db/db mice [(3.8% ± 0.2%, db/db;
250 Cr), (3.2% ± 0.4%, db/db; 100) and (4.5% ± 0.2%; untreated
db/db)]. However, similar to the Cr(pic)3-treated animals of the
preventional protocol, renal tissue content of AGE products for the
db/db; 250 Cr group (250% ± 20%) was similar to the untreated
db/db group (and significantly greater than the 24-week-old db/m
controls shown in Fig. 3).

As shown in Fig. 9A, baseline (i.e., at 12 weeks of age) albumin
excretion was generally similar among the groups. However, while
the untreated db/dbmice displayed a marked increase in albuminuria
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image of Fig. 3


Fig. 4. Effects of Cr(pic)3 on creatinine clearance and albumin excretion in experimental
animals. (A) Creatinine clearance was markedly lower in the untreated db/db group
than db/m controls. Dietary Cr(pic)3 treatment was associated with variable,
nonsignificant increase in creatinine clearance. (B) Untreated db/db mice displayed
marked elevation in urinary albumin excretion than their db/m counterparts. Dietary
Cr(pic)3 treatment was associated with generally lower albuminuria in experimental
groups as described in Fig. 1. Data are mean ± S.E.M. of six to nine animals per group.
⁎Pb.05 compared to the db/m group. #Pb.05 compared to the untreated db/db group.
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with age, the two Cr(pic)3-treated groups showed a milder increase
in this parameter, thereby resulting in a significant difference
compared to the untreated db/db group. Baseline urinary excretion
of 8-OHdG was also similar among the three db/db groups (Fig. 9B).
While the untreated db/db mice showed an increase in urinary 8-
OHdG excretionwith progression to 24weeks of age, Cr(pic)3-treated
groups showed a mild decrease in this parameter relative to the
untreated mice. It is noteworthy that the db/db; 250 Cr group
excreted less 8-OHdG than the untreated db/db group by 24 weeks of
age. Also, as shown in panel E of Fig. 7, renal tissue of the db/db; 250
Cr group resembled that of the db/m group with respect to γH2AX
immunostaining. Image analysis revealed a percent score value
similar to that of the db/m control group but lower (Pb.05) than
that of the untreated db/db group (Fig. 7F).

4. Discussion

The present study examined the impact of Cr(pic)3 in db/db mice,
with treatment initiated prior to or after the manifestation of obesity
and type 2 diabetes (i.e., preventional or interventional protocol,
respectively). The results indicate that (a) db/db mice display
marked hyperglycemia with prominent alterations in renal structure
and function in association with marked DNA damage as indexed by
urinary 8-OHdG excretion and renal tissue immunostaining for
γH2AX, (b) Cr(pic)3 treatment, even at a high dose, did not exert
adverse consequences on the ability of db/db mice to grow and
thrive, (c) high-dose preventive and interventional Cr(pic)3 treat-
ment was associated with a mild improvement in glycemic control
but moderate reduction in albuminuria and (d) Cr(pic)3 treatment
resulted in a dose-related, marked renal accumulation of chromium
but did not increase urinary excretion of 8-OHdG or renal tissue
γH2AX immunostaining. Collectively, the results suggest that Cr(pic)3
used either as a preventive or as an interventional supplement can
exert mild improvement on glycemic control and moderate
reduction in albuminuria without increasing the risk for DNA
damage in db/db mice.

Previous studies have utilized in vitro cellular and acellular
systems or in vivo systems (primarily involving normal animals)
[10–17]. However, the present investigation is unique because (a) the
effects of both preventional and interventional protocols, involving
several doses of Cr(pic)3, were examined using a highly relevant
animal model of the disease(s) for which the use of the formulation is
often advocated (i.e., type 2 diabetes and obesity) and (b) the studies
focused on the kidney, an organ that accumulates chromium [21,30].
Indeed, utilizing ICP-MS technology, there was dose-related marked
accumulation of chromium by the kidney of db/db mouse. Thus, we
conjectured that any impact of Cr(pic)3 on DNA damage should be
most pronounced in animals with highest intake, and accumulation,
of the nutritional supplement. Accordingly, urinary 8-OHdG and
immunohistochemical assessment of renal tissue γH2AX were used
as indices of whole body and local DNA damage, respectively. Of the
varied forms of DNA damage, dsDNA breaks are among the most
severe forms of DNA injury, thereby compromising genomic stability.
An early cellular response to dsDNA breaks is rapid phosphorylation
of H2AX, the minor histone variant, leading to generation of γH2AX
[29]. The phosphorylation of H2AX has emerged as one of the most
well-established chromatin modifications linked to DNA damage and
repair [29].

A major sequela of hyperglycemia-induced oxidative stress is
DNA injury [8,9]. Accordingly, hyperglycemia increases glucose
entry into cells that do not regulate glucose uptake (e.g., endothelial
and mesangial cells). Consequently, greater glucose metabolism
generates increased superoxide from several sources including the
mitochondria. Superoxide anion is dismutated to generate hydrogen
peroxide, which can be detoxified by the action of catalase.
However, hydrogen peroxide, through the Fenton reaction, can
generate hydroxyl radical, which is one of the most devastating
reactive oxygen species [8,9,18]. For example, hydroxyl radicals can
interact with DNA to cause a variety of effects including oxidation
of deoxyribose and base moieties and strand breaks [18]. Consistent
with the notion of hyperglycemia-induced DNA injury [8,9], the
untreated db/db mice showed marked increase in urinary excretion
of 8-OHdG and renal tissue γH2AX immunostaining compared to
their db/m controls. While urinary excretion of 8-OHdG has been
advocated as a sensitive biomarker of whole body oxidative damage,
to our knowledge, this is the first report documenting evidence of
dsDNA breaks in kidneys of db/db mice. Interestingly, however,
treatment with Cr(pic)3, even at high doses, was not associated with
increases in either urinary excretion of 8-OHdG or renal tissue
γH2AX immunostaining. Rather, the treatment was associated with
mild–moderate decline in urinary 8-OHdG (i.e., db/db; 5 Cr) and a
pronounced reduction of γH2AX immunostaining. This is an
unexpected finding because the high-dose Cr(pic)3-treated db/db
mice remained markedly hyperglycemic. Thus, from the stand
point of hyperglycemia-induced oxidative stress and DNA damage,
and similar to 8-OHdG data, one would expect similar renal
immunostaining to that of untreated db/db kidney. Nonetheless,
the collective observations suggest that it is unlikely that even
high Cr(pic)3 intake exacerbates (local or systemic) DNA damage
in db/db mice.

Our observations are consistent with reports of a number of other
investigators who concluded lack of adverse genomic consequences
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Fig. 5. Histopathological features of experimental groups. Panels show renal tissue staining for H&E (A–E), trichrome (F–J) and PAS (K–O) of experimental groups described in Fig. 1.
Arrows point to eosinophilic-, trichrome- and PAS-positive materials.
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of Cr(pic)3 in other experimental models [31–34]. In this context, it
is noteworthy that Hepburn and Vincent [19] injected Sprague–
Dawley rats with 51Cr(pic)3 and confirmed increased tissue content
of Cr(pic)3 (e.g., in liver and kidney) but also showed preferential
accumulation of 51Cr in the cytosol of hepatocytes (∼75%). Further,
the authors showed that the 51Cr(pic)3 enters and exists in both the
nucleus and the mitochondria; thus, these organelles showed very
little accumulation of 51Cr. Based on these findings, the authors
suggested that the risk of damage to the DNA from generation of any
hydroxyl radical is reduced because Cr(pic)3 is preferentially
accumulated in the cytosol rather than the nucleus or the
mitochondria [19]. The finding that high-dose Cr(pic)3 treatment
of db/db mice in our study did not increase indices of DNA damage is
in general agreement with these observations.

image of Fig. 5


Fig. 6. Bar graphs showing urinary excretion of 8-OHdG of experimental groups and
effects of Cr(pic)3 as described in Fig. 1. Data are mean ± S.E.M. of six to nine
animals per group. The inset shows urinary 8-OHdG excretion normalized to
creatinine clearance (Cr. Cl.). ⁎Pb.05 compared to the db/m group. #Pb.06 compared
to other db/db groups.

Fig. 8. Bar graph showing kidney chromium content of experimental groups as
described in Fig. 1. ⁎Pb.05 compared to the db/m and db/db groups. †Pb.05 compared to
the db/db; 5 Cr group. #Pb.05 compared to other groups.
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Another noted finding of the study is that diets containing high
amounts of the nutritional supplement did not affect body weight of
db/db mice whether the treatment was instituted before or after
manifestation of marked obesity. This is consistent with lack of an
appreciable effect of the supplement in human subjects [6,22]. On the
other hand, higher doses of the formulation exerted mild–moderate
improvement in glycemic status as reflected by lower fasting plasma
glucose, but a tendency for higher insulin concentrations, in
association with reduced hemoglobin A1c level. It is noteworthy
Fig. 7. Effects of Cr(pic)3 on renal DNA damage as assessed by γH2AX immunostaining. Re
compared to its db/m control (A). On the other hand, renal tissue of db/dbmice treated with 10
250-mg/kg of chromium diet in the interventional protocol (E) shows reduced γH2AX imm
panels A–B and D–E relate to image analysis as described in Materials and methods. A–E, 20
Materials and methods. Data are mean ± S.E.M. of four animals per group.
that the chromium intake of human subjects consuming Cr(pic)3 is in
the range of 200–1000 μg/day, which corresponds to a dose of 2.9–
14.3 μg/kg/day [2,6,17]. In the preventional protocol, daily chromium
intake ranged from about 460 to 9670 μg/kg/day, while in the
interventional protocol, it ranged from 9430 to 19,810 μg/kg/day. Yet,
mild–moderate beneficial glycemic effects were seen only with
higher chromium intake ranging from 1370 to 9670 μg/kg/day (e.g.,
10- and 100-mg/kg chromium diets of the preventional protocol). On
the other hand, generally similar effects on glycemic control were
seen for both the 100- and the 250-mg/kg chromium diet of the
interventional protocol that provided chromium in the range of 9430
nal tissue of untreated db/db mouse (B–C) shows increased nuclear immunostaining
0-mg/kg chromium diet in the preventional protocol (D) or the db/dbmice treated with
unostaining. Panels are representative of four animals per group; numerical values on
0×. Bar graph shows percent of immunoreactive to nonreactive areas as described in
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Fig. 9. Line graphs showing urinary albumin (A) and 8-OHdG (B) excretions of db/db
mice from the interventional protocol. Data are mean ± S.E.M. of four to six animals
per group. ⁎Pb.05 compared to other groups at the same age. #Pb.05 compared to the
db/db; 250 Cr group.
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to 19,810 μg/kg/day. Taken together, these data suggest that the
beneficial influence on glycemic status of db/db mice are near
maximal with the 100-μg/kg chromium diet and that greater
chromium intake does not further improve glycemic status in this
animal model. While variations in species can determine the
effectiveness of an agent, it is noteworthy that human studies have
also resulted in varied findings that may relate, at least in part, to the
dose and duration of treatment [35–37]. Some studies indicate that
chromium supplementation (in the range of 200–1000 μg/day) in the
form of Cr(pic)3, particularly at higher doses, may improve insulin
sensitivity and glucose metabolism in patients with dysglycemia [6].
On the other hand, others have concluded that Cr(pic)3 does not
beneficially influence glycemic status of patients manifesting symp-
toms of metabolic disease and type 2 diabetes [35,37]. However, it is
likely that Cr(pic)3 potentiates the effects of other interventional
modalities such as exercise and/or hypoglycemic agents. Indeed, a
recent report suggests that Cr(pic)3 treatment increases insulin
sensitivity and improves glycemic control in patients on sulfonylurea
agents [36].

Hallmark features of diabetic nephropathy include marked
albuminuria but a relentless decline in glomerular filtration rate
[38]. Consistent with this notion, db/db mice showed marked
reduction in creatinine clearance, in association with prominent
glomerular mesangial expansion, but significant albuminuria com-
pared to the db/m group. The pathogenesis of the reciprocal relation
between albumin excretion and glomerular function is multifacto-
rial. Diabetes mellitus causes major alterations of the components of
the glomerular filtration barrier (i.e., podocytes, glomerular base-
ment membrane and fenestrated glomerular endothelial cells)
resulting in progressive loss of its permselective property [39].
Consequently, the increased and unrestricted loss of macromolecules
(e.g., albumin) initiates a self-perpetuating process of progressive
glomerulosclerosis, tubulointerstitial inflammation and scarring,
thereby contributing to progressive loss of renal function [38].
Indeed, the development of macroalbuminuria is closely associated
with a progressive and rapid decline of glomerular function. Among
multiple mechanisms, a loss of intrinsic ultrafiltration capacity
contributes importantly to the relentless decline in glomerular
filtration rate in type 2 diabetic nephropathy [40]. Other contributing
mechanisms to functional abnormalities of the diabetic kidney
include hemodynamic factors (both systemic and intrarenal) and
hyperglycemia-induced activation of a number of pathogenic
mechanisms (e.g., formation of AGE products) [9]. Renal tissue
content of AGE products was greater in untreated db/db mice than
db/m, thereby providing a plausible contributing mechanism to the
manifested functional abnormalities. On the other hand, blood
pressure was mildly higher (7–8 mmHg; P N .05) in db/db than
db/m mice. Nonetheless, it is recognized that diabetic kidney is more
sensitive to any elevation in blood pressure, and the mild increase in
blood pressure of db/db mice, possibly along with other factors,
could contribute to the decline in creatinine clearance and marked
albuminuria. Importantly, however, treatment with Cr(pic)3 did not
beneficially impact renal structural alterations (e.g., glomerular
mesangial expansion) or creatinine clearance in db/db mice. On
the other hand, the nutritional supplement was associated with
moderate reduction in albuminuria that was apparently dissociated
from glycemic control because the Cr(pic)3-treated db/db mice (e.g.,
of the preventional protocol) displayed varying reduction in
albuminuria, while a mild improvement in glycemic control was
seen with higher Cr(pic)3 intake. Also, blood pressure was not
beneficially influenced by Cr(pic)3 treatment. Thus, factors aside
from glycemic control and/or blood pressure likely account for the
effect of the beneficial influence of Cr(pic)3 on albuminuria. These
may include attenuation of contribution of proinflammatory
cytokines and chemokines, among other factors [30,41].

In conclusion, dietary Cr(pic)3 intake, in doses that far exceed
those consumed by human subjects, did not increase the risk for
DNA damage in a highly relevant animal model of type 2 diabetes
(i.e., db/db mouse), as indexed by assessment of urinary 8-OHdG
excretion and renal γH2AX immunostaining, despite marked
accumulation of chromium by the kidney. Rather, the treatment
was associated with mild beneficial effect on glycemic control in this
animal model in association with a reduction in albuminuria.
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