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Abstract Dietary chromium(III) picolinate (CrPic) effects on circulating steroid hormones
have been reported in various experimental animals. However, direct effects of CrPic on
adrenocortical steroidogenesis are uncertain. Therefore, the objective was to determine the
effects of CrPic on cortisol and dehydroepiandrosterone sulfate (DHEAs) secretion from
H295R cells. In experiment 1, a 24-h exposure to CrPic (0 to 200 μM) had both linear (p<
0.001) and quadratic (p<0.001) effects on cortisol secretion from forskolin-stimulated cells
with the highest cortisol secretion at 0.1 μM of CrPic and the lowest at 200 μM of CrPic. In
experiment 2, a 48-h exposure to CrPic (200 μM) decreased cortisol (p<0.07) release from
forskolin-stimulated cells during a 24-h collection period. In experiment 3, a 48-h exposure
to CrPic (100 μM) decreased cortisol (p<0.05) and DHEAs (p<0.01) from forskolinstimulated cells during a 24-h sampling period. In experiment 4, a 24-h exposure to
forskolin followed by a 24-h exposure to both forskolin and CrPic (100 and 200 μM)
decreased both cortisol and DHEAs secretion (p<0.01). This study suggests that at high
concentrations, CrPic inhibits aspects of steroidogenesis in agonist-stimulated adrenocortical cells.
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Introduction
Trivalent chromium (Cr) is an essential micronutrient for humans and animals [1, 2]. Since
the first report on the essentiality of Cr in rats [3], the role of Cr has been widely studied in
humans, animals, and in vitro models. A well-known function of Cr is its ability to
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potentiate the actions of insulin [4, 5]. Chromium(III) picolinate (CrPic) has been
demonstrated to facilitate insulin internalization in muscle cells [6].
The effects of a variety of dietary Cr sources on adrenal steroid hormones have been
investigated, but results are inconclusive. Dietary Cr decreased circulating adrenal steroids
in young stressed calves [7, 8], in epinephrine challenged lambs [9], in stressed dairy cows
[10], and in postmenopausal women [11]. In other studies, however, dietary Cr had no
major effects on adrenal steroids [12–15].
The effects of Cr on insulin secretion from islets of Langerhans [16] and on
catecholamine secretion from bovine medullary cells were reported [17]. However, direct
effects of Cr on adrenocortical steroidogenesis have not been reported. Therefore, the
objective was to investigate the effect of CrPic on cortisol and dehydroepiandrosterone
sulfate (DHEAs) secretion from H295R adrenocortical cells. For these studies, we used the
well-characterized human adrenocortical carcinoma cell, NCI-H295, which maintains
hormonal and enzymatic characteristics similar to those of normal human adrenocortical
cells [18–20]. The H295R is a subpopulation of H295 that forms a monolayer in culture
[21] and has been extensively used as a model system in adrenal steroid metabolism
investigations [22–25].

Materials and Methods
Materials
Human NCI-H295R adrenocortical cell line derived from human adrenocortical cells was
obtained from the American Type Culture Collection (ATCC, Manassas, VA). The sources
for the other materials are given below.
Cell Culture
Cells were cultured in an equal mixture (vol/vol) of Dulbecco's Modified Eagle's Medium
and Ham's F-12 medium (DMEM/F-12, Invitrogen, Chicago, IL) containing HEPES
(15 mM), sodium pyruvate (0.5 mM), and sodium bicarbonate (1.2 g/L) supplemented with
1% ITS Plus (insulin, 6.25 μg/mL; transferrin, 6.25 μg/mL; selenium, 6.25 ng/mL; bovine
serum albumin, 1.25 mg/mL; linoleic acid, 5.35 μg/mL, BD Bioscience, Bedford, MA) and
Nu-Serum (2.5%, BD Bioscience). Cells were grown in 75-cm2 flasks under a humidified
atmosphere of 95% air/5% carbon dioxide at 37°C. The medium was changed every 3 days,
and cells were detached weekly using a solution of 0.25% trypsin-EDTA for subcultures at
a ratio of 1:4.
Treatment Structure
The treatment structure for each experiment is illustrated in Table 1. In experiment 1,
treatments included six levels of CrPic (0, 0.1, 1, 10, 100, and 200 μM) with or without
forskolin (10 μM) in the media for 24 h of incubation. In experiment 2, three levels of
CrPic (0, 1, and 200 μM) were used for 48 h of incubation with or without forskolin in the
media for the last 24 h. In experiment 3, treatments included negative control (media)
without forskolin and four levels of CrPic (0, 100, 200, and 400 μM) for 48 h of incubation
with forskolin during the last 24 h. In experiment 4, treatments included negative control
(media) and 24-h exposure to forskolin followed by 24-h exposure to both forskolin and
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Table 1 Treatment Structure for Experiments 1 to 4

Media sampling perioda
-24 h

0h

+24 h
Forskolin –/+

Exp 1

CrPic 0, 0.1, 1, 10, 100, and 200 µM

Forskolin –/+

Exp 2
CrPic 0, 1, and 200 µM

Forskolin – b/+

Exp 3

CrPic 0, 100, 200, and 400 µM
Exp 4

Forskolin – b/+
CrPic 0, 100, 200, and 400 µM

a

Media samples were collected after the last 24 h in all the experiments

b

Forskolin-free medium without CrPic treatment was used as a negative control group. In experiments 3 and
4, therefore, five treatment groups included a negative control and four CrPic levels with forskolin (10 μM)
stimulation

four levels of CrPic (0, 100, 200, and 400 μM). In experiments 2, 3, and 4, media samples
for steroid assay were collected from the last 24 h of incubation and kept frozen at −20°C
until steroid analysis.
Forskolin was used as an agonist in the present study, and this agonist at 10 μM
dramatically increased the steroid secretion from H295R cells (Figs. 1, 2, 3, 4), consistent
with previous reports [19, 26, 27].
Analysis of Cortisol and DHEAs
The cortisol and DHEAs concentrations in the sample media collected from each well were
determined using coated tube radioimmunoassays from Diagnostic Products Corporation
(Los Angeles, CA). Briefly, steroid standard solution was made by dissolving cortisol and
DHEAs (Steraloids, Newport, RI) to DMEM/F-12. Media samples or standards were added
to antibody-coated tubes. Radiolabeled cortisol (125I) was added to tubes and incubated for
45 (cortisol assay) or 30 (DHEAs assay) minutes at 37°C using a waterbath. Then, all
moisture in the tube was thoroughly removed and the radioactivity was measured using a
Packard Cobra Auto-gamma counter (Packard Instrument Co., Meriden, CT). Calibrators
and samples were analyzed in triplicate and duplicate, respectively.
Protein Determination
After removing media, the cells in each well were solubilized in sodium dodecyl sulfate
(SDS, 5%), and protein content was determined using the colorimetric detergent compatible
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Fig. 1 Effects of CrPic on the cortisol secretion by agonist-stimulated or nonstimulated H295R cells (n=8).
In the absence of forskolin, the exposure to CrPic had a linear (p<0.05) effect on cortisol secretion. When
forskolin (10 μM) was included in the media, CrPic had both a linear (p<0.001) and quadratic (p<0.001)
effect on cortisol secretion. Differences significant from 0 μM CrPic treatment of same forskolin inclusion
level are indicated: *p<0.05; ***p<0.001

(b)

(a)
600

600

w/o forskolin

*

w/ forskolin

500

†

400

300

200

DHEAs (% of untreated)

Cortisol (% of untreated)

500

400
300
200
100

100

*

0

0

0

1
CrPic (µM)

200

0

1
CrPic (µM)

200

Fig. 2 Effects of CrPic on the cortisol (a) and DHEAs (b) secretion by agonist-stimulated or nonstimulated
H295R cells (24 h pretreatment of CrPic; n=4). The exposure to CrPic had linear (p<0.05) and quadratic (p<
0.05) effects on cortisol secretion from forskolin-stimulated cells. The secretion of DHEAs was quadratically
(p<0.001) affected by CrPic in forskolin-stimulated cells. Differences significant from 0 μM CrPic treatment
of same forskolin inclusion level are indicated: †p<0.07; *p<0.05
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Fig. 3 Effects of CrPic on the cortisol (a) and DHEAs (b) secretion by agonist-stimulated H295R cells (24 h
pretreatment of CrPic; n=4). The exposure to CrPic had linear (p<0.001) effects on cortisol secretion. The
effects of CrPic on DHEAs secretion were linear (p<0.001) and quadratic (p<0.01). Differences significant
from 0 μM CrPic with forskolin are indicated: *p<0.05; **p<0.01; ***p<0.001
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Fig. 4 Effects of CrPic on the cortisol (a) and DHEAs (b) secretion by agonist-stimulated H295R cells (24 h
pretreatment of forskolin; n=4). The exposure to CrPic had linear effects on cortisol (p<0.001) and DHEAs
(p<0.01). Differences significant from 0 μM CrPic with forskolin are indicated: *p<0.05; **p<0.01; ***p<
0.001
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(DC) protein assay kit (Bio-Rad, Hercules, CA). The DC protein assay technique is similar
to Lowry protein analysis. Bovine serum albumin was used as a standard.
Calculations and Statistical Analysis
The steroid analysis results were standardized to the concentration of steroid per
milligram of protein using the protein concentration of each well. The standardized
steroid concentration was divided by the result from the CrPic and forskolin-free media
(i.e., the control treatment). Values were expressed as mean ± SE. Each well was
considered an experimental unit. Orthogonal polynomial contrasts were conducted to
test linear and quadratic effects of CrPic on cortisol secretion using SAS [28].
Appropriate coefficients for unequally spaced log concentration of CrPic were obtained
using the interactive matrix language procedure (Proc IML) of SAS [28]. Because the
logarithm of zero is undefined, 0.01 μM, one log unit lower than the lowest concentration
(0.1 μM) in experiment 1, was used for zero concentration of CrPic in Proc IML. The
unpaired Student's t test was applied to compare the means of the different CrPic
treatments.

Results
In experiment 1, 24 h of exposure to CrPic (0, 0.1, 1, 10, 100, and 200 μM) affected
cortisol production (Fig. 1). In the absence of forskolin, a linear increase of cortisol was
observed (p<0.05). When forskolin (10 μM) was included in the incubation media, CrPic
had both a linear (p<0.001) and quadratic (p<0.001) effect on cortisol secretion. At 0.1 and
1 μM, CrPic potentiated stimulatory effects of forskolin on cortisol release (p<0.05), but at
200 μM, CrPic diminished effects of forskolin (p<0.001).
In experiments 2 and 3, cells were pretreated with CrPic to mimic a situation of CrPic
administration followed by stress. In experiment 2, cells were pretreated with CrPic for
24 h, and the CrPic treatment concentration maintained during a following 24-h sampling
period. The doses of CrPic were based on the results in experiment 1. A 48-h exposure to
CrPic (0, 1, and 200 μM) had linear (p<0.05) and quadratic (p<0.05) effects on cortisol
secretion from forskolin-stimulated cells during a 24-h sampling period (Fig. 2a). The
lowest cortisol release was at 200 μM of CrPic (p<0.07). In the absence of forskolin,
however, cortisol production was unaffected by CrPic. The secretion of DHEAs was
quadratically (p<0.001) affected by CrPic in forskolin-stimulated cells with the highest
DHEAs release at 1 μM of CrPic (p<0.05; Fig. 2b). In the forskolin-free media, CrPic
affected DHEAs secretion linearly (p<0.05) and quadratically (p<0.07). The secretion of
DHEAs was lowest at 1 μM of CrPic (p<0.05).
Experiment 3 was designed to address the effects of high concentration of CrPic (100,
200, and 400 μM) on cortisol and DHEAs secretion from agonist-stimulated cells. A
48-h exposure to high concentration of CrPic decreased cortisol (p<0.05) secretion from
forskolin-stimulated cells during a 24-h collection period (Fig. 3a). The dose-dependent
effect of CrPic on cortisol secretion was linear (p<0.001). In the same experiment, DHEAs
secretion in agonist-stimulated cells was also decreased (p<0.01) in high concentration of
CrPic groups (100, 200, and 400 μM; Fig. 3b). The dose-dependent effect of CrPic on
DHEAs secretion was linear (p<0.001) and quadratic (p<0.01).
In experiment 4, cells were pretreated with forskolin to mimic a situation of stress
occurrence followed by CrPic administration. A 24-h exposure to forskolin followed by a
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24-h exposure to both forskolin and CrPic (100 and 200 μM) decreased both cortisol (p<
0.001) and DHEAs (p<0.01) secretion (Fig. 4). The linear effects of CrPic were observed
on cortisol (p<0.001) and DHEAs (p<0.01) secretion.

Discussion
In the present study, H295R cells were used as a model system and forskolin as an agonist
(stressor) for adrenocortical steroid secretion. In stress situations, the hypothalamicpituitary-adrenal axis is known to be activated. The pituitary adrenocorticotropic hormone
(ACTH) released from the pituitary regulates glucocorticoid synthesis in the adrenal cortex.
In the human adrenocortical cell line, H295R, however, ACTH effects on steroidogenesis
are relatively insignificant perhaps due to the lack of ACTH receptors [19, 29] whereas
forskolin bypasses ACTH receptors and triggers steroid synthesis [19]. Thus, forskolin was
employed as an agonist in the present study, and this agonist (10 μM) dramatically
increased cortisol and DHEAs secretion from H295R cells (Figs. 1, 2, 3, 4) in agreement
with other studies [19, 26, 27]. Forskolin is known to activate adenylate cyclase [30]
followed by increased cyclic adenosine monophosphate (cAMP) in the cell and the
activation of the protein kinase A (PKA) signal transduction pathway [19, 31]. The effect of
forskolin is also induced through the PKA-independent pathway [32].
The results of experiment 1 indicate that the low concentration of CrPic (0.1 and 1 μM)
increases the secretion of cortisol, but high concentration of CrPic (200 μM) dramatically
inhibits the secretion of cortisol from agonist-stimulated adrenocortical cells. In contrast,
when adrenocortical cells were cultured in forskolin-free media, CrPic (10 and 100 μM)
slightly increased the cortisol secretion (Fig. 1). Similar dual effects of Cr were observed in
catecholamine secretion from bovine adrenal medullary cells [17]. High concentrations of
CrCl3 (500 to 1,000 μM) significantly inhibited catecholamine release stimulated by
56 mM of K+ from adrenal medullary cells. Similarly, when 10 μM of 1,1-dimethyl-4phenylpiperazinium was used as an agonist, CrCl3 (5 to 1,000 μM) significantly inhibited
catecholamine release. In the adrenal medullary cells cultured without agonist, a slight
increase of catecholamine secretion by CrCl3 was reported. Insulin release from isolated rat
islet of Langerhans was also inhibited by high concentration of CrCl3 (250 to 1,500 μM) in
a dose-dependent manner [16].
The decreased cortisol release from agonist-stimulated adrenocortical cells by high
concentration of CrPic was confirmed in the following experiments (Figs. 2, 3, 4). In
experiments 2, 3, and 4, cells were pretreated with CrPic or forskolin to mimic either a
situation of CrPic administration followed by stress or a situation of stress occurrence
followed by CrPic administration, respectively. In experiment 2, cells were pretreated with
CrPic for 24 h, and the CrPic treatment concentrations continued during the following
sampling period. The doses of CrPic (0, 1, 200 μM) were based on the results in experiment
1. As anticipated, CrPic affected cortisol release from agonist-stimulated cells in a linear and
quadratic manner consistent with experiment 1. However, further enhancement of CrPic
effects by pretreatment relative to cotreatment was not observed. In experiment 3, a
48-h treatment of CrPic at 100, 200, or 400 μM inhibited cortisol secretion from forskolinstimulated cells. In contrast, in experiment 1, a 24-h treatment of CrPic at 100 μM had no
effects on cortisol release from agonist-stimulated cells. These observations are consistent
with the concept of an effect being related to both dose and time.
The present study employed CrPic as a source of Cr. Although the potential effects of
picolinic acid on the hormonal secretion from adrenocortical cells should not be completely
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ruled out, the effects of CrPic in the literature were more likely by the action of Cr rather
than picolinic acid. In a study by Evans and Bowman [6], membrane fluidity was increased
by CrPic but not by zinc picolinate. In an animal experiment [33], dietary CrPic but not
picolinic acid increased lean growth and decreased fat retention.
The inhibitory effect of CrPic on cortisol secretion observed in the current study may
partially explain decreased blood cortisol concentration in stressed calves [7, 8, 34] and dairy
cows [10] by dietary supplementation of Cr-yeast or chelated Cr. In other studies, however,
supplemental dietary Cr had no effect on circulating cortisol concentration in immune
stressed pigs fed 0.2 mg/kg Cr from CrCl3, CrPic, or Cr-nicotinate [12], weaning stressed
piglets fed 0.3 mg/kg Cr from Cr yeast [13], thermal stressed pig fed 1 or 2 mg/kg Cr from
CrPic [15], and steers fed 0.2 or 0.4 mg/kg Cr from Cr yeast [14]. The discrepancy of cortisol
responses by dietary Cr in animal studies may be attributed to the dosage and source of Cr,
duration of dietary Cr treatment, source and intensity of stress, animal species, and
environmental variation. It may be that the most important factors on the effects of dietary Cr
are the animal species and the dosage of Cr as most of stressed ruminants had lower
circulating cortisol concentration with high dose (>0.4 mg/kg) supplementation of dietary Cr.
Because the antagonistic effects of CrPic were observed at relatively high concentrations
(100 μM or greater), in vivo situations may not be completely represented. However,
animals fed CrPic for a longer period may exhibit similar results due to the retention of Cr
in the kidney [35–37]. The renal concentration of Cr in rats fed 5 mg/kg Cr from CrPic for
3 weeks was greater (368 vs. 23 μg/kg dry weight) than in those fed the control diet
containing 0.03 mg/kg of Cr, and the Cr concentration in the kidney of the rats fed CrPic
was greater than in other tissues including the liver, spleen, lung, and gastrocnemius muscle
[35]. A similar response was observed in pigs fed 5 mg/kg Cr from CrPic for 75 days [36].
In addition, the concentration of Cr in the adrenal gland linearly increased with increased
dietary CrPic (0 to 1 mg/kg Cr) fed to reproducing pigs for approximately 11 months [37].
Moreover, the normal Cr concentration in human plasma ranges from 0.1 to 2.1 μg/ml (2 to
40 μM) [38] which is beginning to approach the level used in the present study.
The increase of cortisol secretion from the cells pretreated with forskolin is notable
(Fig. 4a). Forskolin stimulation during the 24 h of media collection period increased
cortisol secretion by three- to five-folds (Figs. 1, 2a, 3a). Pretreatment of forskolin for 24 h
induced a ten-fold increase in cortisol secretion compared with non-forskolin-treated cells
(Fig. 4a). The higher fold change of cortisol secretion by pretreatment of forskolin implies
that the second 24 h of cortisol secretion is higher than the first 24 h of that in the cortical
cells cultured for 48 h with forskolin. In agreement, compared with 24 h of incubation with
10 μM forskolin, approximately three times higher cortisol concentration was reported in
48-h incubation with forskolin [18, 39]. This result may be attributed to intracellular cAMP
accumulated during the pretreatment period.
The release of DHEAs was also inhibited by a high concentration of cortisol in agoniststimulated adrenocortical cells (Figs. 3b, 4b). In postmenopausal women, dietary Cr tended
to decrease serum DHEAs and cortisol [11].
The present study indicates that CrPic can appreciably regulate steroid secretion from
agonist-stimulated cells, but minimally from non-stimulated cells, thus the sites of action
for CrPic may be closely related to the sites affected by forskolin. H295R cells stimulated
with forskolin have been reported to induce increases in cAMP, steroidogenic acute
regulatory protein (StAR), several enzymes involved in the adrenal steroidogenic pathway,
and organic anion transporter 3 (OAT3) [19, 24, 40–42]. Because a high-concentration
CrPic inhibited the secretion of both cortisol and DHEAs from agonist-stimulated cells in
the present study, it is postulate that CrPic affects the factors related to cortisol and DHEAs
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synthesis in common. These factors include cAMP, StAR, cytochrome P450 enzyme (CYP)
11A1, and CYP17A1. Cholesterol transport is triggered by StAR, which is the rate limiting
step in the steroid synthesis. Desmolase, also called CYP11A1, converts cholesterol to
pregnenolone, a common precursor of adrenal steroidogenic pathway. This precursor can be
converted to 17α-hydroxy pregnenolone by CYP17A1, which can be transformed to either
cortisol or DHEAs by further steps. Oskarsson et al. [24] reported that the mRNA of
CYP17A1 was increased 5-fold by 24 h of forskolin exposure to H295R cells, and
CYP17A1 expression was the highest compared to the other enzymes. These steroidogenesis regulating factors are affected by cAMP through PKA pathway. Asif et al. [42]
observed that OAT3 expression, involved in cortisol and DHEAs transport, was markedly
potentiated by forskolin exposure, but the enzymes of steroidogeneis were increased to a
lesser extent. Further studies to elucidate detailed mechanism of CrPic on steroidogenesis in
the adrenal cortex seem warranted.
This study suggests that at high concentrations, CrPic inhibits aspects of steroidogenesis
in agonist-stimulated adrenocortical cells.
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