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Abstract
Trivalent chromium (Cr) and bitter melon (Momordica charantia L., BM) have been shown to independently interact with the
insulin signaling pathway leading to improvements in the symptoms of insulin resistance and diabetes in some animal models and
human subjects. The aim of this study was to examine whether the combination of the two nutritional supplements could
potentially have additive effects on treating these conditions in high-fat-fed streptozotocin (STZ)-induced diabetic rats. The
experiment was conducted with 110 male Wistar rats divided into eleven groups and fed either a control or high-fat diet for
7 weeks. Half of the rats on the high-fat diet were injected with STZ (30 mg/kg body mass) to induce diabetes. The high-fat (HF)
diets were then supplemented with a combination of Cr (as chromium(III) propionate complex, Cr3: either 10 or 50 mg Cr/kg
diet) and bitter melon (lyophilized whole fruit: either 10 or 50 g/kg diet) for 6 weeks. After termination of the experiment, blood
and internal organs were harvested for blood biochemical, hematological, and mineral (Cr) analyses using appropriate analytical
methods. It was found that neither Cr(III) nor BM was able to significantly affect blood indices in HF and diabetic rats, but BM
tended to improve body mass gain, blood glucose, and LDL cholesterol values, but decreased Cr content in the liver and kidneys
of the Cr-co-supplemented type 2 diabetic model of rats. Supplementary Cr(III) had no appreciable effect on glucose and lipid
metabolism in high-fat-fed STZ-induced diabetic rats. Supplementary BM fruit powder had some observable effects on body
mass of high-fat-fed rats; these effects seem to be dampenedwhen BMwas co-administered with Cr. Cr(III) and BM appear to act
as nutritional antagonists when both administered in food, probably due to binding of Cr by the polyphenol-type compounds
present in the plant material.
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Introduction

Type 2 diabetes is characterized by a decline inβ cell function
and worsening insulin resistance. Several decades ago, chro-
mium (Cr), as its trivalent ion, was shown to enhance glucose

uptake in rat fat cells. Since then, Cr has been used as a “mi-
cronutrient” in multivitamin formulations, parenteral nutri-
tion, food, and energy drinks. However, the mechanism by
which Cr works remains unclear, although the mechanism is
pharmacologically rather than nutritionally relevant, requiring
supra-nutrition doses for beneficial effects to be observed [1].
One of the most studied Cr(III) supplements is the cation
[Cr3O(propionate)6(H2O)3]

+ or Cr3 (also commonly called
chromium propionate) [2–7]. The effects of Cr3 on healthy
rats and rat models of insulin resistance and type 1 and type 2
diabetes have been examined where it was found to have
beneficial effects on insulin sensitivity and, in most cases,
lipid parameters [8–15]. Alternatively,Momordica charantia,
commonly known as bitter melon (BM), has been used in Asia
and some parts of Africa as a prophylactic against diabetes
[16–21]. The beneficial effects of BM may be attributed to
phytonutrients having antidiabetic properties such as
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charantin, vicine, and polypeptide-p as well as other unspecif-
ic phytochemicals [16, 20, 21]. The potential use of bitter
melon–derived compounds as antidiabetics has been recently
discussed in the article by Elekofehint et al. [21], thus will not
be repeated in this work.

The world market of dietary supplements is a lucrative
multi-billion dollar business. Some complex supplement for-
mulas contain various phytochemicals or selected fractions
derived from fruits, vegetables, or medicinal plants, being
often combined with vitamins and minerals, including trace
elements. The purpose of the present study was to examine
whether the combined Cr(III) and bitter melon have an effect
on insulin resistance and type 2 diabetes in high-fat-fed
streptozotocin (STZ)-induced diabetic rats.

Experimental Methods

Animals

A total of 110 Wistar rats approximately 8 weeks old were
obtained from the Licensed Laboratory Animal Breeding
Center (Poznań, Poland). During both the adaption and the
experimental periods, the animals were housed under con-
trolled temperature (21 ± 2 °C), humidity (55–60%), and
with a 12-h/12-h day/night cycle. After a 1-week acclima-
tion period, the animals were assigned to one of 11 exper-
iment groups of 10 rats each. The rats were pair-housed in
metal cages (covered with ceramic metal–free enamel)
without bedding throughout the study. The animals had
ad libitum access to drinking water and prepared feed.
Animals were weighed weekly. Feed was weighed daily.
The experiment was carried out with approval of the
Institutional Animal Care and Use Committee of The
University of Alabama (approval no. 16-05-011) and the
Animal Bioethics Committee of Poznań, Poland (approval
#no. 62/2016 9.09.2016).

Materials

The source of supplemental Cr(III) was [Cr3O(propionate)6
(H2O)3]

+ nitrate, also called Cr3. Cr3 was synthesized follow-
ing the method described previously by Earnshaw et al. [22].
Bitter melon (Momordica charantia L.) plant was grown in
the experimental field at Poznań University of Life Science,
Poland, in the summer season (2015). The mature whole fruit
of bitter melon, after collection, was rinsed in tap water, air-
dried, cut up into slices, lyophilized, ground into powder, and
kept in plastic bags in a freezer. The chemical composition of
the materials is presented in Table 2. Streptozotocin was ob-
tained from Sigma-Aldrich (St. Louis, MO, USA).

Insulin Resistance and Diabetic Model

All rats received either a standard or high-fat diet for 48 days
depending on group assignment. The high-fat diet was utilized
to induce insulin resistance (IR). To induce type 2 diabetes,
rats were fed a high-fat diet for 48 days, followed by a single
intraperitoneal injection with 30 mg streptozotocin (STZ, dis-
solved in citric buffer pH 4.5)/kg body mass. Three days post
injection, blood was collected from tail slits, and blood glu-
cose was measured using a glucometer (Genexo iXell). The
rats were considered diabetic if glucose levels were ≥ 180 mg/
dL.

Rat Diets

The eleven experimental groups and corresponding diets
were designated as control (C), high-fat diet control (HF),
high fat supplemented with low dose of Cr(III) and low
dose of BM (HF+Cr1BM1), high fat supplemented with
low dose of Cr(III) and high dose of BM (HF+Cr1BM2),
high fat supplemented with high dose of Cr(III) and low
dose of BM (HF+Cr2BM1), high fat supplemented with
high dose of Cr(III) and high dose of BM (HF+Cr2BM2),
diabetic control (Db), diabetic supplemented with low
dose of Cr(III) and low dose of BM (Db+Cr1BM1), dia-
betic supplemented with low dose of Cr(III) and high dose
of BM (Db+Cr1BM2), diabetic supplemented with high
dose of Cr and low dose of BM (Db+Cr2BM1), and dia-
betic supplemented with high dose of Cr(III) and high
dose of BM (Db+Cr2BM2). The high-fat diet was based
on AIN-93 diet (Table 1(A)) but with partial replacement
of wheat starch (Table 1(B)). Cr(III) and bitter melon
(BM) powder were administered to appropriate groups
daily via feed for the remainder of the study, after the
determination of diabetes status for the diabetic rats.
Cr(III) and BM were used as partial replacements of
wheat starch in the high-fat diet. The diets with a low
dose of Cr(III) contained 10 mg Cr/kg diet, while the
high-dose diets contained 50 mg Cr/kg diet.

The diets with a low dose of BM contained 10 g BM/kg
diet, while the high-dose diets contained 50 g BM/kg diet.

The doses of supplemental Cr(III) (given as Cr3) were de-
termined tomimic supra-nutritional (or pharmacologic) doses,
based on previous experiments performed in our lab [23–26],
at 10 and 50 mg of Cr/kg diet, equal to 1 and 5 mg Cr/kg body
mass (low and high levels). Similarly, the doses of supplemen-
tal bitter melon (BM) were determined to mimic supra-
nutritional (or pharmacologic) doses, based on previous stud-
ies [27–29], at 10 and 50 g BM/kg diet (1% and 5% diet),
equal to 1 and 5 g BM/kg body mass (low and high levels).

The composition of the bitter melon dry powder is given in
Table 2.
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Blood and Tissue Sampling

After 90 days, all animals were sacrificed, and blood samples
were taken from the heart. Blood was allowed to clot for 2 h
before centrifuging for 10 min. Serum was stored at − 70 °C.

The liver, kidney, spleen, heart, testes, and pancreas were
harvested. All were washed with 0.9% NaCl solution.
Portions of the pancreas, liver, and kidney were placed in
4% formalin for histopathy assays. The rest of the samples
were snap-frozen in liquid nitrogen and stored at − 70 °C.

These were centrifuged at 100,000×g for 10 min. Final
body mass and body length were also measured. Epididymal
fat and skeletal muscle from the femur were also harvested,
flash-frozen, and stored at − 70 °C until being shipped to the
USA to be used for biochemical assays.

Enzyme-Linked Immunosorbent Assays

Enzyme-linked immunosorbent assays (ELISA) were per-
formed to quantify the extent of phosphorylation of protein
kinase B (Akt) or insulin receptor substrate 1 (IRS-1). Portions
of the skeletal muscle were homogenized in extraction buffer
prepared according to Cefalu and co-workers [30]. The ex-
tracts were centrifuged at 100,000×g at 25 °C for 10 min to
remove insoluble components. The supernatant was used for
assays. In order to standardize the amount of protein used in
the ELISA, protein concentration was determined using a
commercial bicinchoninic acid (BCA) protein assay
(Thermo Scientific, Rockford, IL, USA).

The amount of total Akt and phosphorylated Akt was de-
termined using a commercially available ELISA kit for detec-
tion and quantification of rat Akt and phosphorylated Akt
(Sigma-Aldrich, St. Louis, MO, USA). The amount of phos-
phorylated IRS-1 was determined using a commercially avail-
able ELISA kit for phosphorylated IRS-1 (Cell Signaling,
Danvers, MA, USA). Total IRS-1 was determined using a
commercially available ELISA kit for pan-IRS-1 (Cell
Signaling, Danvers, MA, USA).

Blood Biochemistry

Red blood cells (RBC), hemocrit, mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean cell he-
moglobin concentration (MCHC), and white blood cells
(WBC) were analyzed using the CELLDYN-1700 analytical
hematology system. Hemoglobin (HGB) concentration was
determined by the Drabkin cyanmethemoglobin method.
Serum glucose concentration was determined by the hexoki-
nasemethod, while insulin concentration was measured by the
radioimmunoassay (RIA) method (Linco Research, St.
Charles, MO, USA). Total cholesterol, HDL, LDL, and tri-
glycerides levels were determined using the Olympus AU 560
equipment by colorimetric methods [31, 32]. Alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and al-
kaline phosphatase (ALP) levels were measured by kinetic
methods [33]. Total protein concentration was measured by
the biuret method [34], while creatinine and urea concentra-
tions were measured by the kinetic method using urease and

Table 1 Diet compositions

Ingredient % g/kg

(A) Composition of control diet

Casein 14 140

Sunflower oil 4.0 40

Wheat starch 62.2 622

Sucrose 10.0 100

Potato starch 5.0 50

Mineral mix* 3.5 35

Vitamin mix 1.0 10

L-Cysteine 0.3 3

Sum 100 1000

(B) Composition of high-fat diet

Casein 14 140

Sunflower oil 4.0 40

Lard 16.0 160

Wheat starch 46.2 462

Sucrose 10.0 100

Potato starch 5.0 50

Mineral mix 3.5 35

Vitamin mix 1.0 10

L-Cysteine 0.3 3

Sum 100 1000

*Mineral mix composed according to AIN-93G recommendations

Table 2 Chemical composition of bitter melon

Component Mean SD

Ash (%) 10.19 0.41

Protein 11.90 1.77

Fat (%) 2.15 0.20

Carbohydrates (%) 66.19 1.92

Dry matter (%) 90.11 0.49

Ca (mg/100 g) 333.09 77.14

Mg (mg/100 g) 199.90 17.99

Fe (mg/100 g) 6.23 0.92

Zn (mg/100 g) 2.970 0.063

Cu (mg/100 g) 0.598 0.097

Quercetin (mg/100 g) 2.067 0.44

Quercetin glucoside (mg/100 g) 3.083 1.82

Peltatoside (mg/100 g) 5.675 1.54

Charantoside (mg/100 g) 1.535 1.39
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glutamine dehydrogenase and the Jaffe kinetic method with
picric acid [35], respectively.

The efficacy of glucose utilization and insulin resistance
was characterized by the homeostasis model assessment
(HOMA) indices as calculated using Eq. 1 proposed by
Antunes et al. [36].

HOMA−IR ¼ fasting glucose mmol=dm3
� �� fasting insulin mIU=dm3

� �� �

22:5

ð1Þ

Phenolic Compounds and Charantoside
Determination

In brief, 500 mg of lyophilized sample was extracted using
16 mL of 80:20 (v/v) methanol/H2O. Then, suspensions were
sonicated at room temperature for 30 min, and thereafter the
mixture was centrifuged at 4000 rpm for 15 min and the su-
pernatant was collected. After centrifugation, the solvent was
evaporated to dryness. The residue was dissolved in 3.5 mL
(3 mLMeOH + 0.5 mL H2O) and finally, the supernatant was
filtered with a PTFE syringe filter (0.45-μm pore size).
Phenolic compounds were determined by reversed-phase
(RP) ultrahigh-performance liquid chromatography (Dionex
UltiMate 3000 UHPLC, Thermo Fisher Scientific,
Sunnyvale, CA, USA) coupled with electrospray ionization
mass spectrometry (ESI-MS) with an ultrahigh-resolution or-
thogonal quadrupole time-of-flight (qTOF) accelerator
(maXis impact, Bruker Daltonik, Bremen, Germany). The
RP-UHPLC separation was performed using C18 column in
positive and negative MS mode.

Atomic Absorption Spectrometry

Samples of the testes, pancreas, kidney, liver, heart, and
spleen were used for atomic absorption spectrometry. The
organs were digested in 65% (w/w) spectra pure HNO3. Cr
concentrations were determined by graphite furnace analysis
using a Hitachi ZA 3000 atomic absorption spectrophotome-
ter (Hitachi High-Technologies Corporation, Tokyo, Japan).
The accuracy of quantitative determinations of Cr was con-
firmed by a simultaneous analysis of the certified reference
material (Pig Kidney BCR® No. 186, Brussels, fortified with
the Cr standard).

Statistics

Data were analyzed by the Kruskal-Wallis one-way analysis
of variance (ANOVA) followed by a Dunn’s method pairwise
multiple comparisons procedure to determine specific signif-
icant differences (p ≤ 0.05) using SigmaPlot 11 (SPSS, Inc.,
Chicago, IL). When appropriate, data are presented in figures

and tables as means ± standard deviation (SD). Some impor-
tant parameters (e.g., HOMA-IR, serum insulin levels) with
non-linear distribution were log-transformed to assure a nor-
mal distribution pattern. Interactions between Cr(III) and BM
were analyzed by the two-way ANOVA followed by
Bonferroni’s test using SigmaPlot 11 (SPSS, Inc., Chicago,
IL) to determine if there were significant interactions (p ≤
0.05).

Results and Discussion

General Growth Indices

Feed intake of rats fed HF diet from weeks 2 to 7 tended to be
lower than that of control rats while body mass gain was
statistically significantly higher than that of the control group
(Figs. 1a and 2a). Past studies have also shown that rats fed a
HF diet possessed increased body mass as compared with
control groups [23]. After introduction of Cr(III) and BM to
the appropriate groups of rats, the insulin-resistant rats fed the
HF diet still had lower food intakes and tended to have less
body mass, although the latter were not statistically signifi-
cant. No effects were observed on these variables from the
introduction of Cr(III) or BM (Figs. 1b and 2b). Several stud-
ies have shown that Cr(III) does not affect bodymass [8, 9, 14,
15, 23–26, 37–40]. A reduction of body mass of HF-fed ro-
dents due to treatment of BM has been reported previously
[41, 42]. For the diabetic rats, no effects on food intake were
generally observed (Fig. 1c); however, these rats had a signif-
icant reduction in body mass compared with the control rats
(Fig. 2c). Cr(III) had no effect and the low dose of BM had no
effect on body mass, while a high dose of BM, regardless of
the associated dose of Cr(III), significantly restored body
mass, so body mass of these rats was statistically equivalent
to that of the control (Fig. 2c). Thus, BM appears to have a
dramatic effect in preventing body mass loss associated with
HF- and STZ-induced diabetes.
Table 3 shows growth indices, including body length and

internal organ masses. The spleen, heart, testes, and pancreas
masses were not significantly different between the groups.
The diabetic rats, however, tended to have more massive kid-
neys than the insulin-resistant or control rats, while the higher
dose of BM tended to partially restore the increased mass. A
similar but weaker trend can be observed for the livers of the
diabetic rats, but none of the differences is statistically signif-
icant for the liver masses. Thus, BM at the higher dose may
potentially have some protective effects on the liver and kid-
neys, although studies with larger populations of rats may be
required to resolve this issue. Yoon et al. also found a signif-
icant reduction of liver mass for HF mice treated with bitter
melon extract [42]; however, not all studies have observed an
effect of organ masses, in particular liver mass, including one
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Fig. 1 Feed intake (g/day/rat) for
rats. a Control rats and rats on HF
diet for the first 7 weeks. b
Control and insulin-resistant rats
for 6 weeks of treatment after ini-
tial 7 weeks on control or HF diet.
c Control rats and diabetic rats for
6 weeks of treatment after initial
7 weeks on control or HF diet
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that used freeze-dried BM [43]. Chromium(III) has not been
found to have reproducible effects on body composition or
organ mass previously [1]. In particular, Cr3 did not
affect body composition or tissue masses of male Wistar
rats on a high-fat diet or fat diet in combination with STZ
treatment [23, 25].

Blood Biochemistry Indices Related to Glucose
and Lipid Metabolism

Cr(III) (as Cr3) has previously been shown to improve insulin
sensitivity and blood cholesterol levels in healthy rats and
several rat models of insulin resistance and type 2 diabetes,
including male Wistar rats on a high-fat diet and treated with
STZ which had improved HOMA-IR and reduced levels of
triglycerides and total and LDL cholesterol from Cr3 supple-
mentation [23]. However, not all studies have found beneficial
effects as effects seem to be less significant in female rats [37,
39] and maleWistar rats on a high-fat diet had no effects from
Cr3 on serum cholesterol, glucose, or insulin concentrations
[23]. Thus, the diabetic rats in this study should serve as a
positive control for effects from Cr3, while the insulin-
resistant rats should serve as a negative control in terms of
effects on insulin resistance and serum cholesterol.
Bitter melon has been shown to improve glucose levels and

lipid profile in insulin-resistant rodents [41–44]. For example,
Yoon et al. demonstrated bitter melon extract reduced LDL
and total cholesterol, glucose, and insulin in HF mice treated
with BM for 12 weeks as compared with HF controls [42].
Wang et al. found plasma glucose, insulin, and HOMA-IR
were significantly lowered in HF C57Bl/J mice treated with
BM extract for 12 weeks as compared with HF controls [41].
In the current study, serum glucose, insulin, total cholesterol,

LDL cholesterol, HDL cholesterol, and triglyceride concen-
trations and HOMA-IR for rats treated with HF, Cr(III), or
BM were not significantly different from the values of these
variables in the control group. However, a few trends were
observed for these parameters among the diabetic rats
(Table 4). Specifically, diabetic rats supplemented with the
higher dose of BM (50 g/kg diet) tended to have lower serum
glucose and LDL cholesterol levels as compared with all other
treatment groups (Table 4). Similarly, the serum glucose con-
centrations of the diabetic rats supplemented with the higher
dose of BM tended to drop compared with the serum glucose
concentrations before the start of the BM administration
(Fig. 3). Interestingly, the two-way ANOVA of the log-
transformed HOMA-IR values (conformed normal

� Fig. 2 Bodymass (g/rat) of rats. aControl rats and rats on high-fat diet
for the first 7 weeks. b Control and insulin-resistant rats for 6 weeks of
treatment after initial 7 weeks on control or high-fat diet. c Control rats
and diabetic rats for 6 weeks of treatment after initial 7 weeks on control
or high-fat diet. Asterisk symbol indicates statistically significantly dif-
ferent than control on a given week
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distribution pattern, data not shown) revealed that there is a
significant interaction effect between Cr(III) and BM on this
parameter. The HOMA-IR values of the high-fat-fed rats sup-
plemented with high Cr(III) dose but low BM level (HF+
Cr2BM1) were significantly lower compared with the low
Cr(III) dose with the same amount of BM (HF+Cr1BM1),
while at high BM dose, Cr dose did not affect this parameter.
Thus, the high BM dose appears to ameliorate the beneficial
effect of supplementary Cr(III) on insulin resistance in high-
fat-fed rats.
The lack of effects from Cr(III) on the diabetic rats and the

limited effects from BM on the insulin-resistant rats and dia-
betic rats may result from an antagonistic interaction between
the BM and Cr(III) (vide infra).

Blood Biochemistry and Toxicity Indices

A blood analysis was performed to determine if any rats had
any abnormalities in their blood profile (Table 5). Neither HF
feeding, diabetes, nor any combination of BM and Cr(III) had
an effect. Similarly, the blood was analyzed for indices of
kidney and liver function (Table 6). Neither HF feeding, dia-
betes, nor any combination of BM and Cr(III) had an effect.
For all the variables, the levels were in the reference range for
healthy rats.

Tissue Cr Concentrations

Cr supplementation both in insulin-resistant and diabetic
rats tended to lead to significant increases in the Cr(III)
concentrations in the liver and the kidneys at both
Cr(III) doses (Tables 7 and 8). For the high-fat-fed rats,
the HF+Cr1BM1 rats had an appreciable increase in

liver Cr concentrations compared with levels in livers
of high-fat control rats; however, when the amount of
dietary BM was increased fivefold for the HF+Cr1BM2
rats, the increase in liver Cr was no longer significant.
For the HF rats with the higher dose of Cr(III), both the
HF+Cr2BM1 and HF+Cr2BM2 rats had increased liver
Cr levels compared with those of HF controls; however,
the levels in HF+Cr2BM2 were significantly lower than
those in HF+Cr2BM1. Hence, BM appears to lead to a
reduction of Cr levels in the liver of HF rats regardless
of Cr(III) dose. A similar effect is observed for kidneys
of the HF+Cr2BM1 and HF+Cr2BM2 rats. For the dia-
betic rats, parallel effects are observed for the levels of
Cr in the livers of the rats as a function of Cr(III) and
BM dose. In contrast, for the kidney, the higher dose of
BM resulted in a statistically significant reduction of
kidney Cr at the lower dose of Cr(III), while the reduc-
tion from the higher dose of BM was not statistically
significant at the higher dose of Cr(III). Thus, the
higher dose of BM generally appears to prevent the
accumulation of Cr in the tissues. This is probably the
result of the interactions of some components of BM
with Cr(III) that can bind this element in the gastroin-
testinal tract, lowering its absorption and deposition in
the tissues. It is known that BM is rich in various phy-
tochemicals, some of them have cation-binding proper-
ties (e.g., fractions of dietary fiber, phytates, polypheno-
lics, saponins, oxalates) and may have decreased the
absorption of Cr(III) in the gut. BM is reported to be
composed of 54.42% soluble oxalates [45]. It has been
known that oxalates have been reported to interfere with
the absorption of metals such as calcium, magnesium,
and iron. Oxalic acid can form iron-oxalate complexes

Db Db+Cr1BM1 Db+Cr1BM2 Db+Cr2BM1 Db+Cr2BM2 C

)Ld/g
m(

esoculG
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Fig. 3 Serum glucose levels (mg/
dL) of control and diabetic rats.
Initial glucose represents blood
glucose at the start of the Cr and
BM treatment. Final serum
glucose is the glucose levels after
6 weeks of treatment with Cr and
BM
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that are insoluble, making iron unavailable and
inhibiting its intestinal absorption [46]. Saponins have
been shown to reduce Fe uptake [18]. Polyphenols and
phytates have an appreciable affinity for Fe and, thus,
reduce iron uptake in the gastrointestinal tract of ani-
mals and humans [47]. In light of the results of the
present study, the interaction of Cr(III) with the BM
phytochemicals is hypothesized to decrease the bioavail-
ability of Cr(III) for absorption in the gut. One possible
mechanism may be first the chelation reaction of Cr(III)
by polyphenols present in BM and the second one, the
redox reaction between Cr(III) and BM components.
The presumed decrease in Cr(III) absorption would lead
to lower levels of Cr in the body, which in turn could
prevent the concentrations of Cr in the tissues necessary
for beneficial effects from Cr supplementation to be
achieved. This would explain the lack of any beneficial
effects from Cr(III) supplementation being observed in
the diabetic rats receiving Cr3 and BM, while Cr3 alone
had previously been found to lead to beneficial effects
on insulin sensitivity and cholesterol levels in these rats
[24]. In turn, if any of the chemicals in the BM that
bind Cr(III) are also active in generating beneficial ef-
fects, then the presence of the Cr(III) could mitigate the
effects of BM, and the beneficial effects from BM ap-
pear to be diminished against those reported in previous
studies. However, most previous studies used BM ex-
tracts, which could have different bioavailability and
concentrations of the bioactive species compared with
the BM whole fruit crude powder used in the current
study, limiting interpretation. While the relationships
found in this study are statistically non-significant, they

indicate tendencies and, thus, should be supported in
further studies.

Effects on Protein Phosphorylation

No significant effects from Cr(III), BM, nor HF on the phos-
phorylation of IRS-1 were found (Fig. 4). Cefalu et al. found
insulin-stimulated IRS-1 phosphorylation increased in obese
IR JCR:LA-cp rats fed Cr picolinate (80 μg Cr/kg body mass)
for 3 months, although no difference was found in the absence
of insulin administration [30]. In contrast, Cr3 did not increase
tyrosine phosphorylation of insulin-stimulated 3T3-L1 cells
[48]. In the current work, a similar lack of effects was found
for the phosphorylation of Akt (data not shown). In contrast,
Wang et al. found IRS-1, Akt1, and Akt 2 phosphorylation
was increased in high-fat-fed C57BL/6J mice fed bitter melon
extract for 12 weeks [41]. The limited bioavailability of Cr(III)
and diminished activity of BM from the antagonism between
the two supplements when administered together in food ap-
pear to limit the ability to probe the effects of either supple-
ment on the insulin signaling pathway.

Conclusions

Supplementary Cr (III) (given as Cr3), unlike in previous
studies, had no appreciable effect on glucose and lipid metab-
olism in high-fat-fed STZ-induced diabetic rats .
Supplementary BM fruit powder had some observable effects
on body mass of high-fat-fed rats; these effects seem to be
dampened when BM was co-administered with Cr3. Cr(III)
and BM appear to act as nutritional antagonists when both

Table 7 The effects of supplementary Cr3 and BM on liver and kidney Cr levels in control and insulin-resistant rats. Values in a row with different
superscript letters are statistically significantly different

Index Experimental group

C HF HF+Cr1BM1 HF+Cr1BM2 HF+Cr2BM1 HF+Cr2BM2

Liver Cr (ng/g dry mass) 29.2 ± 12.2a 38.5 ± 12.2a 102.3 ± 12.8b 61.4 ± 12.2a 311.8 ± 12.2d 199.7 ± 12.8c

Kidney Cr (ng/g dry mass) 306.1 ± 85.8ab 197.8 ± 76.8a 534.5 ± 76.8b,c 555.8 ± 76.8c 2224.8 ± 80.9e 1306.8 ± 76.8d

Table 8 The effects of supplementary Cr3 and BM on liver and kidney Cr levels in control and diabetic rats. Values in a row with different superscript
letters are statistically significantly different

Index Experimental group

C Db Db+Cr1BM1 Db+Cr1BM2 Db+Cr2BM1 Db+Cr2BM2

Liver Cr (ng/g dry mass) 29.2 ± 12.2a 45.4 ± 26.5a 164.8 ± 24.8b 54.3 ± 24.8a 471.3 ± 26.3d 322.0 ± 23.6c

Kidney Cr (ng/g dry mass) 306.1 ± 85.8a 207.4 ± 155.4a 459.3 ± 164.8a 284.7 ± 155.4a 2403.2 ± 155.4b 2313.3 ± 147.4b
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administered in food, probably due to binding of Cr(III) by the
polyphenol-type compounds present in the plant material.
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