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Abstract  

Among the various roles of zinc discovered to date, its exogenous activity as an insulin 

mimetic agent stands as a contemporary challenge currently under investigation and a goal to 

pursue in the form of a metallodrug against type 2 Diabetes mellitus.  Poised to investigate the 

adipogenic potential of Zn(II) and appropriately configure its coordination sphere into well-

defined anti-diabetic forms, a) a series of new well-defined ternary dinuclear Zn(II)-L (L = 

Schiff base ligands with a variable number of alcoholic moieties) compounds were 

synthesized and physicochemically characterized, c) their cytotoxicity and migration effect(s) 

in both pre- and mature adipocytes was assessed, d) their ability to effectively induce cell 

differentiation of 3T3-L1 pre-adipocytes into mature adipocytes was established, and d) 

closely linked molecular targets involving or influenced by the specific Zn(II) forms were 

perused through molecular biological techniques, cumulatively delineating factors involved in 

Zn(II)-induced adipogenesis.  Collectively, the results a) reveal the significance of key 

structural features of Schiff ligands coordinated to Zn(II), thereby influencing its (a)toxicity 

behavior and insulin-like activity, b) project molecular targets influenced by the specific 

forms of Zn(II) formulating its adipogenic potential, and c) exemplify the interwoven 

relationship between Zn(II)-L structural speciation and insulin mimetic biological activity, 

thereby suggesting ways of fine tuning structure-specific zinc-induced adipogenicity in future 

efficient antidiabetic drugs. 

 

Keywords: Schiff ligand-based zinc reactivity, zinc metallodrugs, structure-specific 

bioactivity selection, fine-tuning zinc insulin-like activity, zinc-induced adipogenesis, 

biomolecular correlations 
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1. Introduction 

Diabetes Mellitus (DM) is a group of metabolic diseases characterized by hyperglycemia due 

to absence of insulin or impaired insulin secretion.  Chronic hyperglycemia in diabetes is 

associated with long-term micro and macrovascular complications, significantly increasing 

mortality and morbidity of diabetic patients.  DM is generally classified into two types: a) 

type 1 or insulin-dependent type, caused by autoimmune destruction of pancreatic beta cells, 

and b) type 2 or non-insulin dependent, caused by the dysfunction of beta cells and insulin 

resistance, which is due to the inability of insulin target tissues to respond properly to insulin 

[1-5].  Insulin action involves an intracellular signaling cascade, initiated by insulin binding to 

its trans-membrane receptor, resulting in receptor autophosphorylation, through activation of 

the receptor tyrosine kinase, and phosphorylation of insulin receptor substrates (IRSs).  In 

turn, phosphorylated IRS activates downstream kinases, such as phosphatidylinositol 3-kinase 

(PI3K) and Akt kinase, both essential for insulin-induced glucose transport in the periphery.  

Although the underlying mechanisms of insulin resistance are not completely understood, 

impaired insulin-dependent PI3K activation and downstream signaling is considered the 

convergence point of insulin dysfunction.  Insulin resistance of peripheral target tissues is 

caused by a reduced number of functional glucose transporters (GLUTs), mainly GLUT 4.  In 

murine cells, the defect appears to emerge through failure of bound vesicle carriers to displace 

the cytoplasmic membrane in response to insulin.  In adipocytes the displacement is also 

limited, but the main mechanism of insulin resistance in these cells is the pre-translational 

depletion of mRNA for GLUT 4 transporters [6,7]. 

Zinc is an important trace element critical to the function of over 300 enzymes [8,9] and plays 

an important role in processes like DNA/RNA synthesis, cell division and apoptosis, insulin 

synthesis, secretion and signaling [10-14].  In addition, zinc has been linked to DM as part of 

the insulin complex [15], and several studies have investigated the role of zinc metabolism in 

diabetic animals and humans.  Zinc appears to play a role in modulating insulin receptor 

tyrosine kinase activity in the skeletal muscle of a genetic DM type 2 model mouse, similar to 

the action of vanadium [16].  Moreover, zinc was proposed to affect carbohydrate metabolism 

through the insulin receptor, PTP1B, and other related proteins [17].  In fact, zinc and DM 

converge at several points during metabolism in cells [18,19].  In 1980, zinc was found to 

stimulate rat adipocyte lipogenesis in vitro, similar to the action of insulin [20], and exert 

antidiabetic effects in vivo as orally given ZnCl2 in rats with streptozotocin-induced diabetes 

and leptin-deficient mice (ob/ob mice) [21,22].  As the bioavailability of ZnCl2 is relatively 

low, the coordination chemistry of Zn(II) ion was explored, and the first orally active insulin-
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mimetic and antidiabetic Zn(II)–picolinato complexes were proposed in 2002 [23].  Since 

then, several Zn(II) complexes with different coordination structures have been synthesized 

[18-24]. 

In an effort to identify new anti-diabetic drugs containing Zn(II) and fulfilling the basic 

criteria of a) atoxic behavior, and b) optimal insulin mimetic activity, due attention was paid 

to well-defined organic substrates, which appear to play a major role in formulating Zn(II) 

insulin mimetic activity.  They, thus, attracted our attention as potential Zn(II) binders [25].  

Among such organic reagents, Schiff bases a) possess structural similarities with natural 

biological substances, b) are synthesized through relatively simple preparation procedures, 

and c) present valuable structural flexibility, enabling design of suitable (bio)chemical 

reactivity properties [26,27].  They have been widely studied [28] because of their role as 

intermediates in a number of enzymatic reactions and non-enzymatic glycosylations [29], and 

their industrial, antifungal, antibacterial, anticancer, antidiabetic, antiviral and herbicidal 

applications [30,31,32,33,34,35].  

Guided by the idea that properly designed Schiff bases may promote Zn(II) binding, thereby 

giving rise to bioactive ternary Zn(II)-L-(L’) insulin mimetic compounds [30,31,32] capable 

of reducing blood glucose levels, efforts were launched to a) design and synthesize well-

defined ternary Zn(II)-Schiff base compounds of specific structure (organic substrates bearing 

systematically varying number of alcohol moieties attached to a vanillin core) and 

characterize them physicochemically, b) investigate their ability to induce 3T3-L1 fibroblast 

to mature adipocyte differentiation, c) examine the insulin mimetic potency of such 

compounds and determine in vitro their arising biological activity profile(s), d) investigate the 

interactions of such molecules with specific molecular targets in the insulin-induced glucose 

catabolic pathways known to date, and e) correlate chemical and structural features of the 

ternary Zn(II) compounds with the observed activities at the cellular level, thereby 

formulating biological activity profile-physicochemical factor relationships that enable 

development of optimal Zn(II) insulin mimetic drugs.  To this end, we report herein the 

synthesis and physicochemical characterization of a series of newly designed ternary Zn(II)-

Schiff base compounds, which are systematically studied with respect to their toxicity and 

potential to induce cell differentiation. 

2. Experimental Section 

2.1. Materials and Methods.  All experiments were carried out under aerobic conditions.  The 

following starting materials were purchased from commercial sources (Sigma, Fluka) and 

were used without further purification:  tromethamine, 2-amino-1,3-propanediol, 
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ethanolamine, o-vanillin, and zinc acetate dihydrate (Zn(CH3COO)2 · 2H2O).  Solvents: 

ultrapure water, methanol, ethanol, diethyl ether.  The compounds isolated and dried under 

vacuum at room temperature are air-stable.   

2.2. Physical measurements.  FT-Infrared spectra were recorded on a Perkin Elmer 1760X 

FT-infrared spectrometer.  A ThermoFinnigan Flash EA 1112 CHNS elemental analyser was 

used for the simultaneous determination of carbon, hydrogen, and nitrogen (%).  The analyser 

operation is based on the dynamic flash combustion of the sample (at 1800°C) followed by 

reduction, trapping, complete GC separation and detection of the products.  The instrument is 

a) fully automated and controlled by PC via the Eager 300 dedicated software, and b) capable 

of handling solid, liquid or gaseous substances.   

2.2.1. Solid-State NMR spectroscopy. High resolution solid-state CP-MAS 
13

C NMR spectra 

for 1-3 were obtained on a Varian 600 MHz spectrometer operating at 150.86 MHz.  In each 

case, a sufficient sample quantity was placed in a double resonance HX probe with a 3.2 mm 

rotor.  The spinning rate used was 15.0 kHz at 25 °C.  The RAMP-CP pulse sequence of the 

VnmrJ library was applied, whereby the 
13

C spin-lock amplitude is varied linearly during CP, 

while the 
1
H spin-lock amplitude is kept constant.  RAMP-CP eliminates the Hartmann-Hahn 

matching profile dependence from the MAS spinning rate and optimizes signal intensity.  The 

solid-state spectra were a result of the accumulation of 512 scans.  The recycle delay used was 

2s, the 90° pulse was 2.0 μs, and the contact time was 3.0 ms.  The CH signal of adamantane 

was used as an external reference (37.78 ppm with respect to TMS).  

2.2.2. Solution NMR Spectroscopy.  Solution 
1
H- and 

13
C-NMR experiments for 1 and 3, 

were carried out on Varian 600 MHz spectrometer.  The sample concentration was ~5 mM.  

Freshly prepared compounds were dissolved in D2O.  Due to solubility problems for 2 at 

concentrations up to ~5 mM, well-resolved 
1
H- and 

13
C-NMR spectra could not be obtained.  

Carbon spectra were acquired with 5000 transients, a spectral width of 37000 Hz and a 

relaxation delay of 2s.  Proton spectra were acquired with 128 transients and a spectral width 

of 9000 Hz.  Experimental data were processed using VNMR routines.  Spectra were zero-

filled and subjected to exponential apodization prior to FT.  Chemical shifts () are reported 

in ppm, while spectra were referenced by the standard experimental setup. 

2.2.3. Thermal Studies.  A TA Instruments, model Q 600, system was used to run the 

simultaneous TGA experiments.  The instrument mass precision is 0.1 μg.  About 10 mg of 

each sample was placed in an open alumina sample pan for each experiment.  A mixture of 

helium and high purity air (80/20 in N2/O2) was used at a constant flow rate of 100 mL/min, 

depending on the conditions required for running the experiments.  During the experiments, 
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the sample weight loss and rate of weight loss were recorded continuously under dynamic 

conditions, as a function of time or temperature, in the range 45–550 
ο
C.  Prior to activating 

the heating routine program, the entire system was purged with the appropriate gas for 10 

min, at a rate of 400 mL/min, to ensure that the desired environment was established. 

2.3. Preparation of compounds 

2.3.1. Preparation of ligands LiH (i=1-3). Ligands L1H, L2H and L3H were prepared 

according to the literature [36,37,38].     

2.3.2. Preparation of complex Zn2(L1)(CH3COO)3 (1). To a solution of o-vanillin (0.15 g, 1.0 

mmol) in EtOH (10 mL) tromethamine (0.12 g, 1.0 mmol) was added under stirring.  The 

resulting yellow solution was refluxed for two hours under continuous stirring and then 

cooled to room temperature.  Subsequently, a solution of Zn(CH3COO)2
.
2H2O (0.44 g, 2.0 

mmol) in EtOH (10 mL) was added under continuous stirring.  The resulting clear, yellowish 

reaction mixture was refluxed for an additional 2 h and then cooled to room temperature.  

Subsequently, the reaction flask was placed at 4 
o
C and diethyl ether was added.  Two weeks 

later, yellow crystalline material precipitated at the bottom of the flask.  The product was 

isolated by filtration and dried in vacuo.  Yield: 0.34 g (61%).  Anal. Calcd for 1, 

Zn2(L1)(CH3COO)3 (1). (C18H25NO11Zn2 Mr 562.13): C, 38.46; H, 4.48; N 2.49. Found: C, 

38.38; H, 4.33; N 2.44.   

2.3.3. Preparation of complex [Zn2(L2)(CH3COO)3]
.
H2O (2). To a solution of o-vanillin 

(0.15 g, 1.0 mmol) in EtOH (10 mL) 2-amino-1,3-propanediol (0.091 g, 1.0 mmol) was added 

and the resulting yellow solution was refluxed for 2 h under continuous stirring.  Then, it was 

cooled down to room temperature.  Subsequently, a solution of Zn(CH3COO)2
.
2H2O (0.22 g, 

1.0 mmol) in EtOH (10 mL) was added under continuous stirring and the resulting clear, 

yellowish solution was refluxed for an additional 2 h.  Then, it was cooled down to room 

temperature.  Yellow crystals of the complex were grown by slow evaporation at 4 
o
C.  The 

product was isolated by filtration and dried in vacuo. Yield: 0.32 g (58%). Anal. Calcd for 2, 

[Zn2(L2)(CH3COO)3]
.
H2O (2).  (C17H25NO11Zn2, Mr 550.12): C, 37.12; H, 4.58; N 2.55. 

Found: C, 36.98; H, 4.43; N 2.24.   

2.3.4. Preparation of complex Zn2(L3)2(CH3COO)2 (3). To a solution of o-vanillin (0.15 g, 

1.0 mmol) in EtOH (10 mL) ethanolamine (0.060 mL, 1.0 mmol) was added and the resulting 

yellow solution was refluxed for 2 h.  Then, it was cooled down to room temperature.  

Subsequently, a solution of Zn(CH3COO)2 · 2H2O (0.22 g, 1.0 mmol) in EtOH (10 mL) was 

added under continuous stirring and the resulting clear, yellowish solution was refluxed for an 

additional 2 h.  Then, it was cooled down to room temperature.  Subsequently, the reaction 
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flask was placed at 4 
o
C and diethyl ether was added.  Two weeks later, yellow crystalline 

material precipitated at the bottom of the flask.  The product was isolated by filtration and 

dried in vacuo.  Yield: 0.22 g (35%).  Anal. Calcd for 3, Zn2(L3)2(CH3COO)2 (3).  

(C24H30N2O10Zn2, Mr 637.27): C, 45.23; H, 4.75; N 4.40. Found: C, 45.03; H, 4.64; N 4.34.   

2.4. X-ray crystal structure determination.  X-ray quality crystals of compounds 1 and 3 

were grown from a mixture of ethanol-diethyl ether, whereas crystals of compound 2 were 

grown from ethanol solutions.  A crystal of 1 (0.15  0.30  0.46 mm) and 2 (0.07  0.09  

0.15 mm) were taken from the mother liquor and immediately cooled to -113 
o
C.  Diffraction 

measurements were made on a Rigaku R-AXIS SPIDER Image Plate diffractometer using 

graphite monochromated Cu Kα radiation.  Data collection (ω-scans) and processing (cell 

refinement, data reduction and empirical absorption correction) were performed using the 

CrystalClear program package [39].  The structures were solved by direct methods using 

SHELXS-97 and refined by full-matrix least-squares methods on F
2
 with SHELXL-97 [40].

  

In 1, one of the terminal alcoholic oxygen atoms was found disordered and was refined 

anisotropically over two positions, O(5) and O(5a), with occupancy factors summing one.  In 

both 1 and 2, hydrogen atoms were either located by difference maps and refined isotropically 

or introduced at calculated positions as riding on bonded atoms.  

A crystal of 3 (0.06  0.31  0.33 mm) was taken from the mother liquor and mounted at 

room temperature on a Bruker Kappa 2 APEX  diffractometer equipped with a triumph 

monochromator using Mo K radiation.  Unit cell dimensions were determined and refined 

by using the angular settings of at least 100 high intensity reflections (>10 (I)) in the range 

19<2<40 
o
.  Intensity data were recorded using and scans.  All crystals presented no 

decay during data collection.  The collected frames were integrated with the Bruker SAINT 

software package [41] using a narrow-frame algorithm.  Data were corrected for absorption 

using the numerical method (SADABS) based on crystal dimensions [42].  Data refinement 

(full-matrix least-squares methods on F
2
) and all subsequent calculations were performed 

using the Crystals version 14.40b program package [43].  The structure was solved by 

SUPERFLIP method [44].  Molecular illustrations with 50% ellipsoids probability were 

drawn by the Diamond 3.1 crystallographic package [45].  In all three structures (1-3), all 

non-hydrogen atoms were refined anisotropically.  Crystallographic details for 1, 2 and 3 are 

summarized in Table 1.  Further experimental crystallographic details for 1: 2θmax=133
o
; 

number of reflections collected/unique/used, 23907/3653 [R(int) = 0.0372]/3653; 387 

parameters refined; Δ/σ = 0.000; (Δρ)max/(Δρ)min = 0.448/-0.615 e/Å
3
; R/Rw (for all data), 
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0.0327/0.0784.  Further experimental crystallographic details for 2: 2θmax=130
o
; number of 

reflections collected/unique/used, 23117/3577[R(int) = 0.0420]/3577; 341 parameters refined; 

Δ/σ = 0.002; (Δρ)max/(Δρ)min = 0.580/-0.419 e/Å
3
; R/Rw (for all data), 0.0297/0.0746.  Further 

experimental crystallographic details for 3: 2θmax=56.2
o
; number of reflections 

collected/unique/used, 50189/6807/3666 [R(int) = 0.0438]/3666; (Δρ)max/(Δρ)min = 0.88/-0.63 

e/Å
3
; R/Rw (for all data), 0.0547/0.0764. 

2.5. Cell cultures and biological tests 

2.5.1. Cell culture 

Both pre- and mature adipocytes (3T3-L1) were cultured in 75 cm
2
 cell culture flasks under 

appropriate conditions (5% CO2 at 37 
o
C and standard humidity) in Dulbecco’s modified 

Eagle’s medium DMEM (Gibco), supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

penicillin-streptomycin. 

2.5.2. Induction of adipogenesis 

3T3-L1 fibroblasts were differentiated into mature adipocytes according to a standard 

differentiation protocol [46].  Two days (day 0) post 70% confluency, cells were treated with 

0.5 mM 3-isobutyl-1-methylxanthine (Sigma), 1.0 μΜ dexamethazone (Sigma) and 10 ng/mL 

of insulin as final concentrations in DMEM.  Two days later (day 2), the cells were treated 

only with insulin and the medium was changed every two days.  All experiments were 

performed on the 8
th

 day of the differentiation process. 

2.5.3. Cell viability assay 

In an effort to assess cell survival rates post-stimulation with the newly synthesized zinc 

compounds, both 3T3-L1 pre-adipocytes and mature adipocytes differentiated with insulin as 

mentioned above, were seeded in 96-multi-well plates (2500 cells/well), and incubated with 

the title zinc compounds for 24 and 48 h in DMEM.  The assay relies on the quantitation of 

ATP present, thereby attesting to the presence of metabolically active cells.  The reagent is 

added to the cell culture (ratio 1:1) without removing the supernatant.  The luciferase-

produced luminescence signal intensity is determined with a Glomax 96 microplate 

luminometer (Promega Corporation, WI, USA).  

2.5.4. Induction of adipogenesis with Zn(II)-compounds 

3T3-L1 pre-adipocytes were differentiated into mature adipocytes with respect to a standard 

differentiation protocol (vide supra).  Pre-adipocytes were treated with either 10 ng/mL of 

insulin and\or selected well-defined zinc compounds (1-25 μΜ).  The tested compounds were 

dissolved in DMEM (10% FBS, 1% penicillin/streptomycin), followed by sterile filtration.  In 

all experiments run, insulin-treated cells were used as positive control.  A control group with 
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no treated cells (without insulin or zinc compounds) was also included. On the 8
th

 day of the 

differentiation process, cell differentiation was assessed with oil red O staining and Real-

Time PCR for relative expression of PPAR-γ, GLUT 1, GLUT 3 and GLUT 4. All tests were 

carried out in triplicate.  

2.5.5. RT-PCR assay  

Total RNA was extracted from cells on the 8
th

 day of the differentiation protocol, using Trizol 

reagent (LifeScience, Chemilab).  Synthesis of cDNA was performed with the iScript cDNA 

synthesis kit (BioRad), according to manufacturer instructions.  RT-PCR was run on Rotor 

Gene Q (Qiagen) using the QuantiTect SYBR Green PCR kit and appropriate reagents 

(Qiagen).  

2.5.6. Cell migration assay 

The inhibition of the endogenous migrating capacity of 3T3-L1 pre-adipocytes was assessed 

through an in vitro scratch assay.  To this end, cells were seeded in 35 mm cell culture dishes 

in DMEM.  When cells reached 70-80% confluency, a) a scratch in the monolayer traversing 

the entire diameter of each culture dish was engraved using a sterile pipette tip, and b) cells 

were allowed to grow in the culture medium in the presence of a final concentration of 25 μΜ 

of the title Zn(II) compounds.  Cells were visualized using an Axio Observer Z1 microscope, 

with a 10x phase contrast water immersion objective (Carl Zeiss, GmbH Lena, Germany).  

Images were captured, using an AxioCam Hc camera, at two distinct time points 24 and 48 h 

after the scratch had been made.   

2.5.7. Statistical analysis 

The data were presented as average and standard error mean (SEM) values of triplicate sets of 

independent measurements.  Mean survival rates and SEMs were calculated for each group.  

Absolute survival rates were calculated for each control group and one way analysis of 

variance (ANOVA) was performed for all pair comparisons, followed by post hoc analyses 

(Tukey) and Dunnet in the case of RT-PCR experiments.  Degrees of significance were 

assessed by three different rating values: *p<0.05 (significant), **p<0.01 (highly significant) 

and ***p<0.001 (extremely significant) or non-significant (p>0.05). 

3. Results  

3.1. Synthesis.  The synthetic exploration of the binary Zn(II)-Schiff base systems was based 

on the following Schiff base ligands L1H-L3H, synthesized from o-vanillin and tromethamine 

(L1H), 2-amino-1,3-propanediol (L2H), and ethanolamine (L3H) [36-38], respectively.  

Subsequently, the Zn2(L1)(CH3COO)3 (1) complex was synthesized in a facile fashion from 

simple reagents in alcoholic solutions.  In a typical reaction, Zn(CH3COO)2·2H2O reacted 
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with Schiff base L1H using ethanol as a solvent.  The overall stoichiometric reaction leading 

to 1 is shown schematically below: 

OMe

OH

N

OH

OH

OH

2 Zn(CH3COO)2
.H2O +

EtOH

[Zn2(L1)(CH3COO)3]   +   CH3COOH     +   2 H2O

L1H

 

In a similar reaction, Zn(CH3COO)2·2H2O reacted with Schiff base L2H in ethanol. The 

stoichiometric reaction leading to the formation of compound [Zn2(L2)(CH3COO)3]
.
H2O (2) is 

shown below: 

OMe

OH

N

OH

OH

H

2 Zn(CH3COO)2
.H2O +

EtOH

[Zn2(L2)(CH3COO)3]      +     CH3COOH   +    2 H2O

L2H

 

In an analogous reaction, Zn(CH3COO)2·2H2O reacted with Schiff base L3H in ethanol.  The 

stoichiometric reaction leading to the formation of Zn2(L3)2(CH3COO)2 (3) is shown below: 

OMe

OH

N OH

2 Zn(CH3COO)2
.H2O +   2

EtOH

[Zn2(L3)2(CH3COO)2]     +     2 CH3COOH     +    2 H2O

L3H

 

Diethyl ether, was added as a precipitating solvent to the reaction mixture in the first and third 

reactions described above.  The second reaction mixture was left to evaporate slowly.  Yellow 

crystalline materials emerged in all three reactions described above, the analytical 

composition of which was consistent with the formulation in 1, 2 and 3, respectively (vide 

supra).  Positive identification of the crystalline products was achieved by elemental analysis, 
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FT-IR spectroscopic methods and X-ray crystallographic determination for isolated single 

crystals from 1-3.  All complexes are stable in the crystalline form, in the air, for fairly long 

periods of time.  All three freshly prepared species are readily dissolved in water and DMSO, 

sparingly soluble in alcohols (CH3OH, i-PrOH), and insoluble in acetone, acetonitrile and 

dichloromethane at room temperature. 

3.2. Description of X-ray Crystallographic Structures 

The X-ray crystal structures of 1, 2, and 3 reveal discrete solid state lattices.  The molecular 

structures of 1-3 are given in Figs. 1A, 2A and 3, respectively; selected bond distances and 

angles are listed in Table 2.  The molecular structure of 1 and 2 consists of two Zn(II) ions, 

one L
–
 (L1

–
, L2

–
, respectively) and three acetato ligands, whereas the molecular structure of 3 

consists of two Zn(II) ions, two L
–
 (L3

–
) and two acetato ligands.  Therefore, all three 

complexes 1-3 are dinuclear Zn(II) species.  1 crystallizes in the monoclinic space group 

P21/n, whereas 2 crystallizes in the orthorhombic space group P21cn, both with four 

molecules in the unit cell.  In the first two complexes, the metal ions are bridged through the 

deprotonated phenolato oxygen atom of the LH ligands, which acts as a monoatomic bridge, 

and through two acetato ligands, which present the usual syn,syn bridging mode.  The third 

acetato ligand is coordinated to one of the metal ions in an asymmetric chelating mode.  All 

types of L ligands, i.e. L1
–
, L2

–
, L3

–
, in 1-3 respectively, act as tetradentate chelators bound 

through the Ophen, Oalk, Nimi and Omet anchors.  The two Zn(II) ions in 1-3 present different 

coordination environments.  One metal ion is coordinated to the Ophen and Omet anchors of the 

L ligands and to four carboxylato oxygen atoms from the three acetate ligands, leading to a 

distorted octahedral geometry.  The second Zn(II) ion in 1-3 is five-coordinate, bound to the 

Ophen, Nimi and Oalk anchors of the L
–
 ligands and to two carboxylato oxygen atoms from the 

two syn,syn acetato ligands.  The coordination geometry of the five-coordinate metal ions is 

best described as a trigonal bipyramidal, based on the value of the trigonality index, τ (0.70 

for 1, 0.49 for 2, and 0.62 for 3).  The Zn-Ophe, Zn-Nimi, Zn-Oacetate and C-Oacetate distances 

were found to be consistent with those reported in the literature [47,48,49,50].  A Zn-Omet 

distance of 2.385, 2.402 Å and 2.329 Å for Zn-OCH3 binding in 1, 2 and 3 respectively, is 

attributable to weak binding.  It has been observed on (O,N)-bound Zn(II) complexes reported 

in the literature that distances in the range from 2.34 to 2.91 Å lead to highly distorted 

geometries [51,52,53,54,55].  These Zn(II)-O distances are similar to the corresponding 

distances in the Zn(II)-ATP complex [51], containing a Zn(II)-Ophosphato distance of 2.71 Å 

(distorted octahedral), in Zn(II)-histidinato complexes [52,53], with Z(II)-Ocarboxylato distances 

of 2.91 and 2.79 Å (distorted octahedral), in the Zn(II)-triazacyclododecane complex [54], 
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with Zn(II)-Operchlorato distances of 2.528 and 2.818 Å (distorted trigonal bipyramidal), and in 

the case of Zn(II)-crown ether complex [55], with Zn(II)-Ocrownether distances of 2.34, 2.56 and 

2.60 Å.  Of the three –CH2OH groups in 1 and the two –CH2OH groups in 2, only one is 

bound to the five coordinate Zn(II) center, whereas the other –CH2OH groups remain free.  

All these -OH groups are involved in hydrogen-bonding interactions in the lattice.  Each 

molecule in the lattice of 1 interacts with four neighboring molecules via four intermolecular 

hydrogen bonds between the free -CH2OH groups defined by O(3) and O(4), which act as 

donors and carboxylato atoms O(16) and O(13), respectively, which act as acceptors (Table 

3).  In doing so, the dinuclear complexes are linked to form layers extending parallel to the ac 

plane (Fig. 1B).  Two neighboring layers are also linked through intermolecular hydrogen 

bonds between the third free -CH2OH group defined by the disordered O(5) atom, which acts 

as a donor and the carboxylato atom O(16), which acts as an acceptor, thus forming double 

layers (Fig. 1C).  In the crystal lattice of 2, each Zn(II) complex interacts with two 

neighboring molecules through two intermolecular hydrogen bonds between the free -CH2OH 

group defined by O(14), which acts as a donor and the carboxylato oxygen O(5), which acts 

as acceptor, thereby forming 1D chains parallel to the [110] crystallographic direction (Fig. 

2B, Table 3).  These chains form layers parallel to the (001) crystallographic plane stacked 

along the c-axis and further linked through intermolecular hydrogen bonds involving the 

lattice water molecules and the free -CH2OH groups of the ligand.  Consequently, an overall 

3D network (Fig. 2C) is generated.  Successive layers of chains along the c-axis are shown in 

magenta and blue color in Fig. 2C.    

Compound 3 crystallizes in the monoclinic space group P21/n with four independent 

molecules in the unit cell.  In 3, two ligands act as tetradentate and tridentate binders, 

respectively, the first through the Ophen, Oalk, Nimi and Omet anchors and the second through the 

Ophen, Oalk and Nimi anchors, collectively giving rise to a distorted octahedral Zn(II) center and 

a Zn(II) center with a distorted trigonal bipyramidal geometry (Fig. 3).  The six coordinate 

Zn(II) center is bound to the Ophen, Oalk and Nimi groups of the first ligand, the Ophen, Omet 

terminals of the second ligand, with one coordination site being occupied by an oxygen atom 

of one acetato group.  The five coordinate Zn(II) center is bound to the Ophen, Oalk and Nimi 

moieties of the second ligand, with two coordination sites being occupied by one carboxylato 

oxygen from each of the two acetato groups. One of the acetate groups acts as a bidentate 

bridge of the two Zn(II) centers.  Two intramolecular hydrogen bond interactions occur in the 

lattice of 3.  The Zn(II)-bound –CH2OH group of the six coordinate Zn(II) center is involved 

in a hydrogen bond interaction with the oxygen of the acetato group of the five coordinate 
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Zn(II) center.  The Zn(II)-bound –CH2OH group of the five coordinate Zn(II) center forms a 

hydrogen bond with the second oxygen of the same acetato group. 

3.3. FT-IR spectroscopy. The spectra of compounds 1-3 show active ν(OH) and ν(C=N) 

vibrations at 3380-3439 and 1617-1644 cm
-1

, respectively, with the binding of the imine 

nitrogen confirmed by lowering of the resonance frequency (13-15 cm
-1

).  Specifically, ν(OH) 

and ν(C=N) emerged at 3439 cm
-1

and 1628 cm
-1

 for 1, 3381 cm
-1

 and 1618 cm
-1 

for 2, 3431 

cm
-1

 and 1644 cm
-
1 for 3.  The νasym and νsym vibrations of the acetato groups were observed 

in all cases.  Specifically, the antisymmetric stretching vibrations νas(COO
–
) emerged at 1595 

cm
-1

 for 1, 1562 cm
-1 

for 2, and 1582 cm
-1 

for 3.  Symmetric stretching vibrations νs(COO
–
) 

for the same group appeared at 1442 cm
-1

 for 1, 1448 cm
-1

for 2, and at 1443 cm
-1 

for 3, with 

Δν being 114-153 cm
-1

.  The frequencies of the observed carbonyl vibrations were shifted to 

lower values in comparison to the corresponding vibrations in free acetate, indicating changes 

in the vibrational status of the ligands upon binding to the Zn(II) ion.  All data were further 

confirmed by the X-ray crystal structures of 1-3.   

3.4. Solid-state NMR spectroscopy. The 
13

C CP-MAS-NMR spectrum of 1 (Fig. 4A) was 

consistent with the coordination mode of the Schiff base ligand bound to Zn(II) ion.  

Specifically, the spectrum shows separate resonances for the various carbons of the Schiff 

base ligand and the acetate moiety and exhibits a distinctly different pattern compared to the 

free Schiff base.  The resonances in the high-field region (19.6-22.6 ppm) could be assigned 

to the methyl groups of the variably bound acetates.  The resonance at 54.3 ppm is reasonably 

ascribed to the methoxy group carbon atom.  The signals in the range 61.0-65.7 ppm could be 

ascribed to the carbons of the tromethamine tether.  Αnother group of resonances in the range 

115.8-151.6 ppm could be assigned to the benzene ring of the Schiff base.  In the low field 

region, a signal around 174.1 ppm could be assigned to the azomethine group carbon, with the 

broad signal around 180.7 ppm being attributable to the carboxylato group carbons of the 

acetates bound to Zn(II) [56].  The 
13

C CP-MAS-NMR spectrum of 2 (Fig. 4B) shows 

resonances in the high-field region (20.5-23.1 ppm) assignable to the methyl groups of the 

variably bound acetates.  The resonance at 53.7 ppm is reasonably ascribed to the methoxy 

group carbon atom.  The signals in the range 59.9-77.7 ppm could be ascribed to the carbons 

of the aminoalcohol tether.  The group of resonances in the region 116.5-152.6 ppm could be 

assigned to the presence of the benzene ring of the Schiff base ligand.  In the low field region, 

a signal around 170.9 ppm could be assigned to the azomethine group carbon atom, with the 

broad signal around 180.1 ppm being attributable to the carboxylato group carbons of acetates 

bound to Zn(II).  The 
13

C CP-MAS-NMR spectrum of 3 (Fig. 4C) exhibits a distinctly 
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different pattern of signals from 1 and 2.  The resonance in the high-field region (22.1 ppm) 

could be assigned to the methyl groups of the bound acetates.  The resonance at 54.5 ppm is 

reasonably ascribed to the methoxy group carbon atom.  The signals in the range 56.7-78.3 

ppm could be ascribed to the carbons of the aminoalcohol tether.  The group of resonances at 

111.5-162.3 ppm could be assigned to the presence of the benzene ring in the Schiff base.  In 

the low field region, a signal around 170.6 ppm could be assigned to the azomethine group 

carbon atom, with the broad signal in the range 172.8-177.7 ppm being attributable to the 

carboxylato group carbons of the acetates bound to Zn(II).  All of the resonances appear to be 

shifted to slightly higher fields compared to the free ligands. These observations are 

consistent with the structure of the compounds revealed by X-ray crystallography. 

3.5. Solution NMR spectroscopy. The solution 
13

C-NMR spectra of freshly prepared 

compounds 1 and 3 were measured in D2O.  The spectrum of 1 (Fig. 5A) exhibits a) a 

resonance at 22.9 ppm attributed to the acetato methyl carbon, b) resonances in the range 

48.0-60.8 ppm, attributed to methyl and methylene carbons, c) resonances in the range 114.5-

128.3 ppm and at 150.6 ppm, attributed to the presence of aromatic carbons, d) a resonance at 

170.7 ppm in agreement with the presence of the azomethine carbon of the L1
–
 ligand bound 

to Zn(II) ion, and finally e) a resonance at 181.5 ppm attributed to the presence of the 

carboxylate carbons of the acetato ligand bound to the Zn(II) ion.  The 
13

C spectrum of 3 (Fig. 

5B) exhibits a resonance at 23.2 ppm attributed to the acetato methyl carbon, b) resonances in 

the range 40.0-60.2 ppm, attributed to methyl and methylene carbons, and c) resonances in the 

range 117.1-121.8 ppm and resonance at 151.0 ppm attributed to the presence of aromatic 

carbons.  Finally, the resonance at 181.4 ppm could be attributed to the presence of the 

carboxylato carbons of the acetato ligand bound to the Zn(II) ion.  These observations were 

subsequently confirmed by X-ray crystallography.  The resonance shift was ~2.0 ppm for 1 

and 3 downfield and was comparable to that observed in the CP-MAS 
13

C-NMR solid-state 

spectrum of 1 and 3.   

The 
1
H-NMR spectra of 1 and 3 in D2O showed several peaks.  The spectrum of 1 

(Supplementary Material Fig. S1A) exhibits resonances between 1.0-1.9 ppm.  They are 

consistent with the presence of the methyl protons (acetato groups).  The resonances between 

3.2-3.6 ppm are attributed to the –CH2OH group protons.  The resonance at 3.7 ppm is 

attributed to the methoxy group –OCH3 of the L1
–
 ligand.  The resonances in the range 6.6-7.1 

ppm could be attributed to the presence of aromatic protons.  The resonance at 8.4 ppm could 

be ascribed to the proton of the –CH=N group of the L1
–
 ligand bound to the Zn(II) ion.  The 

spectrum of 3 (Supplementary Material Fig. S1B) exhibits resonances in the range 1.1-1.8 
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ppm.  They are consistent with the presence of the methyl protons (acetato groups).  The 

resonance at 3.0 ppm is attributed to the –CH2OH group protons, the resonance at 3.6 ppm 

could be attributed to the –N-CH2 group and the resonance at 3.7 ppm is attributed to the –

OCH3 group.  The resonances in the range 6.6-7.1 ppm could be attributed to the presence of 

aromatic protons.  The resonance at 8.3 ppm could be ascribed to the proton of the –CH=N 

group of the L3
–
 ligand bound to Zn(II) ion.     

3.6. Thermal Studies. The thermal decomposition of complexes 1-3 was studied by TGA 

under an atmosphere of oxygen (Fig. 6).  Compound 1 is thermally stable up to 174 C.    

Between 174
 o

C and 516 
o
C, there is further weight loss, in line with the decomposition of the 

organic structure of the molecule.  No clear plateaus are reached in these stages, suggesting 

that the derived products are unstable and decompose further.  A plateau in the decomposition 

of 1 is reached at 516 C, with no further loss up to 550 C, in line with the thesis that the 

product at that temperature and beyond (516 C) is ZnO.  The total weight loss of ~71.6% is 

in good agreement with the theoretical value ~71.0%, in line with the following tentative 

reactivity pattern: 

4 Zn2(C12H16O5N)(CH3COO)3   +   79 O2

8 ZnO   +   72 CO2   +   2 N2   +   50 H2O
(L1

-)
 

Compound 2 is thermally stable up to 60 C.  From that point on, a fairly broad heat process 

points to the dehydration of 2, with the release of moisture and lattice water molecules 

between 60 
o
C and 235 C.  Between 235

 o
C and 490 

o
C, there is further weight loss, in line 

with the decomposition of the organic structure of the molecule.  No clear plateaus are 

reached in these stages, suggesting that the derived products are unstable and decompose 

further.  A plateau in the decomposition of 2 is reached at 490 C, with no further loss up to 

550 C, in line with the thesis that the product at that temperature and beyond (490 C) is 

ZnO.  The total weight loss of ~70.4% is in good agreement with the theoretical value 

~70.2%, in line with the following tentative reactivity pattern: 

4 [Zn2(C11H14O4N)(CH3COO)3]
.H2O   +   75 O2 

8 ZnO   +   68 CO2   +   2 N2   +   50 H2O
(L2

-)
 

Compound 3 is thermally stable up to 173 C.  Between 173
 o

C and 526 
o
C, there is further 

weight loss, in line with the decomposition of the organic structure of the molecule.  No clear 

plateaus are reached in these stages, suggesting that the derived products are unstable and 

decompose further.  A plateau in the decomposition of 3 is reached at 526 C, with no further 
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loss up to 550 C, in line with the thesis that the product at that temperature and beyond (526 

C) is ZnO.  The total weight loss of ~74.7% is in good agreement with the theoretical value 

~74.2%, in line with the following tentative reactivity pattern: 

2 Zn2(C10H12O3N)2(CH3COO)2   +   55 O2

4 ZnO   +   48 CO2   +  2 N2   +   30 H2O  

The described tentative assignments are consistent with previously reported results of 

thermogravimetric analysis [57]. 

3.7. Cytotoxicity Results 

3.7.1. Zn(II) toxicity in 3T3-L1 pre-adipocytes  

To examine whether Zn(II) ions (non-complexed inorganic zinc) affect cell survival, 3T3-L1 

pre-adipocytes were treated with 1, 10, 100 or 200 μΜ of either ZnCl2 or ZnSO4 for 24 h. Fig. 

7 shows that both ZnCl2 (A) and ZnSO4 (B) affect cell survival in a concentration-dependent 

manner (p<0.05).  Specifically, reduction in cell survival amounts to 53 % (A) and 50% (B) at 

1 μΜ, 64 % (A) and 45% (B) at 10 μΜ, and 65 % (A) and 62% (B) at 100 μΜ, and almost 

100 % at 200 μΜ (p<0.05) compared to the control.  Sodium deoxycholate has been used as a 

positive control, exhibiting full reduction of cell survival under the employed experimental 

conditions.  

3.7.2. Zn(II) compound toxicity  in 3T3-L1 pre-adipocytes for 24h 

To assess cell toxicity of Zn(II)-complexes, 3T3-L1 pre-adipocytes were treated with various 

concentrations (1-50 μΜ) of 1-3 for 24 h.  Figs. 8A show that 3 is toxic even at low 

concentrations (1-50 μΜ) (p<0.05), in contrast to 2, which is non-toxic compared to the 

control.  Toxicity for 1 starts settling in at higher concentrations (50 μΜ) with the amount of 

cell death being ~33% (p<0.05).  In parallel to this toxicity profiles, ligands L1H and L2H 

have been found to be non-toxic in the concentration range 1-200 μΜ, with ligand L3H being 

toxic throughout the same range [38].  

3.7.3. Zn(II) compound toxicity  in 3T3-L1 pre-adipocytes for 48h 

During induction of the differentiation process, cells are exposed to Zn(II) complexes for 

more than 24 h.  Therefore, potential cytotoxic effects of Zn(II)-compounds were also 

assessed in 3T3-L1 pre- adipocytes for 48 h.  Specifically, the cytotoxic effects of 1 and 2 

were investigated at various concentrations (1-50 μΜ) (p<0.05) for 48 h.  Figs. 8B show that 

both 1 and 2 appear to be non-toxic compared to the control for concentrations ranging from 1 
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μΜ to 50 μΜ (p<0.05).  It appears, therefore, that 1 and 2 can further be employed in the 

induction of 3T3-L1 pre-adipocyte differentiation. 

3.7.4. Zn(II) compound toxicity in differentiated 3T3-L1 for 48h 

To examine whether the zinc compounds affect cell survival in differentiated 3T3-L1 

adipocytes, cells were treated with various concentrations (1-50 μΜ) of 1 and 2 for 48 h.  Fig. 

9 shows that both 1 and 2 appear to be non-toxic at concentrations ranging from 1 μΜ to 50 

μΜ (p<0.05).  Toxicity starts settling in at concentrations beyond 50 μM (with the exception 

of 1). 

3.8. Cell migration results 

To assess the cell migration effect of the title compounds on 3T3-L1 pre-adipocytes, a scratch 

assay was performed.  Cells were treated with 25 μΜ of each compound for 24 and 48h 

respectively (10x  5× magnification).  The migration capacity of cells grown in the presence 

of only DMEM was considered as control.  As shown in Fig. 10, in the case of 2 and 3, cells 

exhibited decreased migration.  3 projected a complete abolishment of migration at the 

concentration tested, whereas 1 appeared to have no effect on cell motility as in the case of 

the control.  Similar results were obtained after treatment for 48 h (data not shown). 

3.9. In vitro insulin-like activity of Zn(II) compounds 

In order to evaluate zinc’s insulin-like activity, the title compounds were employed to induce 

cell differentiation of 3T3-L1 pre-adipocytes into mature adipocytes according to standard 

protocol.  Both 1 and 2 induced differentiation of pre-adipocytes into mature adipocytes, as 

assessed by oil red O staining, in a concentration-dependent manner (0.5–50 μΜ).  

Differentiation was evident already at 1 μM and the maximal effect was observed at 25 μΜ 

(Fig. 11). This effect was comparable to the differentiation effect induced by insulin (10 

ng/mL) (Fig. 11B).  To further ascertain and validate the differentiation of pre-adipocytes 

treated with 1 and 2, RT-PCR was run in order to determine the relative mRNA expression of 

PPAR-γ, GLUT 1, GLUT 3 and GLUT 4 into mature adipocytes.  An increase was observed 

for PPAR–γ mRNA expression in mature adipocytes induced via differentiation by the title 

compounds compared to pre-adipocytes (Fig. 12).  In the case of the constitutively expressed 

transporter GLUT 1, mature adipocytes differentiated with 1 and 2, showed a significant 

increase in mRNA expression relative to the control, yet there was no substantial increase 

compared to insulin (vide infra).  In the case of GLUT 3, combinations of insulin and 

compounds had a significant effect on its mRNA expression compared to the control.  

However, the combination of insulin and 1 was the only one reflecting a significant increase 

compared to insulin.  By the same token, mature adipocytes differentiated with 1 and 2 
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showed a 3 and 4 fold increase of GLUT 4, respectively, compared to undifferentiated pre-

adipocytes (Fig. 13).  Interestingly, when 1 or 2 was used in combination with insulin in the 

differentiation medium of 3T3-L1 pre-adipocytes, a higher expression of GLUT 4 and PPAR-

γ mRNA was observed in the case of 1 compared to that of insulin or 1 alone (Fig. 12 and 

13C), suggesting an additive and/or synergistic effect of this compound to insulin-induced 

adipogenesis.  

4. Discussion 

4.1. The concept and emergence of ternary Zn(II)-acetato-Schiff compounds 

The coordination environment of zinc modulates profusely the biological activity of that 

metal ion in the cellular milieu.  In this respect, the nature and properties of the ligands-

substrates bound into the Zn(II) coordination sphere essentially formulate the potential of that 

metal ion to induce phenotypic changes commensurate with the sought after effects 

(adipogenicity, restoration of normoglycemia, etc.).  Among those ligand properties are the 

ultimate hydrophilic-hydrophobic character of the Zn(II) complex form, the ability to promote 

Zn(II) chelation through (O,N)-containing terminals and thus bring about stabilization, 

allowance for kinetically labile third type ligands (e.g. water) to bind the metal ion thereby 

setting the stage for further biological interactions of Zn(II) with cellular targets of 

importance to the reduction of hypergrlycemia, and others.  

In view of the aforementioned, the substrates-ligands selected to explore the chemistry of 

Zn(II) fulfill several of the stated criteria, thus principally guiding the synthesis of ternary 

materials aptly poised to seek and establish interactions with molecular targets in the cellular 

medium linked to the insulin-like activity of fibroblast differentiation toward adipocytes, 

capable of reducing blood glucose levels in type 2 Diabetes mellitus.  The vanillin-based 

Schiff ligands [36-38] provide a flexible cleft for Zn(II) binding through the phenolato and 

azomethine imino terminals, with the remaining available coordination sites being taken up 

by either third ligands (acetates in starting reagent) and/or the alcoholic terminals in the Schiff 

base.  The presence of alcohols in the Schiff ligands bound to Zn(II) also provides an 

opportunity for establishment of interactions (i.e. through H-bonding) with intracellular 

molecular targets, thus promoting Zn(II) biological activity reflected in cytotoxicity, cell 

differentiation and/or insulin mimetic activity.   In such a context, L1H contains three amino 

alcoholic terminals, L2H contains two and L3H contains only one.  Logically, therefore, the 

synthetic approaches used in this work are linked to a common source of Zn(II) a) as a 

synthon containing bound acetato groups, and b) under appropriate reaction conditions 

ensuring the isolation of dinuclear assemblies bearing the appropriate components (ligands 
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and acetato groups) and carrying newly formulated chemical properties bestowed upon the 

Zn(II) assemblies.  The physicochemical characterization of the ligands and the associated 

materials 1-3 relying on elemental analysis, FT-IR, ESI-MS, NMR and X-ray crystallography 

confirm their nature, thereby justifying their further use in biological experiments. 

4.2. Structure-based association with potential Zn(II) biological activity 

The isolated ternary Zn(II) compounds 1-3 are chemically well-defined species, which owing 

to their design and synthetic emergence are poised to seek biological activity at the molecular 

level.  To this end, the three materials belong to a uniform family of species, with common 

features including the following: a) they are dinuclear complexes of Zn(II), b) they all contain 

at least one Schiff ligand (compound 3 contains 2 ligands) bound to Zn(II), c) they all contain 

acetato groups bound to Zn(II), and d) in all three compounds the Schiff ligand is singly 

deprotonated, with the amino alcoholic moieties retaining their protons. 

Specifically, in 1, two of the acetato ligands span over the two Zn(II) ions in the dinuclear 

assembly with the third acetato ligand coordinating one of the two Zn(II) centers in a 

bidentate fashion.  That ligand coordination activity around the dinuclear assembly generates 

an organizational asymmetry in the molecule, with the tri-alcoholic tether extending on one 

end only.  In this sense, it’s worth emphasizing the fact that one of the three amino alcoholic 

moieties in the dinuclear assembly binds a Zn(II), while still retaining its alcoholic proton, 

with the other two dangling away from the Zn(II) core.  This apparent structural arrangement 

might have implications on the exertion of biological behavior of the compound.  In 2, the 

same motif of acetato groups bound to the dinuclear assembly is recognized as in 1, with the 

di-alcoholic moiety attached to the Schiff core dangling away from the dinuclear assembly 

and only one alcoholic moiety remaining protonated and bound  to one Zn(II) center.  The so 

arising asymmetry in the ligand arrangements around the dinuclear core resembles that 

encountered in 1.  Worth noting at this juncture is the fact that 1, containing Zn(II) bound to 

L1
–
, emerges as toxic as the free ligand L1H itself, in stark contrast to the congener vanadium 

compound bearing the same ligand bound to V(V).  The latter species was not toxic to the 

cells [38].  

In 3, one of the acetato groups spanning the dinuclear Zn(II) unit has been replaced by a 

second Schiff ligand bound to the unit, thereby raising the number of bound Schiff ligands to 

two.  The terminally bound acetato group to one of the Zn(II) centers differentiates itself from 

the corresponding ones in 1 and 2 in that it binds the metal ion center in a monodentate 

fashion.  The so arranged ligands in the dinuclear core introduce an asymmetric character in 

the molecule, reflected ostensibly in the structural features inherent to the Zn(II) core. 
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The aforementioned description of the three molecules reveals differences among the species 

that include the following: a) a variable number of coordinated acetato groups to the dinuclear 

Zn(II) assemblies (three for 1 and 2 and two for 3), b) a variable coordination mode in the 

terminally bound acetato groups to the Zn(II) dinuclear core, b) a variable Zn(II):Schiff base 

ligand ratio (2:1 for 1 and 2 and 1:1 for 3) in the dinuclear assemblies, and c) a variable 

number of amino alcoholic tethers, thereby projecting potentially differing-variable capacities 

in the pursuit of interactions (i.e. hydrogen bonding) with cellular targets.  Collectively, the 

outlined similarities and differences in 1-3 signify some of the factors that might influence the 

activity of the three species at the biological level in terms of toxicity and cellular 

differentiation related to insulin mimetic activity toward fibroblast differentiation (vide infra).  

In this sense, the biological profiles of 1-3 arising in the experiments could further be 

amenable to optimization of the observed biological activity of Zn(II) through adjustments in 

the nature and properties of the ligands seeking metal ion coordination and leading to 

dinuclear Zn(II) assemblies. 

4.3. Structure-selective influence of Zn(II)-compounds on pre- and mature adipocyte 

survival. 

Diabetes mellitus is a group of metabolic diseases mainly characterized by disregulation of 

glucose metabolism.  There is a significant correlation between zinc and Diabetes mellitus, 

although an intricate bilateral web of complex interactions still remains unclear.  Zinc can 

directly affect insulin secretion, synthesis and signaling.  In this respect, the present work 

examined the insulin-like effect of three newly synthesized zinc compounds toward induction 

of pre-adipocyte cell differentiation. The results, clearly demonstrate the differentiating 

potential of zinc complexes.  Zn(II) ions (from ZnCl2 or ZnSO4) appear to reduce cell 

viability in a concentration-dependent manner.  The cytotoxic effects of zinc ions are reduced 

through complexation.  Consequently, the nature of substrates to which Zn(II) is bound does 

emerge crucial to the biological activity it exemplifies.  In fact, the results indicate the 

structure-specific influence of (L1
–
)-(L3

–
) Zn(II)-bound ligands on pre-adipocyte survival.  

Hence, the toxicity profile exemplified by the Zn(II)-Li (i=1-3) compounds mirrors that of the 

free ligands.  1 and 2 appear to be non-toxic, whereas 3 influences cell survival in a 

concentration-dependent manner.  Interestingly, the emerging cytotoxic pattern, when pre-

adipocytes were treated with 3 for 24 h, is almost the same as that of the substrate (L3H) to 

which zinc is ligated.  In addition, the cytotoxic profile of each compound examined clearly 

depends on the number of terminal alcohol arms. Along the same lines, a cell migration test 

was performed on each zinc compound with the specific cell line.  To this end, it’s worth 
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noting the fact that the specific cell line exemplifies chemotactically its cell migration 

potential.  The results reveal that although a zinc compound can be non-toxic, it may have an 

effect on the endogenous cell motility.  The overall results indicate that 1 does not affect cell 

migration following 24 h treatment as in the case of the control.     

4.4. Zinc-induced adipogenesis with insulin-like activity 

The adipogenic effect of insulin is one of the most fundamental functions of insulin signaling 

in adipose tissue and depends on several signaling molecules, including insulin receptor 

substrate 1 and 2, phosphoinositide 3-kinase, and protein kinase B.  The murine 3T3-L1 cell is 

an established insulin-responsive pre-adipocyte model for the study of adipogenesis. As a 

result, this cell line is used in order to investigate the differentiation potential of 1 and 2.  Both 

compounds induced differentiation of pre-adipocytes into mature adipocytes in a 

concentration-dependent manner similar to the effect induced by insulin, thereby 

demonstrating the adipogenic potential of the title compounds.  Increased expression of 

peroxisome proliferator activated receptor gamma (PPAR-γ) and glucose transporter 4 

(GLUT 4) in mature adipocytes treated with the Zn(II) compounds further confirmed the 

differentiation capacity of these complexes.  Increased expression of PPAR-γ a) is an early 

event during differentiation of an adipocyte precursor cell toward a fully mature adipocyte, 

and b) induces the expression of late-stage-differentiation genes.  In turn, once a cell is 

transformed into a mature adipocyte, glucose transporters belonging to the GLUT family 

emerge as significant players in glucose metabolism.  In this respect, the employment of three 

members of that family, i.e. GLUT 1, GLUT 3 and GLUT 4, arose as a key subject of this 

investigation related to biomarker-driven proof of the cell differentiation process having taken 

place.  To this end, in the case of GLUT 1, compounds 1 and 2 fared a) at almost the same 

level of mRNA expression as insulin, and b) marginally above the untreated pre-adipocytes 

(control).  The combination of 1 and 2 with insulin did not result in any substantially higher 

mRNA expression levels compared to the control either.  The collective results a) are in line 

with literature reports on GLUT 1 mRNA levels expressed at a basal level, essentially not 

changing between pre- and mature adipocytes [58], and b) suggest that the title zinc 

compounds 1 and 2 do not influence the expression of constitutive components (such as 

GLUT 1) in glucose uptake.  In GLUT 3, the pattern of mRNA expression in the case of 

insulin and combinations thereof with 1 and 2 is similar to that of GLUT 4 (vide infra), 

thereby indicating that the title compounds 1 and 2 can stimulate mRNA expression of 

glucose transporters intimately associated with targets expressed mainly in non tissue-specific  

cells (i.e. neuronal) [59,60].  The overall fold increase of the relative mRNA concentration of 
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GLUT 1 is lower than two-fold compared to the control, thus ascertaining its constitutive role 

in adipocyte physiology [61].  Concomitantly, GLUT-4 plays a major role in the metabolic 

functions of adipocytes by allowing glucose transport into the cell during stimulation by 

insulin.  It is the main glucose transporter specific for adipose tissues and 3T3-L1 cell line 

[62,63].  To this end, basal levels of GLUT 4 project a reliable biomarker for cell 

adipogenesis.  Glucose transport occurs relatively late in the differentiation process following 

expression of PPAR-γ.  Increased expression of PPAR-γ in adipose tissue results in rising 

levels of GLUT-4 [64].  Inhibition of adipogenesis results in decreased expression of both 

PPAR-γ and GLUT-4 [65].  The greater increase in the expression of GLUT 4 and PPAR-γ 

observed upon combinational treatment of pre-adipocytes with insulin and Zn(II)-compounds 

compared to insulin, and Zn(II)-compounds alone, indicates a possible additive and/or 

synergistic effect between the two agents.  Such insulin-like effects may involve zinc 

potentiation of insulin signal transduction pathways, and/or enhancement of insulin action 

through Zn(II)-compound interjection, thereby contributing to a significantly greater increase 

in the expression of adipogenesis molecular factors.  

5. Conclusions 

The work presented here a) projects the benefits of ligand LiH (i=1-3) design exemplifying 

the salient structural and electronic characteristics of ternary Zn(II)-L-acetato species 1-3 as 

potential adipocyte differentiating agents mimicking insulin, b) delineates the crystallographic 

and spectroscopic properties of the arising materials 1-3 through the elaborated synthetic 

procedures adopted, and c) describes the biological effects brought on by the use of structure-

based selection of synthetic zinc forms in biological tests linked to insulin action on pre- and 

mature adipocytes.  Ligand structural differentiation exemplified through the variable number 

of alcohol-containing ―arms‖-anchors in the Schiff base(s) employed, variably configuring the 

nature of the arising Zn(II) species, suggests an association of the Zn(II)-bound ligand to 

cellular toxicity and concomitant biological activity.  The experimental account delves into 

the biological effects associating Zn(II) with insulin-like adipogenesis.  The collective results 

reflect associations of properly configured and structurally selected ―zincoforms‖ with well-

defined biological profiles and set the stage for further physicochemically-based development 

of efficient zinc antidiabetic metallodrugs.  

Appendix A. Supplementary data 

Supplementary NMR data on 1 and 3 in the form of figures were deposited as Supplementary 

Material (Figs. S1A-B).  CCDC 1059871 (1), CCDC 1059872 (2), and CCDC 1059870 (3) 

contain the supplementary crystallographic data for this paper.  These data can be obtained 
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free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44) 1223-

336-033; or deposit@ccde.cam.ac.uk). 

 

Abbreviation list 

 

DM  Diabetes mellitus 

IRSs  Insulin receptor substrates  

PI3K  Phosphatidylinositol 3-kinase 

GLUTs  Glucose transporters 

PTP1B  Protein tyrosine phosphatase B 

DMSO  Dimethyl sulfoxide  

DMEM  Dulbecco’s modified Eagle’s medium 

PPAR-γ Peroxisome proliferator-activated receptor gamma 

EtOH  Ethanol 

FBS   Fetal Bovine Serum  

SEM   Standard error mean  

ANOVA  One way analysis of variance 
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Table 1: Summary of Crystal, Intensity Collection and Refinement Data for 

[Zn2(L1)(CH3COO)3] (1), [Zn2(L2)(CH3COO)3]∙H2O (2) and [Zn2(L3)2(CH3COO)2] (3). 

 1 2 3 

formula C18H25NO11Zn2 C17H25NO11Zn2 C24H30N2O10Zn2 

molecular mass 562.13 550.12 637.27 

T, 
o
K 160(2) 160(2) 295(2) 

radiation type Cu Kα Cu Kα Mo Kα 

wavelength, λ (Ǻ) 1.54178 1.54178 0.71073 

crystal system monoclinic orthorhombic monoclinic 

space group P21/n P21cn P21/n 

a (Ǻ) 8.8477(2) 7.7448(1) 12.1435(11) 

b (Ǻ) 25.5944(5) 13.7545(2) 15.7193(16) 

c (Ǻ) 9.9881(2) 20.0501(3) 14.174(2) 

α, deg 90 90 90 

β, deg 109.496(1) 90 97.797(4) 

γ, deg 90 90 90 

V, (Ǻ
3
) 2132.14(8) 2135.85(5) 2680.6(5) 

Z 4 4 4 

Dcalcd (Mg m
-3

) 1.751 1.711 1.579 

abs.coeff. (μ), mm
-1

 3.327 3.304 1.847 

range of h,k,l 

-10→10, -22→28, 

-11→11 

-9→9, -16→16, 

-22→19 

-15→16, -19→21, 

-19→18 

goodness-of-fit on F
2
 1.084 1.052 1.000 

observed reflections 

(I>2σ(I)) 

3471 3454 3666 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 28 

R 
(1)

 0.0311
(1)

 0.0286
(1)

 0.0349
(2) 

 

Rw
(1)

 0.0769
(1)

  0.0737
(1)

 0.0662
(2) 

 

 

 (1)  R values are based on F values, Rw values are based on F2; w = 1/[σ2(Fo
2) + (aP)2 + bP] where P = (Max (Fo

2,0) 

+2Fc
2)/3  

 
 


o

co

F

FF
R , 

 
 

 
 22

222

)(

)(

o

co
w Fw

FFw
R   

(2) w′ × [1 - (ΔFobs / 6 × ΔFest)²]² 

w′ =[P0T0′(x) + P1T1′(x) + ...Pn-1Tn-1′(x)]-1, where Pi are the coefficients of a Chebychev series in ti(x), and  

x = Fcalc²/Fcalc²max. P0 - Pn-1 =1.40 1.63 0.374 
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Table 2: Bond lengths [Å] and angles [deg] for for [Zn2(L1)(CH3COO)3] (1), 

[Zn2(L2)(CH3COO)3]∙H2O (2) and [Zn2(L3)2(CH3COO)2] (3). 

1 2 3 

Bond lengths (Å) 

Zn(1)—O(1) 2.385(2) Zn(1)—O(1) 1.978(2) Zn(1)—O(1) 2.329(2) 

Zn(1)—O(2) 1.970(2) Zn(1)—O(3) 1.960(2) Zn(1)—O(2) 2.011(2) 

Zn(1)—O(11) 2.009(2)  Zn(1)—O(12) 2.043(2) Zn(1)—N(2) 2.035(3) 

Zn(1)—O(13) 2.053(2)  Zn(1)—O(13) 2.163(2) Zn(1)—O(4) 1.984(2) 

Zn(1)—O(15) 2.001(2)         Zn(1)—N 2.051(2) Zn(1)—O(5) 2.310(3) 

Zn(1)—O(16) 2.497(2) Zn(2)—O(2) 2.026(2) Zn(1)—O(7) 2.068(3) 

Zn(2)—N(1) 2.030(2) Zn(2)—O(4) 2.041(2) Zn(2)—N(1) 2.001(3) 

Zn(2)—O(2) 2.035(2) Zn(2)—O(5) 2.030(2) Zn(2)—O(2) 2.065(2) 

Zn(2)—O(3) 2.157(2) Zn(2)—O(6) 2.339(2) Zn(2)—O(3) 2.252(3) 

Zn(2)—O(12) 1.955(2) Zn(2)—O(11) 2.402(2) Zn(2)—O(8) 1.937(2) 

Zn(2)—O(14) 1.985(2) Zn(2)—O(12) 1.987(2) Zn(2)—O(9) 1.988(3) 

Bond angles (deg) 

O(1)—Zn(1)—O(2) 72.86(7) O(1)—Zn(1)—O(3) 107.30(9) N(2)—Zn(1)—O(1) 93.55(11) 

O(1)—Zn(1)—O(11) 159.08(7) O(1)—Zn(1)—O(12) 95.45(9) N(2)—Zn(1)—O(2) 156.68(11) 

O(1)—Zn(1)—O(13) 98.22(7) O(1)—Zn(1)—O(13) 90.14(10) O(1)—Zn(1)—O(2) 73.58(9) 

O(1)—Zn(1)—O(15) 85.48(6) O(1)—Zn(1)—N 133.17(9) N(2)—Zn(1)—O(4) 91.47(11) 

O(1)—Zn(1)—O(16) 78.37(6) O(3)—Zn(1)—O(12) 102.21(9) O(1)—Zn(1)—O(4) 86.51(11) 

O(2)—Zn(1)—O(11) 97.20(7) O(3)—Zn(1)—O(13) 92.08(10) O(2)—Zn(1)—O(4) 106.70(10) 

O(2)—Zn(1)—O(13) 98.28(7) O(3)—Zn(1)—N 118.01(10) N(2)—Zn(1)—O(5) 74.87(11) 

O(2)—Zn(1)—O(15) 154.30(7) O(12)—Zn(1)—O(13) 162.28(9) O(1)—Zn(1)—O(5) 80.60(11) 

O(2)—Zn(1)—O(16) 103.72(6) O(12)—Zn(1)—N 86.45(9) O(2)—Zn(1)—O(5) 83.73(10) 
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O(11)—Zn(1)—O(13) 101.46(7) O(13)—Zn(1)—N 77.53(10) O(4)—Zn(1)—O(5) 160.47(11) 

O(11)—Zn(1)—O(15) 98.52(7) O(2)—Zn(2)—O(4) 98.08(10) N(2)—Zn(1)—O(7) 99.00(12) 

O(11)—Zn(1)—O(16) 86.52(7) O(2)—Zn(2)—O(5) 99.93(10) O(1)—Zn(1)—O(7) 166.50(10) 

O(13)—Zn(1)—O(15) 98.36(7) O(2)—Zn(2)—O(6) 158.34(9) O(2)—Zn(1)—O(7) 92.92(10) 

O(13)—Zn(1)—O(16) 155.48(7) O(2)—Zn(2)—O(11) 95.51(10) O(4)—Zn(1)—O(7) 98.06(13) 

O(15)—Zn(1)—O(16) 57.31(7) O(2)—Zn(2)—O(12) 95.70(9) O(5)—Zn(1)—O(7) 97.84(13) 

N(1)—Zn(2)—O(2) 89.56(7) O(4)—Zn(2)—O(5) 95.58(9) N(1)—Zn(2)—O(2) 88.89(10) 

N(1)—Zn(2)—O(3) 77.81(7) O(4)—Zn(2)—O(6) 91.98(9) N(1)—Zn(2)—O(3) 78.23(11) 

N(1)—Zn(2)—O(12) 122.37(8) O(4)—Zn(2)—O(11) 165.00(11) O(2)—Zn(2)—O(3) 166.22(10) 

N(1)—Zn(2)—O(14) 125.10(8) O(4)—Zn(2)—O(12) 99.13(9) N(1)—Zn(2)—O(8) 117.67(12) 

O(2)—Zn(2)—O(3) 167.36(6) O(5)—Zn(2)—O(6) 59.81(9) O(2)—Zn(2)—O(8) 101.23(10) 

O(2)—Zn(2)—O(12) 99.28(7) O(5)—Zn(2)—O(11) 88.41(7) O(3)—Zn(2)—O(8) 89.24(10) 

O(2)—Zn(2)—O(14) 95.66(7) O(5)—Zn(2)—O(12) 156.79(9) N(1)—Zn(2)—O(9) 129.04(12) 

O(3)—Zn(2)—O(12) 87.20(7) O(6)—Zn(2)—O(11) 77.52(9) O(2)—Zn(2)—O(9) 94.01(10) 

O(3)—Zn(2)—O(14) 92.14(7) O(6)—Zn(2)—O(12) 101.65(9) O(3)—Zn(2)—O(9) 90.37(11) 

O(12)—Zn(2)—O(14) 110.60(8) O(11)—Zn(2)—O(12) 73.02(8) O(8)—Zn(2)—O(9) 111.56(12) 
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Table 3. Hydrogen bonds in 1-3 

Interaction D∙∙∙A (Å) H∙∙∙A (Å) D-H∙∙∙A (
o
) Symmetry operation 

1 

O(3)-H(3O)∙∙∙O(16) 2.706 1.928 167.7 -1+x, y, z 

O(4)-H(4O)∙∙∙O(13) 2.874 2.165 162.9 x, y, 1+z 

O(5)∙∙∙O(16)
a
 2.955   -0.5+x, 0.5-y, 0.5+z 

2 

O(13)-H(13O)∙∙∙O(1w) 2.632 1.812 161.6 x, y, z 

O(14)-H(14O)∙∙∙O(5) 2.662 1.981 177.1 0.5+x, -0.5+y, 1.5-z 

O(1w)-H(1wA)∙∙∙O(14) 2.835 1.996 166.7 -1+x, y, z 

O(1w)-H(1wB)∙∙∙O(14) 2.764 1.916 174.9 -0.5+x, 1-y, 1-z 

 

a 
O(5) was found disordered over two positions; therefore, no hydrogen atoms were included 

in the refinement. 

3 

O(3) – H(31)∙∙∙ O(10) 2.586(6) 1.785 169.06(13)       x, y, z 

O(5) – H(51)∙∙∙O(9) 2.641(6) 1.839 162.99(14)  x, y, z 
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Figure Captions 

Fig. 1:  (A) Labeled plot of 1. Hydrogen atoms (except for terminal alcohol moieties) were 

omitted for clarity. Color code: Zn, light blue; O, red; N, blue; C, grey; H, green. 

  (B) A small part of the 2D layer in 1 due to hydrogen bonding interactions (yellow 

lines). (C) A small part of the double layers in 1 due to hydrogen bonding 

interactions (see text for details). Color code: Zn, deep purple; O, red; N, blue; C, 

grey. 

Fig. 2:  (A) Labeled plot of 2. Hydrogen atoms (except for terminal alcohol moieties) were 

omitted for clarity. Color code: Zn, light blue; O, red; N, blue; C, grey; H, green. 

(B) Side and parallel views of a small part of the 1D chains along the (110) 

crystallographic direction in 2 due to hydrogen bonding interactions (light green 

dashed lines). (C) Successive layers of chains indicated with magenta and blue 

colors and stacked along the c-axis; the oxygen atoms of lattice water molecules are 

shown as red spheres and their hydrogen bonds to oxygen atoms of neighboring 

chains as orange lines.  Color code: Zn, deep purple; O, red; N, blue; C, grey. 

Fig. 3:  Labeled plot of 3. Hydrogen atoms (except for terminal alcohol moieties) were 

omitted for clarity.  Color code: Zn, light blue; O, red; N, blue; C, grey; H, green. 

Fig. 4:  
13

C-CPMAS NMR of 1 (A), 2 (B), and 3 (C). 

Fig. 5:  
13

C-NMR of 1 (A), and 3 (B) in D2O. 

Fig. 6:  TGA diagrams of 1 (A), 2 (B), and 3 (C). 

Fig. 7:  Percent change of cell survival in 3T3-L1 pre-adipocytes following treatment with 

various concentrations (1-200 μΜ) of either ZnCl2 (A) or ZnSO4 (B) for 24 h.  

Sodium deoxycholate has been used as a positive control.  Values represent the 

mean value of several (no less than triplicate) independent experiments.  Vertical 

bars represent SEMs. *: p< 0.05 vs. control.   
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Fig. 8:  Percent change of cell survival in 3T3-L1 pre-adipocytes following treatment with 

various concentrations (1-50 μΜ) of 1, 2 and 3 for 24 h (A) and 1 and 2 for 48 h 

(B).  Sodium deoxycholate has been used as a positive control.  Values represent the 

mean value of several (no less than triplicate) independent experiments.  Vertical 

bars represent SEMs.*: p< 0.05 vs. control.  

Fig. 9:  Percent change of cell survival in 3T3-L1 mature adipocytes following treatment 

with various concentrations (1-50 μΜ) of 1 and 2 for 48 h.  Sodium deoxycholate 

has been used as a positive control.  Values represent the mean value of several (no 

less than triplicate) independent experiments.  Vertical bars represent SEMs. *: p< 

0.05 vs. control.  

Fig. 10: Cell migration of 3T3-L1 A) control (t=0), B and C) control after 24 h, D) cells 

treated with 25 μΜ of 1, E) cells treated with 25 μΜ of 2, and F) cells treated with 

25 μΜ of 3, using a standard scratch assay. 

Fig. 11:  Differentiation of 3T3-L1 pre-adipocytes (A) into mature adipocytes assessed by 

Oil red O staining following treatment with (B) insulin 10 ng/mL, (C) 2 (25 μΜ), 

and (D) 1 (25 μΜ). 

Fig. 12: Relative concentration of mRNA expression for PPAR-γ in mature adipocytes 

treated with insulin or zinc compounds compared to pre-adipocytes (p<0.05). 

Fig. 13: Relative concentration of mRNA expression for GLUT 1 (A), GLUT 3 (B), and 

GLUT 4 (C) in mature adipocytes treated with insulin or zinc compounds compared 

to pre-adipocytes (p<0.05).
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Figure 3 
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Graphical Abstract (Pictogram) 
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Graphical Abstract (Synopsis) 

 

Appropriately configured and well-defined ternary zinc-organic (Schiff-base) ligand materials 

induce 3T3-L1 pre-adipocyte differentiation to mature adipocytes.  Structure specificity of the 

newly synthesized ―zincoforms‖ a) correlates with specific insulin-like bioactivity validated 

by targeted adipogenic biomarkers, and b) sets the stage for the development of effective 

―zincodrugs‖ in Diabetes mellitus II. 
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Highlights 

 

 Schiff-base zinc binders bearing vanillin core and terminal alcoholic anchors 

 Design, synthesis of well-defined and characterized ternary Zn(II)-Schiff compounds 

 Insulin-like Zn(II)-induced 3T3-L1 pre-adipocyte differentiation to a mature state 

 Targeted adipogenic biomarkers validate well-defined zincoform lipogenic potential  

 Zn-specific adipogenicity reflects insulin-like activity in antidiabetic medication  


