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high-glucose and insulin
resistance of chromium malate in 3T3-L1
adipocytes by glucose uptake and insulin sensitivity
signaling pathways and its mechanism†

Weiwei Feng,a Yongchao Liu,a Fan Fei,a Yao Chen,a Yangyang Ding,a Mengjiao Yan,a

Yun Feng,b Ting Zhao,c Guanghua Mao,a Liuqing Yang *c and Xiangyang Wu*a

Previous study has revealed that chromium malate could improve insulin resistance and the regulation of

fasting blood glucose in type 2 diabetic rats. This study was designed to investigate the effect of

chromium malate on hypoglycemic and improve insulin resistance activities in 3T3-L1 adipocytes with

insulin resistance and investigate the acting mechanism. The result indicated that chromium malate

exhibited direct hypoglycemic activity in vitro. Compared with the model group, chromium malate could

significantly promote the expression levels of GLUT-4, Akt, Irs-1, PPARg, PI3K and p38-MAPK and their

mRNA, increase p-AKT/AKT level, AKT and AMPKb1 phosphorylation and reduce Irs-1 phosphorylation

and p-Irs-1/Irs-1 level in 3T3-L1 adipocytes (p < 0.05). Chromium malate is more effective in regulating

the proteins and mRNA expressions than those of chromium trichloride and chromium picolinate.

Compared to the model group, pretreatment with the specific p38-MAPK inhibitor completely inhibited

the GLUT-4 and Irs-1 proteins and mRNA expressions induced by the chromium malate. In conclusion,

chromium malate had a beneficial influence on improvement of controlling glucose levels and insulin

resistance in 3T3-L1 adipocytes with insulin resistance by regulating proteins productions and genes

expressions in glucose uptake and insulin sensitivity signaling pathways.
Introduction

Diabetes is a kind of metabolic disorders and the prevalence of
diabetes in adolescents and adults show a fast growth in the
world.1,2 According to the International Diabetes Federation,
from 2013 to 2035, the number of human with diabetes has
increased from 382 million to 592 million.3 Type 2 diabetes
mellitus (T2DM), which accounts for more than 90% of diabetes
cases, has become a serious public health issue.4 Scientic
communities have suggested that obesity, air pollution and
inheritance could increase the risk of T2DM.5–7 The high fasting
blood glucose levels and insulin resistance, as the most
important factors in the occurrence and development of T2DM,
have been commonly found in patients with T2DM.
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Chromium (Cr, III) is a benecial micronutrient. Our
previous studies have shown that organic chromium could
improve glycometabolism and insulin resistance in T2DM, as
well as Brooks et al., Yang et al. and Liu et al. reported.8–11

Previous studies suggested that the functionary mechanisms of
the anti-hyperglycemic property of organic chromium
complexes might be induced by improving glucose uptake and
insulin resistance.12–15 However, little research has been re-
ported on systematic studies on the signaling pathways of
glucose uptake and insulin sensitivity by organic chromium
complex in 3T3-L1 adipocytes with insulin resistance.

In our previous study, chromium malate has been discov-
ered as a safe supplemental or alternative functional food
supplement for patients with T2DM.16,17 And the anti-
hyperglycemic property and the improving insulin resistance
of chromium malate had been found in type 2 diabetic rats,
however there were no systematic studies on the mechanism of
glucose uptake and insulin sensitivity. Therefore, this study was
to discover the possible anti-hyperglycemic and improving
insulin resistance mechanisms of chromium malate in 3T3-L1
adipocytes with insulin resistance. The study would be helpful
to explore the application value of organic chromium complexes
– chromium malate, which could develop a novel functional
food or drug.
This journal is © The Royal Society of Chemistry 2019
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Methods
Materials and chemicals

The chromiummalate was synthesized according to themethod
described by Wu et al.18 Its chemical formula and molecular
weight were Cr2C12H22O20 [or Cr2(C4H4O5)3$5H2O] and 590.18 g
mol�1, respectively. The Cr content is 17.45%. Chromium
malate can dissolve in water completely. Standard proteins were
purchased from Cell Signaling Technology, Inc (America). Ultra-
pure water was used throughout the whole experiments.

Cell culture

3T3-L1 adipocytes were obtained from Institute of Cell Biology,
Chinese Academy Sciences (Shanghai, China). Cells were
cultured in 95% air–5% CO2 atmosphere in DMEM medium
supplemented with 10% FBS at 37 �C. The differentiated cells
were obtained aer treating with insulin (10 mgmL�1) and IBMX
(0.5 mM) for 2 days, insulin (10 mg mL�1) for 2 days, 10% FBS-
DMEM for 5 days.19,20

Models of insulin resistance

The differentiated cells (2 � 105 cells per mL) were placed in 96-
well plates and incubated at 37 �C for 24 h in 10% FBS-DMEM.
The cells were incubated with 1� 10�6 mol L�1 insulin for 24 h.
24 h later, 3T3-L1 adipocytes were washed by DMEM and
cultured by 10% FBS-DMEM, and then the glucose content of
supernatant was measured by Glucose oxidase-peroxidase kit.
Western blot was used to assay the Irs-1 and p-Irs-1 productions.
The glucose content in 3T3-L1 adipocytes was exhibited signif-
icantly higher level than that of normal cells, accompanied with
signicantly reducing Irs-1 and signicantly increasing p-Irs-1
was taken as successful induction of insulin resistance in 3T3-
L1 adipocytes.

Cytotoxicity of chromium malate on 3T3-L1 adipocytes

The differentiated cells (4 � 104 cells per mL) with insulin
resistance were placed in 96-well plates. The various concen-
trations of chromium malate (5.0, 10.0 and 20.0 mg Cr per mL,
low, middle and high dose groups), chromium picolinate (20.0
mg Cr per mL) and chromium trichloride (20.0 mg Cr per mL)
were exposed for 24 h. The MTT Kit was used to assay the
cytotoxicity of chromium malate. The absorbance was
measured in Multimode Reader (SYNERGY H4, BioTek, USA) at
570 nm.

Effect of chromium malate on glucose uptake of 3T3-L1
adipocytes

The differentiated cells (2 � 105 cells per mL) with insulin
resistance were placed in 96-well plates. The various concen-
trations of chromium malate (5.0, 10.0 and 20.0 mg Cr per mL,
low, middle and high dose groups), chromium picolinate and
chromium trichloride (20.0 mg Cr per mL) were exposed for 24 h.
The 3T3-L1 adipocytes without insulin resistance were exposed
to the normal saline and chromium malate (20.0 mg Cr per mL)
for 24 h as control groups. 3T3-L1 adipocytes were washed by
This journal is © The Royal Society of Chemistry 2019
DMEM and cultured by 10% FBS-DMEM, and then the glucose
contents of supernatant were measured by Glucose oxidase-
peroxidase kit.
Assay of glucose uptake signaling pathway proteins

The differentiated cells (2 � 105 cells per mL) with insulin
resistance were placed in 6-well plates. The experiment design
and the doses of chromium malate, chromium picolinate and
chromium trichloride were as same as above described. Aer
incubating for 24 h, the cells were collected. The total protein
was extracted andmeasured. Western blot was used to assay the
GLUT-4, p-AMPKb1 and Akt productions.21,22 The blots were
visualized and the bands were photographed and analyzed with
the Quantity One soware.
Assay of insulin sensitivity signaling pathway proteins

The 3T3-L1 adipocytes cultured, experiment design and the
doses of chromium malate, chromium picolinate and chro-
mium trichloride were same as above described. Western blot
was used to assay the Irs-1, p-Irs-1, PPARg, PI3K and p38-MAPK
productions.
Effect of gene expression on glucose uptake and insulin
sensitivity signaling pathways

The 3T3-L1 adipocytes cultured, experiment design and the
doses of chromium malate, chromium picolinate and chro-
mium trichloride were as same as above described. Aer incu-
bating for 24 h, the cells were washed with cold PBS and
collected. Real-time PCR (RT-PCR) was used to assay the GLUT-
4, AMPKa2, Akt2, Irs-1, PPARg, PI3K and p38-MAPK mRNA
production.23,24 The primers sequence used in this experiment
were shown in Table 1.
Effect of receptor protein and gene expression aer inhibiting
p38MAPK, PI3K and PPARg expression

The 3T3-L1 adipocytes cultured and the doses of chromium
malate were as same as above described. The 3T3-L1 adipocytes
with insulin resistance were exposed to the chromium malate,
chromium picolinate, chromium trichloride and GW5074 or
LY294002 or GW9662 (3 mM) for 24 h. Aer incubating for 24 h,
the cells were collected. The extraction andmeasure methods of
total protein and RNA were as same as above described.
Western blot and RT-PCR were used to assay the GLUT-4, Irs-1
and their genes expressions, respectively.
Statistical analysis

Statistical analyses were carried out using the program SPSS
16.0 (SPSS Inc, Chicago, USA). Averages and standard error were
expressed as mean � SEM. The one-way analysis of variance
(ANOVA) and Tukey test were performed to data analysis and
determine the signicant differences. A value of P < 0.05 was
considered signicantly different statistically.
RSC Adv., 2019, 9, 114–127 | 115
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Table 1 Sequence of primer used for RT-PCR

Gene Forward primer (50 to 30) Reverse primer (30 to 50)

GAPDH TGGTGGACCTCATGGCCTAC CAGCAACTGAGGGCCTCTCT
GLUT-4 GGGCTGTGAGTGAGTGCTTTC CAGCGAGGCAAGGCTAGA
AMPKa2 GGTGTTATCCTGTATGCCCTTCT TGTCTTTGATAGTTGCTCGCTTC
Akt2 ATGTAGACTCTCCAGATGAG TGAGATAATCGAAGTCATTCA
Irs-1 TGTGCCAAGCAACAAGAAAG ACGGTTTCAGAGCAGAGGAA
PPARg CTTTACCACGGTTGATTTCTC CAGGCTCTACTTTGATCGCA
PI3K ACTGGAGGAAGACTTGAAG CGTTTCCCAACCATTCGTT
p38-MAPK CGCTGCTGCCGCTGGAAGAT TTTGGCAATGATGGACT
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Results and discussion
Models of insulin resistance

The glucose contents of insulin induced 3T3-L1 adipocytes were
22.57 � 0.64 mmol L�1. The glucose contents in 3T3-L1
adipocytes with insulin resistance were signicantly higher
than that of normal cells (18.62 � 0.59 mmol L�1) (p < 0.05).
Compared to the normal cells, insulin induced 3T3-L1 adipo-
cytes exhibited signicant high levels of glucose (p < 0.05). And
the Irs-1, AKT, p-AKT and p-AKT/AKT was signicantly reduced,
p-Irs-1 and p-Irs-1/Irs-1, was signicantly increased in insulin
induced 3T3-L1 adipocytes (p < 0.05) (ESI Fig. 1†). Consistent
with our results, Wang and Yao have also reported that 1 �
10�6 mol L�1 insulin with 3T3-L1 adipocytes exhibit insulin
resistance.12 The glucose contents in 3T3-L1 adipocytes were
exhibited signicant higher level than that of the normal cells,
accompanied with Irs-1, AKT, p-AKT and p-AKT/AKT reduction
and p-Irs-1 and p-Irs-1/Irs-1 increase, which were taken as
a successful induction of insulin resistance in 3T3-L1 adipo-
cytes. Therefore, the results conrmed that the 3T3-L1 adipo-
cyte model of insulin resistance is successful.
Cytotoxicity of chromium malate on 3T3-L1 adipocytes

To assess the cytotoxicity of chromium malate in insulin resis-
tance cells, the 3T3-L1 adipocytes with insulin resistance were
incubated with various concentrations of chromium malate
(5.0, 10.0 and 20.0 mg Cr per mL, low, middle and high dose
groups), chromium trichloride and chromium picolinate (20.0
mg Cr per mL), respectively. As shown in Fig. 1, compared to the
normal control, model and chromium malate control groups,
the survival rate of cells did not change signicantly in chro-
mium malate (low, middle and high dose groups), chromium
trichloride and chromium picolinate groups. High dose of
chromium malate did not signicantly increase/reduce the
survival rate in 3T3-L1 adipocytes with insulin resistance when
compared with chromium trichloride and chromium picoli-
nate. The earlier studies reported that 150 mM inorganic chro-
mium complex chromium trichloride (7.8 mg Cr per mL) could
cause supercoiled DNA and linearized DNA molecules in Jurkat
cells.25 Chromium picolinate is one of the most commonly used
organic chromium complexes. However, studies show that
1.5 mM chromium picolinate (78 mg Cr per mL) could induce
51% cells undergoing apoptosis and damaged 86% of the
mitochondria.26 It can be seen that the cytotoxicity of organic
chromium complexes is lesser than those of inorganic
116 | RSC Adv., 2019, 9, 114–127
chromium complexes. The result suggests that chromium
malate had no obvious effect on cytotoxicity in 3T3-L1 adipo-
cytes with insulin resistance at the dose of 0–20.0 mg Cr per mL.

Effect of chromium malate on glucose uptake of 3T3-L1
adipocytes

The glucose level changes of 3T3-L1 adipocytes with insulin
resistance treated with chromium malate were shown in Fig. 2.
Aer exposure to 24 h, the glucose levels of chromiummalate in
the middle and high dose groups and chromium picolinate
group had declined and closed to normal levels (18.41 �
0.61 mmol L�1). The glucose levels of the chromium malate
groups and model group (22.44 � 0.59 mmol L�1) were signif-
icantly different (p < 0.05). The hypoglycemic activity of chro-
mium malate exhibited a dose dependency. The glucose levels
of 3T3-L1 adipocytes with insulin resistance in chromium
malate and chromium picolinate groups were decreased
signicantly when compared with the chromium trichloride
group (21.35 � 0.43 mmol L�1) (p < 0.05). Consistent with our
results, Wang and Yao have reported that CrPic could induce
glucose uptake in insulin resistance 3T3-L1 adipocytes.12 The
results conrmed that chromium malate could contribute to
glucose uptake and decrease the glucose levels. And the hypo-
glycemic activity of chromium malate as indicated by glucose
levels was superior to that of chromium trichloride. Moreover,
exposure of chromium malate had no obvious effect on glucose
level of 3T3-L1 adipocytes without insulin resistance.

Assay of glucose uptake signaling pathway proteins

The possibility of the specic blood glucose accumulation that
in turn may negatively affect glucose uptake is represented by
high fasting blood glucose (FBG) levels in patients with T2DM.
Previous studies have shown that GLUT-4 and AKT could
increase the uptake of glucose to enhance the utilization of
glucose and reduce the FBG levels.27,28 Evidence has suggested
that AMPK play a key role in the control of FBG levels in T2DM.29

Once activated, AMPK can improve glucose uptake and inhibit
glucose production.30,31 The abnormal proteins and genes
expressions of GLUT-4, AMPK and AKT in the glucose uptake
signaling pathway can result in the increasing FBG levels.
Therefore, we examined the effects of chromium malate on
GLUT-4, p-AMPKb1, AKT, p-AKT and p-AKT/AKT (E) levels in
insulin resistance 3T3-L1 adipocytes (Fig. 3). Chromium malate
could enhance the GLUT-4, p-AMPKb1, AKT, p-AKT and p-AKT/
AKT levels in 3T3-L1 adipocytes with insulin resistance.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Effects of chromiummalate (5.0, 10.0 and 20.0 mg Cr permL, low,middle and high dose groups) on cytotoxicity in 3T3-L1 cells with insulin
resistance. Chromium trichloride (20.0 mg Cr per mL) and chromium picolinate (20.0 mg Cr per mL) were used as a positive control. Each value
was presented as means � SD (n ¼ 10).
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Compared with the model group, a signicant increase in
GLUT-4 and p-AKT/AKT levels was observed in chromium
malate high dose group and the levels of p-AMPKb1, AKT and p-
AKT in chromium malate middle and high dose groups and
Fig. 2 The glucose level (mmol L�1) changes of 3T3-L1 cells with insulin r
per mL, low, middle and high dose groups). Chromium trichloride (20.0 m

a positive control. Each value was presented as means� SD (n¼ 10). aSig
from model group (p < 0.05); csignificantly different from chromium
picolinate group (p < 0.05).

This journal is © The Royal Society of Chemistry 2019
chromium picolinate group were signicantly increased (p <
0.05). However, the levels of GLUT-4, p-AMPKb1, AKT, p-AKT
and p-AKT/AKT in chromium trichloride group had no signi-
cant change compared to the model group. Compared with the
esistance were treated with chromiummalate (5.0, 10.0 and 20.0 mg Cr
g Cr per mL) and chromium picolinate (20.0 mg Cr per mL) were used as
nificantly different from normal group (p < 0.05); bsignificantly different
trichloride group (p < 0.05); dsignificantly different from chromium

RSC Adv., 2019, 9, 114–127 | 117
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Fig. 3 Effect of chromiummalate (5.0, 10.0 and 20.0 mg Cr per mL, low, middle and high dose groups) on GLUT-4 (A), p-AMPKb1 (B), AKT (C), p-
AKT (D) expression and p-AKT/AKT (E) level in 3T3-L1 cells with insulin resistance. Chromium trichloride (20.0 mg Cr per mL) and chromium
picolinate (20.0 mg Cr per mL) were used as a positive control. Each value was presented as means � SD (n ¼ 10). aSignificantly different from
normal group (p < 0.05); bsignificantly different frommodel group (p < 0.05); csignificantly different from chromium trichloride group (p < 0.05);
dsignificantly different from chromium picolinate group (p < 0.05).

118 | RSC Adv., 2019, 9, 114–127 This journal is © The Royal Society of Chemistry 2019
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model group, the p-AMPKb1, Akt, p-AKT and p-AKT/AKT levels
of 3T3-L1 adipocytes in chromium picolinate group with insulin
resistance increased signicantly (p < 0.05). The levels of GLUT-
4, p-AMPKb1, Akt, p-AKT and p-AKT/AKT in chromium malate
high dose group were signicantly increased compared to the
chromium trichloride group (p < 0.05). The chromium malate
control group could not signicantly enhance the levels of
GLUT-4, p-AMPKb1, AKT, p-AKT and p-AKT/AKT when
compared with the normal control group. Therefore, chromium
malate had no obvious effect on the GLUT-4, p-AMPKb1, Akt, p-
AKT and p-AKT/AKT levels of 3T3-L1 adipocytes without insulin
resistance. Jovanovic et al. reported that Co-Factor III Cr Yeast
could provoke a signicant increase of the GLUT-4 and AMPK
expressions and AKT phosphorylation in Holstein calves.32 Peng
et al. reported that chromium phenylalanine could sensitize
signaling pathway in cells with insulin resistance via the acti-
vation of Akt and AMPK.33 The literatures shown that the
organic chromium complexes could improve glucose uptake in
model organism. These results suggested that chromium
malate could exhibit its glucose uptake activity by regulating
glucose uptake signaling pathways proteins productions
through up-regulation of GLUT-4 and Akt, promoting AMPKb1
and AKT phosphorylation and p-AKT/AKT ratio. And chromium
malate is more effective in regulating GLUT-4, p-AMPKb1, Akt
and p-AKT than those of chromium trichloride and chromium
picolinate.
Assay of insulin sensitivity signaling pathway proteins

The insulin sensitivity signaling pathway can modulate insulin
resistance in T2DM, and its impairment is one of the main
molecular mechanisms of T2DM.34 It is involved in Irs-1,
PPARg, PI3K and p38-MAPK genes and proteins expressions.
Previous studies have suggested that IRS-1 and PI3K are key
molecules in insulin sensitivity signaling pathway.35,36 The lower
levels of IRS-1 and PI3K in insulin signal transduction pathway
with defects were found in T2DM.37 Peroxisome proliferator-
activated receptor gamma (PPAR gamma) can enhance insulin
sensitivity in muscle and adipose tissues, and some of exoge-
nous potent PPARg ligands are used as medicines to T2DM.38

p38-MAPK can regulate glucose metabolism. However, the
activation of the p38-MAPK can result in phosphorylation of the
insulin receptor and IRS proteins, leading to impaired insulin
signaling.39 Therefore, we examined the effects of chromium
malate on Irs-1, p-Irs-1, p-Irs-1/Irs-1, PPARg, PI3K and p38-
MAPK levels in insulin resistance 3T3-L1 adipocytes. Effects of
chromium malate on Irs-1, p-Irs-1, p-Irs-1/Irs-1, PPARg, PI3K
and p38-MAPK levels in 3T3-L1 adipocytes with insulin resis-
tance were presented in Fig. 4. Chromium malate could
enhance the levels of Irs-1, PPARg, PI3K and p38-MAPK, and
reduce p-Irs-1 and p-Irs-1/Irs-1 levels in 3T3-L1 adipocytes with
insulin resistance. Compared with the model group, chromium
malate showed signicant increase in the Irs-1 and PPARg
levels, signicant reduction in the p-Irs-1 and p-Irs-1/Irs-1 levels
in low, middle and high dose groups and signicant increase in
the PI3K and p38-MAPK levels in middle and high dose groups
(p < 0.05). Chromiummalate increased the productions of Irs-1,
This journal is © The Royal Society of Chemistry 2019
PPARg, PI3K and p38-MAPK, and decreased the Irs-1 phos-
phorylation and p-Irs-1/Irs-1 in dose-independent manners. The
group exposed to chromium picolinate showed signicant
increase in Irs-1, PPARg and PI3K levels, and signicant
decrease in p-Irs-1 and p-Irs-1/Irs-1 levels except for p38-MAPK
production, when compared with the model group (p < 0.05).
The results of the chromium trichloride group showed that no
signicant changes were observed in Irs-1, p-Irs-1, PPARg, PI3K
and p38-MAPK productions. Comparing the levels of the Irs-1,
p-Irs-1, p-Irs-1/Irs-1, PPARg, PI3K and p38-MAPK with the
chromium picolinate and chromium trichloride groups, the
results showed that a signicant change occurred in chromium
malate high dose group (p < 0.05). The chromium malate could
not signicantly change the levels of Irs-1, p-Irs-1, p-Irs-1/Irs-1,
PPARg, PI3K and p38-MAPK in chromium malate control
group when compared with the normal control group. There-
fore, chromium malate had no obvious effect on the Irs-1, p-Irs-
1, p-Irs-1/Irs-1, PPARg, PI3K and p38-MAPK levels of 3T3-L1
adipocytes without insulin resistance. These results suggested
that chromium malate could improve insulin resistance by
regulating insulin sensitivity signaling pathway proteins
production through up-regulation of Irs-1, p-Irs-1, PPARg, PI3K
and p38-MAPK, and down-regulation of Irs-1 phosphorylation
and p-Irs-1/Irs-1. And chromium malate is more effective in
regulating Irs-1, p-Irs-1, p-Irs-1/Irs-1, PPARg, PI3K and p38-
MAPK levels than those of chromium trichloride and chro-
mium picolinate.
Effect of gene expression on glucose uptake signaling pathway

Effects of chromium malate on the GLUT-4, AMPKa2 and AKT2
mRNA expression levels of 3T3-L1 adipocytes with insulin
resistance were showed in Fig. 5. Chromium malate could
enhance themRNA expressions of GLUT-4, AMPKa2 and Akt2 in
3T3-L1 adipocytes with insulin resistance. Compared to the
model group, the mRNA expression levels of GLUT-4 and AKT2
in chromium malate low, middle and high dose groups and the
mRNA expression levels of AMPKa2 in chromium malate
middle and high dose groups were signicantly increased (p <
0.05). Chromium malate increased the mRNA expressions of
GLUT-4, AMPKa2 and Akt2 in a dose dependency manner. The
mRNA expression levels of GLUT-4, AMPKa2 and Akt2 of 3T3-L1
adipocytes with insulin resistance in chromium picolinate
group were increased signicantly when compared with the
model group (p < 0.05). However, the GLUT-4, AMPKa2 and Akt2
mRNA expression in chromium trichloride group had no
signicant change. Compared with the chromium picolinate
and chromium trichloride groups, the mRNA expressions of
GLUT-4, AMPKa2 and Akt2 in chromium malate high dose
group were increased signicantly (p < 0.05). The mRNA
expressions of GLUT-4, AMPKa2 and Akt2 had no signicant
change between chromium malate control group and normal
control group. Therefore, chromium malate had no obvious
effect on the GLUT-4, AMPKa2 and Akt2 mRNA expressions of
3T3-L1 adipocytes without insulin resistance. Consistent with
our results, Hao et al. have reported that oligomannuronate
chromium complex could enhance the mRNA expression of
RSC Adv., 2019, 9, 114–127 | 119
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Fig. 4 Effect of chromiummalate (5.0, 10.0 and 20.0 mg Cr per mL, low, middle and high dose groups) on Irs-1 (A), p-Irs-1 (B), PPARg (C), PI3K (D)
and p38-MAPK (E) expression and p-Irs-1/Irs-1 (F) level in 3T3-L1 cells with insulin resistance. Chromium trichloride (20.0 mg Cr per mL) and
chromium picolinate (20.0 mg Cr per mL) were used as a positive control. Each value was presented as means � SD (n ¼ 10). aSignificantly
different from normal group (p < 0.05); bsignificantly different from model group (p < 0.05); csignificantly different from chromium trichloride
group (p < 0.05); dsignificantly different from chromium picolinate group (p < 0.05).
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Fig. 5 Effect of chromiummalate (5.0, 10.0 and 20.0 mg Cr per mL, low, middle and high dose groups) on the GLUT-4 (A), AMPKa2 (B) and Akt2
(C) mRNA expression level of 3T3-L1 cells with insulin resistance. Chromium trichloride (20.0 mg Cr per mL) and chromium picolinate (20.0 mg Cr
per mL) were used as a positive control. Each value was presented as means � SD (n ¼ 10). aSignificantly different from normal group (p < 0.05);
bsignificantly different from model group (p < 0.05); csignificantly different from chromium trichloride group (p < 0.05); dsignificantly different
from chromium picolinate group (p < 0.05).
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GLUT-4 in C2C12 skeletal muscle cells with insulin resistance.13

These results revealed that chromium malate could exhibit its
glucose uptake activity by regulating gene expressions of
receptor proteins on glucose uptake signaling pathway through
up-regulation of GLUT-4, AMPKa2 and Akt2 mRNA. And chro-
mium malate is more effective in regulating GLUT-4, AMPKa2
and Akt2 mRNA expressions than those of chromium tri-
chloride and chromium picolinate.
Effect of gene expression on insulin sensitivity signaling
pathway

Effects of chromium malate on the Irs-1, PPARg, PI3K and p38-
MAPK mRNA expression levels of 3T3-L1 adipocytes with
insulin resistance were presented in Fig. 6. Chromium malate
could enhance the mRNA expressions of Irs-1, PPARg, PI3K and
This journal is © The Royal Society of Chemistry 2019
p38-MAPK in 3T3-L1 adipocytes with insulin resistance.
Compared with the model group, chromium malate showed
signicant increase in the mRNA expressions levels of Irs-1,
PPARg and p38-MAPK in low, middle and high dose groups
and signicant increase in the mRNA expression levels of PI3K
in middle and high dose groups (p < 0.05). Chromium malate
increased the mRNA expressions of Irs-1, PPARg, PI3K and p38-
MAPK in dose-dependent manners. Chromium picolinate
group showed signicant increase in the mRNA expressions of
Irs-1, PPARg, PI3K and p38-MAPK when compared with the
model group (p < 0.05). However, chromium trichloride group
showed no signicant change in the mRNA expressions of Irs-1,
PPARg, PI3K and p38-MAPK. Comparing the mRNA expression
levels of the Irs-1, PPARg, PI3K and p38-MAPK in the chromium
picolinate and chromium trichloride groups, the results showed
RSC Adv., 2019, 9, 114–127 | 121
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Fig. 6 Effect of chromium malate (5.0, 10.0 and 20.0 mg Cr per mL, low, middle and high dose groups) on the Irs-1 (A), PPARg (B), PI3K (C) and
p38-MAPK (D) mRNA expression levels of 3T3-L1 cells with insulin resistance. Chromium trichloride (20.0 mg Cr per mL) and chromiumpicolinate
(20.0 mg Cr per mL) were used as a positive control. Each value was presented as means� SD (n¼ 10). aSignificantly different from normal group
(p < 0.05); bsignificantly different from model group (p < 0.05); csignificantly different from chromium trichloride group (p < 0.05); dsignificantly
different from chromium picolinate group (p < 0.05).
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that a signicant increase was observed in chromium malate
high dose group (p < 0.05). The mRNA expression levels of Irs-1,
PPARg, PI3K and p38-MAPK had no signicant change between
chromium malate control group and normal control group.
Therefore, chromiummalate had no obvious effect on the Irs-1,
PPARg, PI3K and p38-MAPK mRNA expressions of 3T3-L1
adipocytes without insulin resistance. Liu et al. reported that
chromium yeast could improve glucose metabolism in insulin-
resistant 3T3-L1 adipocytes via increase Irs-1 mRNA.11 A similar
expression trend was observed for PPARg mRNA in 3T3-L1
adipocytes treatment with Cr(III)-citrate.40 These results sug-
gested that chromium malate could improve insulin resistance
by regulating gene expressions of receptor proteins on insulin
sensitivity signaling pathway through up-regulation of Irs-1,
PPARg, PI3K and p38-MAPK mRNA. And chromium malate is
more effective in regulating Irs-1, PPARg, PI3K and p38-MAPK
mRNA expressions than those of chromium trichloride and
chromium picolinate.
122 | RSC Adv., 2019, 9, 114–127
Models of inhibiting p38 MAPK, PI3K and PPARg expression

Compared to the 3T3-L1 adipocytes with insulin resistance,
GW5074 or LY294002 or GW9662 induced signicantly low
levels of p38 MAPK, PI3K and PPARg in 3T3-L1 adipocytes (p <
0.05) (ESI Fig. 2†). The p38 MAPK, PI3K and PPARg levels in
3T3-L1 adipocytes with insulin resistance exhibited signicant
inhibitions than that of the insulin resistance cells without
corresponding inhibitors, which were taken as successful
inhibited p38 MAPK, PI3K and PPARg expression. Therefore,
the results conrmed that the models of inhibiting p38 MAPK,
PI3K and PPARg expression are successful.
Effect of receptor protein and gene expression aer inhibiting
p38MAPK expression

Effect of receptor protein production aer inhibiting
p38MAPK expression. Effects of chromiummalate on the GLUT-
4 and Irs-1 expression levels of 3T3-L1 adipocytes with insulin
This journal is © The Royal Society of Chemistry 2019
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resistance when p38MAPK expression was inhibited were
shown in Fig. 7A(1) and B(1). Aer inhibiting p38-MAPK
expression, the levels of GLUT-4 and Irs-1 in chromium
malate control group were lower than that of normal control
group. The results conrmed that the p38-MAPK was inhibited
successfully in 3T3-L1 adipocytes. Compared with the normal
control group, various doses of chromium malate groups,
chromium trichloride group and chromium picolinate group
showed signicant decrease in the levels of GLUT-4 and Irs-1 (p
< 0.05). Compared to the model group, there was no signicant
Fig. 7 Effect of chromium malate (5.0, 10.0 and 20.0 mg Cr per mL, lo
expression levels and GLUT-4 (A2) and Irs-1 (B2) mRNA expression levels
(GW5074, 3 mM). Chromium trichloride (20.0 mg Cr per mL) and chromiu
value was presented as means � SD (n ¼ 10). aSignificantly different from
0.05); csignificantly different from chromium trichloride group (p < 0.05

This journal is © The Royal Society of Chemistry 2019
effect on increase of GLUT-4 and Irs-1 in chromium malate low
dose group. However, chromium malate showed signicant
increase in the production levels of GLUT-4 and Irs-1 in middle
and high dose groups (p < 0.05). The productions of GLUT-4 and
Irs-1 in chromium malate high dose group were signicantly
increased compared to the chromium trichloride and chro-
mium picolinate groups (p < 0.05).

Effect of gene expression aer inhibiting p38MAPK expres-
sion. Effects of chromium malate on the GLUT-4 (A) and Irs-1
(B) mRNA expression levels of 3T3-L1 adipocytes with insulin
w, middle and high dose groups) on the GLUT-4 (A1) and Irs-1 (B1)
of 3T3-L1 cells with insulin resistance when block p38MAPK expression
m picolinate (20.0 mg Cr per mL) were used as a positive control. Each
normal group (p < 0.05); bsignificantly different frommodel group (p <
); dsignificantly different from chromium picolinate group (p < 0.05).

RSC Adv., 2019, 9, 114–127 | 123
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Fig. 8 Effect of chromium malate (5.0, 10.0 and 20.0 mg Cr per mL, low, middle and high dose groups) on the GLUT-4 (A1) and Irs-1 (B1)
expression levels and GLUT-4 (A2) and Irs-1 (B2) mRNA expression levels of 3T3-L1 cells with insulin resistance when block PI3K expression
(LY294002, 3 mM). Chromium trichloride (20.0 mg Cr per mL) and chromium picolinate (20.0 mg Cr per mL) were used as a positive control. Each
value was presented as means � SD (n ¼ 10). aSignificantly different from normal group (p < 0.05); bsignificantly different frommodel group (p <
0.05); csignificantly different from chromium trichloride group (p < 0.05); dsignificantly different from chromium picolinate group (p < 0.05).
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resistance when p38-MAPK expression was inhibited were
shown in Fig. 7A(2) and B(2). Aer inhibiting p38-MAPK
expression, the GLUT-4 and Irs-1 mRNA expressions of chro-
mium malate control group in 3T3-L1 adipocytes with insulin
resistance were lower than that of normal control group. The
results conrmed that the p38-MAPK was inhibited successfully
in 3T3-L1 adipocytes. Various doses of chromium malate,
124 | RSC Adv., 2019, 9, 114–127
chromium trichloride and chromium picolinate signicantly
reduced the mRNA expressions of GLUT-4 and Irs-1 when
compared to normal control group (p < 0.05). Compared to the
model group, there was no signicant change in GLUT-4 and
Irs-1 mRNA expressions in the chromium malate low dose
group. However, chromium malate showed signicant increase
in the mRNA expression levels of GLUT-4 and Irs-1 in middle
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07470d


Fig. 9 Effect of chromium malate (5.0, 10.0 and 20.0 mg Cr per mL, low, middle and high dose groups) on the GLUT-4 (A1) and Irs-1 (B1)
expression levels and GLUT-4 (A2) and Irs-1 (B2) mRNA expression levels of 3T3-L1 cells with insulin resistance when block PPARg expression
(GW9662, 3 mM). Chromium trichloride (20.0 mg Cr per mL) and chromium picolinate (20.0 mg Cr per mL) were used as a positive control. Each
value was presented as means � SD (n ¼ 10). aSignificantly different from normal group (p < 0.05).
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and high dose groups (p < 0.05). Moreover, high dose of chro-
mium malate increased the mRNA expression levels of GLUT-4
and Irs-1 more than chromium trichloride and chromium
picolinate.

These results suggested that chromium malate had hypo-
glycemic activity and could improve insulin resistance in 3T3-L1
adipocytes with insulin resistance by regulating p38-MAPK-
induced proteins productions and genes expressions. And the
hypoglycemic activity and the improvement of insulin resis-
tance of chromium malate were not only through regulating
p38-MAPK-induced proteins production and genes expression,
This journal is © The Royal Society of Chemistry 2019
but also through regulating other key protein-induced proteins
productions and genes expressions.
Effect of receptor protein and gene expression aer inhibiting
PI3K expression

Effect of receptor protein production aer inhibiting PI3K
expression. Effects of chromium malate on the GLUT-4 and Irs-
1 expression levels of 3T3-L1 adipocytes with insulin resistance
when PI3K expression was inhibited were presented in
Fig. 8A(1) and B(1). Aer inhibiting PI3K expression, signicant
RSC Adv., 2019, 9, 114–127 | 125
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reductions of GLUT-4 and Irs-1 expressions were observed in
chromium malate control group when compared with the
normal control group (p < 0.05). The results conrmed that the
PI3K was inhibited successfully in 3T3-L1 adipocytes.
Compared with the normal control group, signicant reduc-
tions of GLUT-4 and Irs-1 productions were found in various
doses of chromium malate, chromium trichloride and chro-
mium picolinate groups (p < 0.05). Low dose of chromium
malate showed no signicant change in the levels of GLUT-4
and Irs-1 when compared to the model group. However,
middle and high doses of chromium malate showed signicant
increase in the production levels of GLUT-4 and Irs-1 (p < 0.05).
The productions of GLUT-4 and Irs-1 in chromium malate high
dose group were signicantly increased when compared with
the chromium trichloride and chromium picolinate groups (p <
0.05).

Effect of gene expression aer inhibiting PI3K expression.
Effects of chromium malate on the GLUT-4 (A) and Irs-1 (B)
mRNA expression levels of 3T3-L1 adipocytes with insulin
resistance aer inhibiting PI3K expression were showed in
Fig. 8A(2) and B(2). Compared to the normal control group, the
mRNA expression levels of GLUT-4 and Irs-1 in chromium
malate control group were signicantly reduced aer inhibiting
PI3K expression (p < 0.05). The results conrmed that the PI3K
was inhibited successfully in 3T3-L1 adipocytes. Compared with
the normal control group, signicant reductions of GLUT-4 and
Irs-1 mRNA expression in various doses of chromium malate,
chromium trichloride and chromium picolinate groups were
found (p < 0.05). However, middle and high doses of chromium
malate showed signicant increase in the mRNA expression
levels of GLUT-4 and Irs-1 (p < 0.05). Moreover, high dose of
chromium malate could signicantly increase the mRNA
expression levels of GLUT-4 and Irs-1 than those of chromium
trichloride and chromium picolinate (p < 0.05).

These results suggested that chromium malate could
improve high-glucose levels and insulin resistance in 3T3-L1
adipocytes with insulin resistance by regulating PI3K-induced
proteins productions and genes expressions. And the hypogly-
cemic activity and improving insulin resistance of chromium
malate were not only through regulating PI3K-induced proteins
productions and genes expressions, but also through regulating
other key protein-induced proteins productions and genes
expressions.
Effect of receptor protein and gene expression aer inhibiting
PPARg expression

Effect of receptor protein production aer inhibiting PPARg
expression. Effects of chromium malate on the GLUT-4 (A) and
Irs-1 (B) expression levels of 3T3-L1 adipocytes with insulin
resistance aer inhibiting PPARg expression were showed in
Fig. 9A(1) and B(1). Compared to the normal control group, the
production levels of GLUT-4 and Irs-1 in chromium malate
control group were signicantly reduced aer inhibiting PPARg
expression (p < 0.05). The results conrmed that the PPARg was
inhibited successfully in 3T3-L1 adipocytes. The productions of
GLUT-4 and Irs-1 in various doses of chromium malate,
126 | RSC Adv., 2019, 9, 114–127
chromium trichloride and chromium picolinate groups were
signicantly reduced when compared with the normal control
group (p < 0.05). However, there was no signicant change
compared to the model group. Various doses of chromium
malate groups showed no signicant change in the productions
of GLUT-4 and Irs-1 when compared with the chromium tri-
chloride and chromium picolinate groups.

Effect of gene expression aer inhibiting PPARg expression.
Effects of chromium malate on the GLUT-4 (A) and Irs-1 (B)
mRNA expression levels of 3T3-L1 adipocytes with insulin
resistance aer inhibiting PPARg expression were showed in
Fig. 9A(2) and B(2). Compared with the normal control group,
the mRNA expression levels of GLUT-4 and Irs-1 in chromium
malate control group were signicantly reduced aer inhibiting
PPARg expression (p < 0.05). The results conrmed that the
PPARg was inhibited successfully in 3T3-L1 adipocytes.
Compared with the model group, the mRNA expressions levels
of GLUT-4 and Irs-1 in various doses of chromium malate,
chromium trichloride and chromium picolinate groups were
not signicantly increased. However, there was a signicant
reduction when compared with normal control group (p < 0.05).
Various dose of chromiummalate groups showed no signicant
changes in the mRNA expression levels of GLUT-4 and Irs-1
compared to chromium trichloride and chromium picolinate
groups.

These results suggested that chromium malate could
improve high-glucose levels and insulin resistance in 3T3-L1
adipocytes with insulin resistance by regulating PPARg-
induced proteins productions and genes expressions.
Conclusion

Chromiummalate exhibited direct hypoglycemic activity in vitro
and greater benets in treating 3T3-L1 adipocytes with insulin
resistance induced high-glucose levels than that of chromium
trichloride. Chromium malate could induce 3T3-L1 adipocytes
with insulin resistance to express GLUT-4, Akt, Irs-1, PPARg,
PI3K and p38-MAPK proteins and mRNA, increase AMPKb1
phosphorylation and p-AKT/AKT level and reduce Irs-1 phos-
phorylation and p-Irs-1/Irs-1 level. The results of pretreatment
with the specic p38MAPK/PI3K/PPARg inhibitor showed that
the chromium malate could improve high-glucose levels and
insulin resistance in 3T3-L1 adipocytes with insulin resistance
by regulating proteins productions and genes expressions in
glucose uptake and insulin sensitivity signaling pathways.
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