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KEYWORDS Abstract The chromium(III) complex, Cr(C7H3NOy),-C4H >N (), was synthesised by chelating
Chromium(IIT) complex; chromium with dipicolinic (H»dipic) in methanol, and its structure was characterised using elemen-
Metformin; tal analysis (EA), spectroscopy (infrared, UV-visible, and fluorescence) and single-crystal X-ray
Diabetes mellitus; method. The density functional theoretical (DFT) computation was performed using the Gaussian
Bioactivity 09 package. The stability of solution at different temperatures and pH values, the electrochemical,

morphological and thermal properties of complex I were discussed. The preliminary bioactivities of
complex 1 in streptozotocin (STZ)-induced type 2 diabetes mellitus (T2DM) mice were investigated
using daily oral gavage for 12 weeks. The cytotoxicity was assessed using the methyl thiazolyl tetra-
zolium (MTT) assays, and the acute toxicity experiment test was carried out on healthy C57BL/6
mice with this complex. The complex I crystallised in the monoclinic system with the space group
P2(1)/n, Ry = 0.0642. The DFT-optimised structure of complex I was in excellent agreement with
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the X-ray crystal structure. The complex 1 exhibited good physical and chemical properties and
beneficial function on blood glucose and lipid metabolism for T2DM. The antidiabetic activity
of chromium(IIT) might be associated with chromium(VI). Furthermore, the cytotoxicity and the
acute toxicity experiments showed that the complex I was hypotonic and secure to organism.
The study of complex I showed that the prepared complex on the basis of H,dipic and Met could
inhibit hyperglycaemia and hyperlipidaemia in vivo and did not have potential toxicity. These
results demonstrated that the complex I might provide an important reference for the development
of functional hypoglycaemic foods or pharmaceuticals of T2DM.
© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The diabetes mellitus (DM) is the most important public dis-
ease after cancer and cardiovascular disease. Despite lifestyle
modification and pharmacotherapy, the blood glucose control
of patients with T2DM aggravates over time due to the contin-
uous function deterioration of the pancreatic f-cell. In this
respect, a durable glycaemic control is difficult to obtain for
quite a long time with current drug treatment options Li
et al.,, 2017; Forslund et al., 2015; Després and Lemieux,
2006; Robles et al., 2017. Therefore, the development of some
functional supplements to prevent T2DM has become a
research hotspot, such as functional compounds containing
vanadium(VI), zinc(IT) and chromium(III), among which the
selection of ligands is particularly important Peng and Yang,
2015.

Clinically, metformin (Met), a cheap oral antihypergly-
caemic biguanide agent, is widely used to treat T2DM over
the last four decades. Met lowers blood glucose levels without
the side effects of hyperinsulinaemia and gaining weightBen
Sahra et al., 2010. Met metal complexes play an important role
in biology, and its chemical structure in aqueous solution is
dependent on pH. Four forms of Met are present in aqueous
solution with different pH values, namely, diprotonated
(H,Met>") in strong acid, monoprotonated (HMet ") in weak
acid, neutral Met and deprotonated (Met™) in strong alkaline
solution (Figure S1). Therefore, Met coordinates as unidentate
ligand via N** atom in a cationic form in general Lemoine
et al., ; Zhu et al., (2002); more as a bidentate chelating ligand
via N** and N* atom both in neutral as well as in anionic
form Olar et al., (2006); Bentefrit et al., (1997); Olar et al.,
(2010); Al-Saif and Refat, (2013). In addition, Met can be
found as a counter cation in individual complexes Lemoine
et al., ; He et al.,.

The 2,6-pyridine dicarboxylic acid (dipicolinic acid or H,-
dipic) is an effective bidentate-or tridentate-chelating ligand
that forms stable complexes with most metal ions
(Aghabozorg et al., 2008). The dipicolinic acid exists in various
natural compounds and shows potential pharmacological
activity and different biological functions (Eshtiagh-Hosseini
et al., 2010). At present, complexes involving H,dipic and
Met as counter ion or ligands and Zn(II) or Pd(II) as central
metal ions have been reported (Ghasemi et al., 2014;
Moghimi et al., 2011).

In the 1950 s, the trivalent chromium is first reported to
play an important role in controlling blood glucose and pro-
posed to be an essential trace element of biology Schwarz
and Mertz, (1959). Then, low-molecular weight chrome-

binding peptide are considered as a biologically active form
of Cr(IIl) in mammals. Subsequently, numerous studies on
its potential role in maintaining homeostasis of blood glucose
and lipid metabolism have been published Schwarz and Mertz,
1957. Laboratory and clinical studies also prove that pharma-
cologically related doses of Cr(III) can improve the insulin sen-
sitivity and triglyceride and cholesterol levels in animals with
obesity and T2DM, and increase insulin binding to cells
Cefalu and Hu, (2004). Although the status of Cr(III) has
recently been challenged Jain et al., 2006; Anderson, 2000;
the Cr(IIl) has been an artificial second messenger in action
of insulin Di Bona et al., (2011); Vincent, (2013). Given the
low bioavailability of Cr(III) salts, new organic Cr(III) com-
pounds should be designed, and their bioactivity should be
explored. Thus, various forms of Cr(IIl) supplements, such
as CrNic (Levina et al., 2016); CrPic (Vincent, 2015; Liu
et al., 2015) and CrPro (Preuss et al., 2008; Kim et al.,
2004); have been successfully applied in the market.

Based on the aforementioned considerations, we consider
the synergistic effect on the Met and H,dipic as suitable
ligands for metal complexation to further improve its pharma-
cological and biological activities. Herein, Cr(C;H3NOy),-Cy-
H,Ns, complex 1 is successfully prepared, thereby adding a
new member to the family of organic Cr(III). The bioactivities
and the toxicity of complex I are evaluated in T2DM mice.
Surprisingly, the preliminary studies suggest that this complex
may be a candidate for a promising new type of nontoxic
antidiabetic drug. The concrete process is described in Fig. 1.

2. Materials and methods

2.1. Materials

All chemical reagents and solvents were of standard analytical
grade and used without further purification unless otherwise
stated, and all manipulations were performed under aerobic
conditions. The dulbecco’s modified eagle medium (DMEM)
and the methyl thiazolyl tetrazolium (MTT) were purchased
from Ruibo Biological technology co. LTD (Guangzhou,
China). The Human breast cancer cells (MCF-7) were pro-
vided by the Gene Biology Center of Shanxi University.
Human serum albumin (HSA) was purchased from Solarbio
Life Sciences.

2.2. Methods

The crystal data for the compound were collected using the
SMARTAPEX X-ray single-crystal diffractometer (Bruker
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AG of Germany). Elements C, H and N were obtained on the
EURO EA 3000 elemental analyser (Euro Vector of Italy). The
IR spectra in the 4000-400 cm ™' were determined on the Nico-
let 1S5 spectrometer (Thermo Nicolet Corporation of America)
by dispersing samples in the KBr disk. UV-Vis absorption
spectra were recorded using the Hitachi UH-4150 spectrometer
(Hitachi Company of Japan), and the fluorescence spec-
troscopy was conducted on the Hitachi F-7000 fluorescence
spectrometer (Hitachi Company of Japan) at room tempera-
ture. The thermogravimetry (TG) analysis was carried out
under nitrogen conditions on the Netzsch U-4100STA 2500
Regulus instrument (Netzsch Germany) at a heating rate of
20 °C-min~! from 25 °C to 800 °C. The scanning electron
microscopy (SEM) image was obtained using the Zeiss EVO
MAI10 electron microscope at an acceleration voltage of
30 kV. The XRD pattern of the sample was recorded on the
Bruker D8-ADVANCE X-ray diffractometer (Bruker AG of
Germany). All diffraction patterns were obtained with the
Cu Ko radiation (4 = 1.5418 A) by using a graphite
monochromator at a scanning rate of 10° per minute. All bio-
chemical indicators were measured on the Beckman AUS5800
automatic biochemical analyser (Beckman Corporation of
America).

2.3. Ethical approval

The animal experiment study was performed in the Animal
Centre of First Hospital of Shanxi Medical University, which
approved the animal experimental protocols with the qualified
number SCXK (JIN) 2019-0001.

2.4. Synthesis and characterisation of complex 1

The CrCl;-6H,O (2.665 g, 10 mmol) methanol solution
(50 mL) was added dropwise into a 200 mL three-necked flask
containing Met-HCI (1.666 g, 10 mmol) methanol solution
(100 mL), NaOH (0.040 g, 10 mmol) and H,dipic (3.310 g,
20 mmol). The mixture was stirred at 28 °C + 3 °C in a water
bath for 30 min, during which a deep purple solution was
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Bioactivity and toxicity evaluation of complex I in T2DM C57BL/6 mice.

formed. The purple crystals suitable for X-ray structural anal-
ysis were obtained through the slow evaporation of the solvent
at room temperature(Wang and Yao, 2009). Yield, 3.02 g
(59%). EA for Cr(C;H3NOy),-C4HoNs, Caled. (%): C
42.19, H 3.54, N 19.14; Found (%): C 41.97, H 3.62, N
19.05. Selected IR data (KBr pellet, cm™"): 3424 (s), 3344 (s),
3240 (s), 3085 (w), 3056 (w), 1677 (Vs), 1643 (m), 1568 (s),
1505 (m), 1418 (m), 1323 (Vs), 1164 (s), 1087 (s), 917 (s), 772
(m), 746 (s), 697 (w), 681 (m), 596 (m), 451 (s) (Figure S2).

2.5. X-ray crystallographic analysis

The single crystal structure of (HMet)[Cr(dipic),] was obtained
using the single-crystal X-ray diffraction technique. In all
cases, intensity data were measured using the thin-slice x or
®- and o-scans. The data for the complex were collected on
the Siemens (Bruker) SMART CCD diffractometer by using
monochromated Mo—Ka radiation (0.71073 A) at 293 K.
The structure was solved using direct methods and refined
using the least-squares method in the SHELXTL-97 program
package (Sun et al., 1999). Absorption corrections were carried
out using the SADABS program supplied by Bruker
(Clodfelder et al., 2005). After all nonhydrogen atoms were
refined anisotropically, the hydrogen atom attached to N
and O atoms was located from different Fourier maps (O-H
and N-H were fixed to 0.85 and 0.87 A, respectively, later),
and the remaining H atoms were placed in a calculated posi-
tion with C-H = 0.95 and 0.98 A for methyl groups. All
hydrogen atoms were refined using a riding model with Uiso
(H) = 1.2 Ueq (C, N) and 1.5 eq (C-methyl, O). Outlier reflec-
tions were omitted during the final refinement. The details of
the crystallographic data collection, structural determination
and refinement are summarised in Table 1. Selected bond
lengths and angles of complex were presented in Table 2.

2.6. Density functional theoretical (DFT) computation

DFT computations were performed at the B3LYP/N,H,0,C/
6-31 + G(d,p)/Cr/lanl2dz level to derive the optimised
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Table 1 Crystal data and structure refinement of complex 1.

Complex 1

Formula C18 H18 Cr N7 O8
Crystal system Monoclinic
Space group P2(1)/n
Formula weight 512.39

a (A) 7.9044(6)

b (A) 12.0899(11)
¢ (A) 22.444(2)

o (°) 90.00

B (°) 90.7280(10)
7 (°) 90.00

v (A% 2144.6(3)
VA 4

T (K) 298(2)

i (A) 0.71073

p (g-cm™?) 1.587
F(000) 1052

Theta range for data collection 2.48-25.02
Goodness-of-fit on F? 0.971

R, [I > 20(I)]" 0.0642

R, (all data)® 0.1336
wR, [ > 24(1)] 0.1435
wR; (all data) 0.1777

“ R=3 (I Fo-Fe /3| Fol. WR = {3[W(| Fo-Fe )/ [wIFol '

geometry of normal modes of (HMet)[Cr(dipic),] by using the
Gaussian 09 package (Ray, 1961). The molecular geometry
was fully optimised using the Berny’s optimisation algorithm,
and its optimised structure was confirmed to have the lowest
potential energy surface and highest thermodynamic stability.

2.7. Biochemical activity

Healthy C57BL/6 mice (number, 55; age, 50 days; body mass,
19-25 g) were purchased from the Licensed Laboratory of the
Animal Breeding Center in Shanxi Medical University with the
qualified number SCXK (JIN) 2019-0001. After being sent to
an animal care facility, the mice were kept in a pathogen-free
environment with controlled temperature 25 + 3 °C) and
humidity (55%-60%) and a 12/12 h (day/night) cycle during
the whole experiment. After a week of adjustment period,
the mice were kept in separate metal-free cages and fed semi-
finished food. Control or high-fat (HF) diets composed of

Table 2 Selected bond distances (A) and angles (°) for complex 1.

51.5% ordinary feed, 10% soybean oil, 20% sucrose, 15% lard
and 3.5% cholesterol. Mice had free access to food and clean
water. The food intake was monitored daily, and the body
mass gain was recorded weekly. After 30 days of feeding with
these diets, mice were intraperitoneally injected with STZ
(50 mgrkg™' body mass in citric acid buffer, pH = 4.4) and
continued feeding the HF diet for 30 days to induce diabetes,
whereas the rest of mice (control group) were injected only
with the carrier (citric buffer). Then, mice were starved for
16 h before treatment but were free to drink water. Blood sam-
ples were collected from the tail vein of the mice. After the STZ
injection, at BG levels > 11.1 mmol-L™"', all the mice met the
requirements of hyperglycemia model.

A total of 55 experimental mice were randomly divided into
1 normal and 4 diabetic groups (HF/STZ-induced diabetic
mice) with 11 mice in each diabetic group. All mice had free
access to standard solid food and drinking water. Drugs were
administered at 1.0 mg Cr per kg body weigth (BW) orally
once daily for 12 successive weeks (See TABLE S2), and the
BW, fasting blood— glucose (FBG), fasting insulin (FINS),
total cholesterol (TC), triglycerides (TG), high density lipopro-
tein (HDL) and low density lipoprotein (LDL) levels of the
mice were tested every four weeks thereafter. All mice were
fasted for 12-16 h, and their blood was collected from tail
snips into capillary. After blood collection, 0.5 mg-mL~" hep-
arin and 10 mg~mL’1 NaF were added immediately. Next, the
blood samples were centrifuged immediately and measured
using the AUS5800 Beckman automatic biochemical analyser.

2.8. In vitro cell viability/cytotoxicity study

The effects of CrCls, H,dipic, Met and complex I on the via-
bility of MCF-7 cancer cells were detected using the MTT
assay (Sheldrick, 2008). Cells were diluted with medium to
2.5 x 10* cells per well, and aliquots (5 x 10° cells per
200 pL) were seeded in 96-well plates. After 14 h, cells were
treated with CrCl;, H,dipic, Met and complex I (20 pL,
1 x 107* mol-L™!, dimethyl sulfoxide (DMSO)/buffer, 1 : 9
v/v) and incubated for 24 h. Then, MTT (5 mg-mL~') was
placed in 37.0 °C + 0.5 °C DMEM and incubated in an envi-
ronment maintained at 5% CO,/95% air and 99% relative
humidity for 4 h. The MTT culture medium was removed,
and the formazan product was dissolved in DMSO (200 pL).
The optical density of each hole was measured at 490 nm after
the plates were oscillated for 15 min. Results showed a

Bond distances

Cr(1)-N(2) 1.961(4) Cr(1)-0(5)
Cr(1)-0(3) 1.977(3) Cr(1)-O(1)
NI1-C2 1.324(6) NI1-C6

N2-Cl13 1.327(6) N3-Cl15
N5-Cl15 1.317(6) N5-C16
N6-C17 1.425(7) N6-Cl18

Bond angles

N(2)-Cr(1)-O(5) 78.87(15) N(2)-Cr(1)- N(1)
N(2)-Cr(1)-0(3) 97.29(15) 0O(5)-Cr(1)-0(3)
N(2)-Cr(1)-O(1) 105.52(15) O(5)-Cr(1)-O(1)
0O(3)-Cr(1)-O(1) 157.19(15) N(2)-Cr(1)-O(7)
N(1)-Cr(1)-0(7) 102.57(15) 0O(3)-Cr(1)-0(7)

1.964(3) Cr(1)-N(1) 1.969(4)
1.982(4) Cr(1)-0(7) 1.991(3)
1.326(6) N2-C9 1.316(6)
1.320(7) N4-C15 1.318(7)
1.324(7) N6-C16 1.334(6)
1.455(7) N7-C16 1.318(6)
175.85(17) 0(5)-Cr(1)-N(1) 100.08(15)
92.48(14) N(1)-Cr(1)-0(3) 78.71(16)
91.91(15) N(1)-Cr(1)-0(1) 78.48(16)
78.52(15) 0(5)-Cr(1)-0(7) 157.35(15)
91.79(14) O(1)-Cr(1)-0(7) 92.73(15)
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percentage of live cells relative to the untreated control group.
Values are presented as mean + standard deviation (SD) of
three separate experiments carried out in sextuplicate.

2.9. Acute toxicity test

Healthy hermaphrodite C57BL/6 mice weighing 20-25 g were
divided into four groups in this study. Saline was used as con-
trol, and CrCl;, Met and complex 1 were used in the treatment
groups. The mice were treated orally with dose of 10.0 g Cr per
kg BW after fasting for 16 h. The behaviour of the mice was
observed continuously for 1 h and within 24 h intermittently
every 4 h. The intragastric administration for six days of feed-
ing with the same dosage as administered orally. During the
acute toxicity test, all mice had free access to drinking water
and food. Mice were maintained at 25 °C (£2 °C) and about
50%—60% relative humidity throughout the experiment. Poi-
soning symptoms and deaths of all mice were observed for a
week, and their weights were recorded at days 0, 3 and 7.
After 12 h of starvation, all mice were sacrificed by CO, at
the end of the experiment. Subsequently, their pancreas, liver
and kidney tissues were quickly excised, washed with saline
and dried. According to previous research, these tissue struc-
tures were subjected to analyses. All animal experiments were
conducted in accordance with local ethics committees.

2.10. Statistical analysis

Data were processed using the statistical SPSS software ver-
sion 16.0 (SPSS Inc., Chicago, USA) and presented as
mean = SD. ANOVA and appropriate postmortem tests were
used to determine whether the differences amongst groups
were statistically significant. P < 0.05 was considered statisti-
cally significant.

3. Results and discussion

3.1. Synthesis and characterisation of complex 1

In terms of preparation, the reaction of CrCls-6H,O with H»-
dipic and Met in MeOH-H,O solution (Scheme 1) was carried
out at room temperature, and the purple crystals were
obtained by slow evaporation of the solvent at ambient tem-
perature. The X-ray crystal structure diffraction suggested that
the molecular formula of complex I was (HMet)[Cr(dipic)],
which was consistent with the elemental analysis and spectral

x
210 N 0 o
OH , OH
NaOH
CrCl3
| - CH;0H+H,0 o
N. _N. _NH, -
- A
T T na
NH NH
Scheme 1

analysis data. Complex I was soluble in DMF and DMSO
and dissolved partially in H,O and CH;OH.

The infrared (IR) absorption spectroscopy is one of the
important methods for the determination of the chelation reac-
tion. In the IR spectrum of H,dipic and complex I (Figure S2),
the aromatic CHs of pyridine and the N-H stretching vibra-
tions of Met appeared on the 3424-3056 cm™' region
(Sheldrick, 1996). In addition, the sharp and strong peaks at
1677 and 1323 cm ™! corresponded to the asymmetric and sym-
metric stretching, respectively, of -COO™ groups. The value of
A(vas — vg) was 254 cm™! (>200 cm™'), indicating the
monochelation of the -COO™ group to the metal ion (Frisch
et al., 2013). Moreover; by comparing the IR images of ligand,
it can be seen that there is no characteristic peak of free car-
boxyl groups near 3550 and 1700 cm ™" of the complex 1, indi-
cating that all carboxyl groups in the ligand are ionized and
participate in the coordination. This finding was consistent
with the results of the X-ray crystal analysis. Moreover, a
specific absorption band near 451 cm™' with two shoulders
could be attributed to the v(Cr—N) and the v(Cr—O) stretching
vibrations (Mosmann, 1983).

The UV-vis spectra of Met, H,dipic, CrCl; and complex 1
are obtained with DMSO at room temperature (Figure S3a).
In the Met, H,dipic and complex 1, the UV region peaks cor-
responding to the = — 7* transitions were observed at 238, 270
and 262 nm, respectively. Compared with the H,dipic ligand,
an 8 nm blue shift was observed in complex 1. Two wide
absorption bands located at about 430 and 607 nm for CrCl;
and 352 and 550 nm for the complex 1 with strong blue shifts
corresponded to the d—d transitions of Cr(III) ions (Mosmann,
1983; Bellamy, 1975; Nakamoto, 1997); and the two bands
indicated the pseudo-octahedral configuration around the Cr
(III) ion (Gonzalez-Baro et al., 2008; Rastegarnia et al.,
2020). The hypochromatic shifts of = - n* and the d-d tran-
sitions in complex I were due to the coordination of chromium
with N and O of H,dipic, and electron clouds were redis-
tributed in the original Hydipic (Eshtiagh-Hosseini et al.,
2010; Mosmann, 1983).

Figure S3b displays relatively strong fluorescence intensity
of the free H,dipic in DMSO, 4., = 300 nm, with a maximum
emission of around 400 nm (curve b). After coordination with
Cr(I11), the fluorescence was quenched completely at 400 nm.
The title complex had little fluorescence in DMSO, as shown
in Figure S3b (curve a). As shown in Figure S4, the initial
decomposition temperature of the complex was over 289 °C,
indicating good thermostability of complex 1. The framework
of the complex was not easily broken.

X

L e
YT

0 (0)

>Cr<0 '/NTgYNH2+4HC1
| NH, NH,
Yyl
F

Schematic route of the synthesis of complex 1.
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3.2. Structure of complex 1

The asymmetric unit of (HMet)[Cr(dipic),] was composed of
[Cr(dipic),]~ and HMet " as counter ion (Fig. 2a). The two
dipic ligands were coordinated to one chromium atom in a tri-
dentate way, forming a twisted octahedral coordination envi-
ronment consisting of 40 atoms and 2 N atoms.
Furthermore, Fig. 2b shows the optimised molecule structure
with the B3LYP calculations, and the same crystal structure
of complex 1 was obtained using X-ray crystallography stud-
ies. The values of Cr—N bond distances were 1.961(4) and
1.969(4) A, and the Cr(1)-O bond distances were 1.964(3),
1.977(3), 1.982(4) and 1.991(3) A (average = 1.978 A). All
bond lengths were the same as those of the related structures
(Oztirk et al., 2006). The junction of the metal ion was close
to the intersection of the coordination planes (along the
N1--'N2 direction). The main bond lengths and angles of
(HMet)(Cr[dipic],) are listed in Table 2. The calculated and
the experimental results for complex 1 agreed well
(Table S1). Met was protonated as a counter ion to balance

the [Cr(dipic),]”. The C-N bonds of the biguanidium moiety
ranged from 1.317(6) to 1.455(7) A in the cation (Table 2)
and were consistent with that in literature (Dong et al., 2016).

The hydrogen bond geometry of the complex is listed in
Table 3 and illustrated in Fig. 2¢. A large number of
intramolecular and intermolecular hydrogen bonds strength-
ened the crystal structure of the compound. The intermolecu-
lar hydrogen bonding was formed between the biguanidium
groups and the carboxylate groups of the dipic. These inter-
molecular hydrogen bonds could enhance the stability of the
complex I, which corresponded to the result of the TG
analysis.

3.3. Stability of the complex in solution

The stability of complex I in solution was first studied at dif-
ferent temperatures for 15 min by using UV-vis spectroscopy
to explore the biological activity of complex 1. As shown in
Figure S5a, the absorption peak of complex 7 had almost no
displacement in the UV range, whereas in the visible region,

Fig. 2

(©

(a) The crystal structure of complex 1. Dashed lines indicate hydrogen bonds within asymmetric unit. (b) Optimized structure of

the [Cr(dipic),] as anionic complex and free [HMet] " ligand with atom numbering. (¢) The intermolecular hydrogen bonds between the

biguanidium groups and the carboxylate groups of the dipic.
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Table 3 Hydrogen bond details, distances (A) and angles (°) for complex 1.

D-H.. A D-H H...A D... A D-H.. A
N7-H7B ... O1 0.86 2.42 2.980(6) 123.7
N7 -H7A ... 06 0.86 2.06 2.823(6) 148.1
N4 - H4B ... 08 0.86 2.32 3.063(6) 145.1
N4 - H4A ... 02 0.86 2.20 2.992(6) 154.1
N3-H3B ... 08 0.86 2.06 2.867(6) 156.7
N3-H3A ... 03 0.86 2.14 2.951(6) 156.2

the d—d transition began to disappear slowly above 37 °C, indi-
cating that the complex solution should be kept below 37 °C.

The Cr(VI) can induce genotoxicity or carcinogenicity
(Hamada et al., 2003; Adam et al., 2015), and growing evi-
dence shows that Cr(III) complexes are partially oxidised to
carcinogenic Cr(VI) and Cr(V) in vivo (Aghabozorg et al., ;
Aghabozorg et al., 2008; Dong et al.,). The oxidation of com-
plex 1 by H,O, in phosphatic buffer solution (PBS), DMEM
and HSA medium solutions were examined using the UV-vis
spectroscopy at 37 °C and physiological pH (7.4) to explore
the antioxygenation potential of the complex. The results of
the oxidation reaction are displayed in Figure S5b, and the
inset that has appeared at 548 nm reflects the generation of
Cr(V]) in different solutions. As demonstrated in Figure S5b,
the complex I generated more Cr(VI) in DMEM and HSA
mediums than in the PBS buffer, which might be due to the
competitive effect of protein and other small molecules on
Cr(II), which accelerated the release rate of the complex
and made it easy to be oxidized, and that was consistent with
the results of similar studies (Dong et al., ; Codd et al., 2001).
In addition, because Australia inorganic biology Professor Lay
has proposed the chromium(III) hypoglycaemic action mecha-
nism under physiological conditions Cr(III) by H,O, or CIO™
oxidised to Cr(VI), and then the dithiothreitol (DTT) under
the action of reducing agent to inhibit protein tyrosine phos-
phate the activity of lipase (PTPs) or prevents its expression,
thus infer that Cr (III) the antidiabetic properties may be
related to Cr(VI) 1ions have indirect relationship
(Aghabozorg et al., ; Aghabozorg et al., 2008). This findings
is consistent with the results of Professor Lay’s experiment
[47D].

3.4. Electrochemical property

The biotoxicity of the Cr(IIl) complex may be reduced by
shifting the reduction potentials and conferring reversibility
of the redox couples. The electrochemical property of complex
1 was also investigated through cyclic voltammetry (CV) by
using the saturated calomel electrode (SCE) as a reference elec-
trode. The electrochemical experiment was conducted on
1.0 mM complex I in DMSO under nitrogen atmosphere,
and tetrabutylammonium perchlorate (0.10 M) was used as a
supporting electrolyte. The CV curve is presented in Figure S6.
As shown in the voltammogram of complex 1, the oxidation
peak was approximately + 1.25 eV, which could be assigned
to the Cr(V)/Cr(IIl) redox process (Levina and Lay, 2008).
Another redox couples occurred at E,, = — 1.24 (vs. SCE),
and E,, = — 1.18 V (vs. SCE) was due to the quasireversible
Cr(IIT)/Cr(IT) redox process. The E, ), values for Cr(IT)/Cr(I)
couple were — 1.70/—1.61 V (Wu et al., 2016). In addition,

the electrochemical signals of the ligand in DMSO were not
observed under the same conditions.

3.5. SEM and XRD

The surface morphology of complex I was determined using
SEM (Figure S7a). The SEM micrograph revealed clear large
grains with variant grain sizes. The XRD patterns in the range
of 5° < 20 < 80° of complex I was done. The diffraction pat-
tern of the collected complex is shown in Figure S7b. The XRD
patterns refer to the crystalline properties for complex 1. The
variation in the Cr(III) complex diffraction pattern can be
attributed to the formation of a new structure (Rastegarnia
et al., 2020). The SEM images and the XRD patterns show
that the crystal shape of complex I was intact, and the crys-
tallinity was good.

3.6. HOMO-LUMO analysis

On the basis of the DFT and using a repeat unit as a model,
the geometric configuration and the electron density distribu-
tions of the LUMO and the HOMO energy levels of complex
1 were obtained (Figure S8). From the DFT calculations, the
HOMO energy level of the complex was — 6.05 eV, and the
electron density was distributed on the CrN,O4 moiety. The
LUMO energy level of complex 1 was — 3.16 eV, and the elec-
tron density was distributed on two dipic ring moieties. The
HOMO — LUMO transition implied that the electron density
cloud transferred from the CrN,O4 to the dipic ring. The
energy band gap (AE) between the HOMO and the LUMO
of the molecule was about 2.89 eV. A large HOMO-LUMO
gap indicates good kinetic stability and low reactivity because
adding electrons to a high-lying LUMO or extracting them
from a low-lying HOMO is energy unfriendly (Levina and
Lay, 2005). This large energy gap can also demonstrate the
blue shift of the complex I in the electron absorption spectrum
(Eshtiagh-Hosseini et al., 2010; Mosmann, 1983).

3.7. Bioactivity evaluation

The primary bioactivity of complex I on the STZ mice was
examined for 12 weeks to assess the therapeutic effects of syn-
thetic complex 7 on T2DM. As shown in Figure S9 and Table 4,
all indexes of diabetic mice were significantly higher than those
of the normal group except body weight. Significant improve-
ments in all indicators occurred in the intervention groups
compared with the diabetes group. No significant change
was observed in the physical activity during the drug interven-
tion, and almost all mice survived. Details are as follows.
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In Figure S9a, the recommended dose of STZ significantly
increased the FBG levels. The changes in the FBG levels in
the CrClz, Met and complex I during the 4, 8 and 12 weeks
of intragastric administration were monitored in normal and
STZ mice, as shown in Figure S9a. Overall, after administra-
tion with CrCl;, Met and complex I for 4, 8 and 12 weeks,
the FBG levels of diabetic mice decreased significantly
(P < 0.05) compared with those of the control group. Clearly,
1 for 4, 8 and 12 weeks, the glucose-lowering rates of CrCl;
were 11.25%, 20.93% and 23.43%, respectively; those of
Met were 26.13%, 30.07% and 41.20%, respectively; and those
of the complex were 21.04%, 28.03% and 37.18%, respec-
tively. Census figures indicate the following. 1) Compared with
the Cr(III) complexes group, diabetic mice still experienced a
significant decrease in blood glucose levels after receiving
Met. 2) The CrCls-treated group elicited a slight decrease in
BG levels compared with the organic Cr(III) complex combi-
nation group, which might be the related to the Cr(III) absorp-
tion. Besides, results suggested that the complex I had a
potential FBG reduction effect equivalent to the Met. Experi-
mental results are also similar to those reported by El-
Megharbel (Headlam and Lay, 2016).

Next, the insulin is the main hormone that regulates glucose
metabolism and is overexpressed in patients with T2DM, lead-
ing to insulin resistance. As shown in Figure S9b, untreated
groups had significantly higher FINS levels versus the normal
control group, and the CrCl;-, Met- and complex I-treated
groups had slightly lower FINS levels versus the control

group. Thus far, the expected insulin levels were unclear, but
the FINS levels for the CrCly-, Met- and complex I-
supplemented groups at 12 weeks decreased. This result further
demonstrated that the complex I could improve the insulin
resistance caused by T2DM and effectively alleviate major
syndromes.

Cardiovascular diseases and diabetes are associated with
hyperlipidaemia (Forslund et al., 2015). Thus, the serum lipid
and lipoprotein levels in normal and diabetic mice were also
investigated after 4, 8 and 12 weeks of STZ-induced diabetes.
These results are described in Figures S9¢ and S9d. Overall,
all treated groups exhibited alleviated TC and TG levels com-
pared with the diabetic control group. As demonstrated in Fig-
ures S9¢ and S9d, compared with the diabetic control group,
the TC and the TG levels decreased significantly (P < 0.05)
when the mice were treated by CrCl;, Met and complex 1.
After supplementation of complex I for 12 weeks, the reduc-
tion percentage of TC and TG levels in the complex 1 group
were about 35.28% and 32.40%, respectively, indicating better
effect than those in the CrCl; and Met groups. Results showed
that complex I had considerable ability in modulating lipid
levels and decreasing the fatty acid properties of Cr(III), which
were consistent with literature reports (Vincent, 2015; Liu
et al., 2015; Preuss et al., 2008; Kim et al., 2004). This result
could be due to the synergistic effect of Cr(IIl), dipic and
Met in complex 1.

In addition, the HDL-c and the LDL-c levels of STZ mice
were tested for 12 weeks. As shown in Figures S9e and S9f, the

Table 4 Alters of BW, FBG, FINS, TC, TG, HDL and LDL levels of control group and the mice followed administration with CrCls,
Met and complex I carrier (control) by oral gavage during biochemical activity study.

week Normal Diabetic CrCls-treated Met-treated 1-treated
BM/g 0 19.24 + 1.16 23.62 + 2.05 24.14 + 2.14 21.59 + 2.93 22.92 + 1.86
4 2245 + 1.55 30.5 + 2.40 29.42 + 1.62 28.64 + 0.82 29.28 + 1.86
8 29.35 + 1.48 40.82 + 2.18 37.89 + 3.01 37.28 + 2.63 39.17 + 1.77
12 32.26 + 1.28 48.26 + 3.00 44,94 + 3.01 43.08 + 3.11 46.64 + 1.73
FBG 0 6.07 £ 0.32 11.59 + 0.39% 11.18 + 0.61% 13.47 + 0.57% 12.45 + 0.62%
/mmoleL! 4 5.54 + 0.23 11.50 + 0.52% 9.92 + 0.28%" 9.95 + 0.52#" 9.83 + 0.40%"
8 5.60 =+ 0.20 11.37 + 0.35% 8.84 + 0.30% 9.42 + 0.38%" 8.96 + 0.51#
12 5.64 + 0.21 11.70 + 0.58% 8.56 + 0.35% 7.92 + 0.34% 7.82 + 0.34%
FINS 0 12.36 + 1.50 19.13 + 1.21# 19.80 + 0.54% 18.78 + 1.607 19.97 + 0.67%
/mmoleL™! 4 11.49 + 0.52 21.71 + 0.52% 17.23 + 0.91%" 19.64 + 0.58% 18.22 + 0.65""
8 11.25 + 0.34 21.11 + 0.66% 17.22 + 0.86"" 18.40 + 0.58% 17.20 + 0.54%
12 11.55 + 0.38 19.89 + 0.46" 15.99 + 0.76"" 14.87 + 0.72%" 15.28 + 0.59%"
TC 0 1.92 + 0.15 4.66 + 0.64" 4.28 + 0.32% 4.41 + 0.74% 4.45 + 0.34%
/mmoleL! 4 1.74 + 0.12 4.17 + 0.32% 3.77 £ 0.19% 3.90 £+ 0.267 3.34 + 0.20%"
8 1.92 + 0.093 4.68 + 0.23" 3.50 + 0.24% 3.68 + 0.20" 3.08 + 0.19%
12 1.95 + 0.083 4.14 + 0.24% 3.66 + 0.28% 3.51 + 0.20%" 2.88 + 0.22#
TG 0 0.55 + 0.050 1.63 + 0.22% 2.02 + 0.19% 1.77 + 0.22% 1.79 + 0.12%
/mmoleL! 4 0.50 + 0.043 1.92 + 0.21% 1.87 + 0.20%" 1.70 + 0.22%" 1.49 + 0.11%"
8 0.52 + 0.026 2.04 + 0.217 1.63 £+ 0.14%" 1.72 £ 0.11%" 1.29 + 0.12%"
12 0.53 + 0.029 241 + 0.23% 1.69 + 0.24%" 1.67 + 0.15%" 1.21 + 0.13%"
HDL 0 1.31 + 0.09 0.90 + 0.099" 0.87 + 0.062" 0.82 + 0.070" 0.91 + 0.07%
/mmoleL™! 4 1.24 + 0.092 0.80 + 0.064% 0.98 + 0.059% 0.86 + 0.081% 0.96 + 0.053""
8 1.19 + 0.086 0.75 + 0.040% 0.86 + 0.049% 0.86 + 0.080% 0.89 + 0.056"
12 1.21 + 0.081 0.79 + 0.033% 0.90 + 0.050% 0.84 + 0.080% 0.94 + 0.052%
LDL 0 0.75 + 0.064 0.87 + 0.050% 0.85 + 0.095" 0.80 + 0.061 1.02 + 0.06%
/mmoleL! 4 0.68 + 0.027 0.99 + 0.064% 0.76 + 0.052% 0.81 + 0.050* 0.83 + 0.053""
8 0.70 + 0.024 1.09 + 0.0627 0.81 + 0.066* 0.81 + 0.050* 0.81 + 0.05*
12 0.71 + 0.028 0.99 + 0.054% 0.84 + 0.040% 0.8 + 0.036"" 0.80 + 0.034*

#: diabetic group versus normal control (p < 0.05). *: intervention group versus diabetic group (p < 0.05).
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HDL-c and the LDL levels of the entire experimental group
had a slight variation throughout the intervention, and further
experiments were needed to test irregular changes. Overall, the
improvements in lipid and lipoprotein levels suggested that the
complex 1 was another promising candidate for regulating
lipid metabolism in T2DM mice, and this result was in accor-
dance with relevant literature reports (Chai et al., 2017; Stout
et al., 2009;Li et al., 2012; Wang et al., 2017).

In conclusion, the results of biological activity evaluation
agree with the reported studies, which show that Met and
chromium inhibit hyperglycaemia and hyperlipidaemia (Li
et al., 2012; Stout et al., 2009; Megharbel,; Wang et al.,
2017). Hence, results correlate with a synergistic effect of
Met, dipicolinic acid and chromium in its (HMet)[Cr(dipic),]-
complex form.

3.8. MTT assay

The effect of complex I on cell viability was determined using
the MTT assay and compared with CrCl;, Hpdipic, Met and
complex alone. Specifically, the growth of MCF-7 cells was
measured for cytotoxicity, and the survival rate was tested
after incubation with the complex for 24 h by using prior
MTT treatment. Results are shown in Fig. 3, with DMSO
(1%) as the control. Overall, no statistically significant differ-
ence was observed. The ability of cells to survive was about
85%, 90%, 91% and 89% for CrCls, H,dipic, Met and com-
plex 1, respectively, and the cell viability of all samples were
all over 85%. This result indicated that the tested complex 1
was nearly nontoxic to cell lines within 24 h and probably pos-
sessed good biocompatibility (Dong et al., 2020; Kuskov et al.,
2016). Moreover, the cytotoxicity of complex I in cells is a
complicated process (Aghabozorg et al.,) and should be further
noted that the cells are exposed to the intact complex 1 in vitro,
which does not occur in human cells (Liu et al., 2016).
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Fig. 3  Cytotoxic effect of complex 1 on cancer cell line. The
cytotoxicity of CrCls, Hodipic, Met and complex 7 (1.0 x 10™% M)
were evaluated on MCF—7 cell line (2.5 x 10* cells/mL) by the
MTT assay for 24 h. 1% DMSO (V:V) was used as a control
experiment. Results are mean + SD of six independent experi-
ments. There was no significant difference between the data
(P > 0.05).

3.9. Acute toxicity

The complex I was used in the experimental group, and the
CrCl; and the Met were used in the control group to further
evaluate the acute toxicity of complex 1 in vivo. The
histopathological changes in the pancreas, kidney and liver
sections in C57 mice were observed after gavage of 10.0 g Cr
per kg and 1% DMSO for seven days, as shown in Fig. 4.
The mice were all alive during the experiment. No significant
difference was observed in the weight between the experimen-
tal and the control groups (Figure S10 and Table S2).

In Fig. 4, there were no significant changes in the histolog-
ical morphology of the pancreas and kidneys of the mice in
each group under the microscope. The histological sections
of the pancreatic acinar and the ductal cells of the C57 rats
in the experimental and the control groups were normal, and
no oedema or inflammation was observed. The collection
tubule shown here was normal. The complex I group of the
pancreatic duct secreted protein fluid with normal structure.
The liver histology of mice in the control and the treatment
groups displayed normal lobular structure and normal hepatic
spinal cord aggregation. Compared with the control group, the
liver of some diabetic model mice was accompanied by mild
edema and steatosis, which may be related to the high-sugar
and high-fat diet. No morphological changes with significant
pathological significance, such as fibrosis, necrosis, pseudolob-
ules, and inflammation, were observed. In addition, the micro-
anatomic structure, distal-collecting tubules and interstitial
tissue of the kidney of C57 mice by gavage were normal with-
out inflammation or interstitial fibrosis.

Pancreas

Liver

Control

CrCls

Met

Fig. 4 Histopathological images of pancreas, liver and kidney
sections treated CrCl;, Met and complex I at dose 1.0 g Cr/kg
BW.
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In summary, no pathological change was observed in the
pancreas, liver and kidney of all treated rats. This result was
completely consistent with literature reports (Liu et al., 2016;
Weeks et al., 2004; Huang et al., 2017; Mahmoud et al.,
2016; Tang et al., 2015) and proved that the tested complex
1 exhibited low toxicity or nontoxicity to mice after a single
high-dose drug intervention during this time.

4. Conclusions

In this paper, the structure, nature, biology and toxicology of
metal-drug interactions of Cr(III) with dipic and Met drug
have been studied in detail at ambient temperature. The struc-
ture of complex I has been fully characterised through physic-
ochemical and spectroscopic techniques, and results are
consistent with the molecular structure optimised by DFT.
TG studies with decomposition temperature of 289 °C indicate
its excellent stability. The preliminary results of biological
activities demonstrate that the reduction percentage of TC
and TG levels in the complex I group are about 35.28% and
32.40%, respectively, and has improved compared with those
in the CrCls- and Met-treated groups, which may be due to
synergies of Cr(IIl) with H,dipic and Met. Furthermore, the
acute oral toxicity tests confirm that the complex I has no
lesion on liver, kidney and pancreas biopsy. The MTT assay
also shows that the complex I exhibits low cytotoxicity and
improved biocompatibility. Consequently, the prepared Cr
(IIT) complex on the basis of H,dipic and Met is nontoxic
and has a potential for safe application as hypoglycaemic
lipid-lowering drug. Further biological tests of complex 1 is
in progress and reported subsequently.
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