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Abstract
Diabetes mellitus affects over 500 million people worldwide and remains one of the most pressing
unmet medical challenges. Enhancing the efficacy of natural compounds with antidiabetic properties
offers a promising path toward expanding therapeutic options. Chrysin, a flavonoid recognized for its
metabolic benefits, suffers from poor aqueous solubility and low bioavailability, which restricts its
clinical potential. Here, we report for the first time the coordination of chrysin with copper (Cu²⁺) and
cobalt (Co²⁺) ions as an approach to overcome these limitations. The resulting metal–chrysin complexes
were thoroughly characterized and evaluated in Caco-2, Hep-G2, and 3T3-L1 cell models. Both
complexes significantly reduced intestinal glucose absorption (~ 20%) and increased hepatic glucose
uptake (10–23%), with a tendency to enhance adipose tissue glucose uptake - effects not observed with
free chrysin. They also modulated the expression of key transcription factors, SREBP-1c and ChREBP,
suggesting a role in metabolic regulation. Together, these results highlight metal coordination as a
strategy to potentiate flavonoid bioactivity and identify Cu(II)- and Co(II)-chrysin complexes as promising
platforms for the development of antidiabetic lead compounds.

1. Introduction
Diabetes mellitus (DM) comprises a group of metabolic disorders characterized by chronic
hyperglycemia due to insulin deficiency, impaired insulin action, or both. The two main types are type 1
diabetes (T1DM), an autoimmune condition leading to β-cell destruction and absolute insulin deficiency
(5–10% of cases), (American Diabetes Association 2013) and type 2 diabetes (T2DM), which results
from insulin resistance combined with progressive β-cell dysfunction (90–95% of cases).(American
Diabetes Association 2013; AL-Ishaq et al. 2019; Goyal et al. 2025) The global prevalence of diabetes
has risen dramatically, with estimated 589 million adults affected in 2024,(International Diabetes
Federation 2025) largely due to lifestyle-related risk factors such as obesity.(World Health Organization
2016) Diabetes is a leading cause of morbidity and mortality, contributing to cardiovascular disease,
stroke, blindness, renal failure, and premature death,(American Diabetes Association 2013; Steinmetz et
al. 2021; Alicic et al. 2017) and accounts for ~ 1.5 million deaths annually, (World Health Organization
2016) ranking as the 8th leading cause worldwide.(World Health Organization 2024) Although insulin
therapy (for T1DM) and oral antidiabetic drugs such as metformin (for T2DM) remain the cornerstones
of treatment,(Sapra and Bhandari 2021) current therapies often lack long-term efficacy and may cause
undesirable side effects. This motivates the search for novel therapeutic agents with enhanced activity
and safety profiles.(Antar et al. 2023)

Flavonoids, a large family of polyphenolic secondary metabolites, have attracted increasing interest for
their potential antidiabetic effects. They are known to regulate carbohydrate digestion, intestinal glucose
absorption, insulin sensitivity, and adipogenesis, as well as to support pancreatic β-cell proliferation and
insulin secretion. Several flavonoids, including quercetin, rutin, kaempferol, fisetin, isorhamnetin, morin,
apigenin, luteolin, chrysin, genistein, and cyanidin, have demonstrated activity in experimental models of
diabetes.(AL-Ishaq et al. 2019)
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Chrysin (Chr) (5,7-dihydroxyflavone) is a naturally occurring flavone found in fruits, honey, bee pollen,
propolis, and plants such as Passiflora caerulea L. and Tilia tomentosa.(AL-Ishaq et al. 2019) It has been
widely studied for its antioxidant, anti-inflammatory, anticancer, and hepatoprotective properties, among
others,(Naz et al. 2019). Importantly, Chr has also been shown to improve several metabolic parameters
associated with diabetes and metabolic syndrome, including hyperinsulinemia, hyperleptinemia,
hypertriglyceridemia, hepatic fibrosis, and hypertension.(Andrade et al. 2020) Despite these promising
effects, its clinical translation is severely limited by poor aqueous solubility and rapid metabolism,
resulting in low oral bioavailability.(National Center for Biotechnology Information 2022; Stompor-Gorący
et al. 2021)

Metal coordination has emerged as a strategy, to improve the physicochemical and biological properties
of flavonoids, often enhancing solubility, stability, and membrane permeability, while potentiating or
introducing novel biological activities.(Selvaraj et al. 2014a) Indeed, coordination of flavonoids with
different metal ions has been explored for anticancer,(Uivarosi and Munteanu 2017) antioxidant,
(Samsonowicz et al. 2017) neuroprotective,(Rodríguez-Arce and Saldías 2021) and, more recently,
antidiabetic properties.(Lv et al. 2025) In the context of diabetes, Zn(II)-,(Lee et al. 2019; Refat et al.
2021; Gopalakrishnan et al. 2015) VO(IV)-,(Cazarolli et al. 2006; Pillai et al. 2013a, b) Mn(II)-,(Dong et al.
2017) and Co(II)- (Mohamed M. et al. 2020) complexes have demonstrated significant activity, and
vanadium complexes (particularly V(IV/V)) have been extensively studied for their insulin-mimetic
effects.(Levina and Lay 2011) However, studies on Cu(II)- and Co(II)-flavonoid complexes remain scarce,
and most involve ligands other than chrysin.(Levina and Lay 2011; Rajeshwari et al. 2021) Only a few
reports describe antidiabetic activity of Cu(II)- or Co(II)-flavonoid systems, typically based on quercetin,
morin, or primulin.(Mohamed M. et al. 2020; Jabeen et al. 2017) To our knowledge, no studies have
investigated Cu(II)- or Co(II)-chrysin complexes in the context of diabetes.

Given this gap, we aimed to investigate whether coordination of Chr with Cu(II) and Co(II) could enhance
its biological activity. To this end, Cu(II)- and Co(II)-Chr complexes were synthesized using solvothermal
(SVT) and microwave-assisted synthesis (MWAS), the latter being a relatively underexplored approach in
coordination chemistry that offers advantages such as shorter reaction times, higher yields, and milder
conditions.(Marinho et al. 2012; Gabano and Ravera 2022a) The complexes were thoroughly
characterized to assess their structural properties, stability, and suitability for biological applications.
Their effects on glucose and fructose uptake, lipid accumulation, and oxidative stress were evaluated in
relevant cellular models (Caco-2, HepG2, and 3T3-L1), alongside cytotoxicity assays to define safe
working concentrations. Furthermore, we investigated their impact on the expression of key metabolic
regulators, including SREBP-1c and ChREBP, to gain insight into potential molecular mechanisms

Although the present study focuses on in vitro pharmacological characterization, the complexes are
intended as proof-of-concept chemical entities and early-stage leads rather than immediate drug
candidates. Given that diabetes requires chronic treatment, the development of metal-based agents
must consider safety and regulatory aspects. Copper and cobalt are essential trace elements with tightly
regulated homeostasis but may exert toxicity at elevated exposure levels.(EFSA Scientific Committee et
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al. 2023; Finley et al. 2012) Importantly, metal coordination can modulate metal ion reactivity,
bioavailability, and toxicity relative to free ions,(Selvaraj et al. 2014b), and several metal complexes have
been successfully explored as therapeutic agents.(Barry and Sadler 2013) Future in vivo studies on
pharmacokinetics, biodistribution, and chronic toxicity will therefore be essential to define therapeutic
windows and guide structural optimization aimed at minimizing metal exposure while preserving
efficacy.

Altogether, this work provides the first evidence that Cu(II)- and Co(II)-Chr complexes potentiate the
antidiabetic activity of Chr, offering valuable insights into their action and contributing to the growing
field of bioactive metal–flavonoid complexes. By joining coordination chemistry with metabolic biology,
these findings highlight the potential of metal coordination as a promising strategy for the development
of next-generation antidiabetic agents.

2. Experimental section

2.1. Synthetic procedures

2.1.1. Reagents
All reagents and solvents were commercially purchased and used without any additional purification.
Copper(II) acetate monohydrate (Cu(CO2CH3)2·H2O; > 98%) was sourced from Fluka (Seelze, Germany).
Cobalt(II) acetate tetrahydrate (Co(CO2CH3)2·4H2O; ≥ 98%) was purchased from Panreac (Barcelona,
Spain). Chr (C15H10O4; ≥ 96.5%), triethylamine ((C2H5)3N; ≥ 99.5%), and potassium bromide (KBr; ≥ 85%)
were purchased from Sigma-Aldrich (Burlington, MA, USA). Dimethylsulfoxide (DMSO; (CH3)2SO; ≥
99.8%) was acquired from CARLO ERBA (Cornaredo, MI, Itália). Absolute ethanol (CH3CH2OH; > 99.8%)

was obtained from Chem-Lab (Zedelgem, Belgium).

2.1.2. Synthesis of [Cu(Chr)2] (1)
The SVT and MWAS procedures for compounds 1 and 2 are schematically illustrated in Fig. 1 and were
carried out as described below.

Solvothermal method

Complex 1 was synthesized by combining Chr (254 mg, 1 mmol) with copper acetate monohydrate (100
mg, 0.5 mmol) in 6 mL of ethanol. The mixture was stirred briefly at room temperature, followed by the
addition of triethylamine (70 µL, 0.5 mmol). The resulting mixture was then transferred to a Teflon-lined
autoclave and maintained under static conditions at 100°C for 24 hours. The green precipitate formed
was collected by filtration, washed with ethanol and dried at room temperature overnight. The product
was obtained in a yield of 90.9 ± 8.1%. Elem. Anal. Calc. for [C30H28O8Cu]: C, 63.23; H, 3.18; Found: C,
61.78; H, 3.53%.
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Microwave-assisted method

The MWAS followed a procedure similar to that of the solvothermal method. Briefly, Chr (127 mg, 0.5
mmol) and copper acetate monohydrate (50 mg, 0.25 mmol) were placed in a microwave reaction
vessel, followed by the addition of ethanol (6 mL) and triethylamine (70 µL, 0.5 mmol). The vessel was
then inserted into a microwave reactor (CEM Discover SP, CEM Corporation, Matthews, NC, USA) and
heated at 100°C for 5 minutes at a power of 25 W, under continuous stirring. The resulting solid was
collected by filtration, washed with ethanol, and dried at room temperature, as described for the
solvothermal method. The product was obtained in a yield of 91.5 ± 3.8%. Elem. Anal. Calc. for
[C30H28O8Cu]: C, 63.23; H, 3.18; Found: C, 63.91; H, 3.21%.

2.1.3. Synthesis of [Co(Chr)2]·4H2O (2)
Solvothermal method

Complex 2 was synthesized by mixing Chr (254 mg, 1 mmol) with cobalt acetate tetrahydrate (124 mg,
0.5 mmol) in 4 mL of ethanol. After brief stirring at room temperature, 2 mL of a 0.2 M potassium
hydroxide solution were added. The resulting mixture was then transferred to a Teflon-lined autoclave
under static conditions at 150°C for 7 days. The yellow solid obtained was collected by filtration, washed
with ethanol and dried. The product was obtained in a yield of 87.30 ± 5.2%. Elem. Anal. Calc. for
[C30H26O12Co]: C, 56.52%; H, 4.11%; Found: C, 53.40%; H, 4.40%.

Microwave-assisted method

Chr (127 mg, 0.5 mmol) and cobalt acetate tetrahydrate (62 mg, 0.25 mmol) were introduced into a
microwave reaction vessel, followed by the addition of ethanol (4 mL) and 2 mL of a 0.2 M potassium
hydroxide solution. The vessel was then placed in a microwave reactor (CEM Discover SP, CEM
Corporation, Matthews, NC, USA) and heated at 100°C for 5 minutes at a power of 50 W, under
continuous stirring. The resulting solid was collected by filtration, washed, and dried as previously
described. The yield was 94.0 ± 1.5%. Elem. Anal. Calc. for [C30H26O12Co]: C, 56.52%; H, 4.11%; Found: C,
56.67; H, 4.36%.

2.2. Physicochemical characterization of the materials
The X-ray diffraction (XRD) patterns of the samples were recorded in a PANalytical-X’pert-PRO
diffractometer (Malvern PANalytical, Malvern, UK) with Kα(Cu) radiation, curved graphite
monochromator. The analysis of the complexes was performed in the range 3.5° < 2θ < 50°, with a step
size of 0.0263°, at room temperature. The patterns of the metal oxides were acquired in the range 10° <
2θ < 80°, with a step size of 0.0525°, also at room temperature. Elemental analysis (EA) was performed
to determine carbon (C) and hydrogen (H) contents, using a Leco TruSpec-Micro CHNS 630-200-200
instrument (LECO, Saint Joseph, MI, USA). Scanning Electron Microscopy (SEM) was performed in a
Field Emission Gun (FEG) – SEM SU70 microscope (Hitachi, Tokyo, Japan) operated at 15 keV. A
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spectrometer Jasco FT/IR-4X (JASCO Corporation, Tokyo, Japan) was used to acquire FTIR spectra,
samples were prepared using the KBr technique. For the analysis 128 scans were collected in the range
of 4000 to 350 cm− 1, with 2.0 cm− 1 of resolution. The thermogravimetric analysis (TGA) was performed
in a Hitachi STA300 instrument (Hitachi, Tokyo, Japan) with a heating rate of 5°C/min, from 25 to 800°C,
under a nitrogen/oxygen atmosphere. UV–VIS spectra were obtained in a Jasco V-780 (JASCO
Corporation, Tokyo, Japan), in the range of 250 to 1000 nm. Electron paramagnetic resonance
spectroscopy (EPR) spectra were recorded using a Bruker ELEXSYS E500 spectrometer, available at
Laboratory of Electron Paramagnetic Resonance (CEMUP – Centro de Materiais da Universidade do
Porto, Portugal), operating at 9 GHz (X-band) using the following general experimental conditions: 100 ± 
5 K, modulation frequency of 100 kHz, microwave power 10 mW, modulation amplitude 8 Gauss (G), 60
dB of receiver gain, acquisition time of 60 seconds and 5 scans. Xepr software (Bruker, Billerica, MA,
USA) was used for spectra acquisition. Graphical representations were obtained using OriginPro 8.5
software. For sample preparation, a solution of each complex was freshly prepared before analysis at 5
mM in DMSO and when necessary diluted to 0.5 mM in order to obtain hyperfine interaction resolution.
The mixture was vortexed and an aliquot was collected and placed in the quartz EPR tube for spectra
acquisition. The spectra were immediately acquired. Copper quantification was performed by inductively
coupled plasma mass spectrometry (ICP-MS) using a Thermo X Series instrument (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a Burgener nebulizer. Samples were digested and diluted
according to standard trace-metal analysis procedures to ensure complete solubilization of the metal
content. Electrospray ionization high-resolution mass spectra (ESI-HRMS) were acquired on an Orbitrap
Exploris 120 mass spectrometer (Thermo Scientific, Waltham, MA, USA) operating in positive-ion mode,
with an ion source voltage of 3.5 kV and resolution was set to 90 000. Samples were prepared to a
nominal concentration of 20 µg mL⁻¹ in dichloromethane, methanol, or H₂O/MeOH (20:80) and
centrifuged to remove undissolved material. Sample analysis was carried out by direct infusion.

2.3. Stability assay
Samples used in the stability tests were prepared as for the biological assays. Concentrated solutions of
complexes 1 and 2, as well as Chr, were first prepared in DMSO and subsequently diluted in phenol red-
free DMEM (Dulbecco’s Modified Eagle Medium, from PAN-Biotech™, Aidenbach, Germany). The
spectrum of these solutions was recorded immediately after dilution alongside the spectrum of Chr
under the same conditions. To evaluate the stability over time, the solutions were then incubated at 37°C
for 24 hours, after which new spectra were recorded.

2.4. In vitro cell-based studies

2.4.1. Cell culture and maintenance
The Caco-2 cell line was obtained from ATCC (Manassas, VA, USA) and used between passage numbers
15–41. Cells were cultured in Minimum Essential Medium (MEM), containing 5.55 mM glucose, 25 mM
HEPES (Sigma, St. Louis, MO, USA) supplemented with 15% (v/v) fetal bovine serum (FBS) and 1%
penicillin/ streptomycin/ amphotericin B solution (both from PAN-Biotech™, Aidenbach, Germany), and
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maintained in a humidified atmosphere (5% CO₂, 95% air) at 37°C. The culture medium was refreshed
every 3–4 days, and cells were passaged every 12 days. For subculturing, cells were enzymatically
detached using 0.25% trypsin-EDTA (5 min, 37°C), split at a 1:3 ratio, and seeded in culture dishes (21
cm², Ø 60 mm; TPP®, Trasadingen, Switzerland).

The HepG2 cell line was obtained from ATCC (Manassas, VA, USA) and used between passage numbers
55–62. Cells were cultured in DMEM containing 0.3 g/l L-glutamine, 4.5 g/L glucose, 3.7 g/L NaHCO₃,
supplemented with 15% (v/v) FBS and 1% penicillin/ streptomycin/ amphotericin B solution (all from
PAN-Biotech™) and maintained in a humidified atmosphere (5% CO₂, 95% air) at 37°C. The culture
medium was refreshed 2–3 times per week. For subculturing, cells were enzymatically detached using
0.25% trypsin-EDTA (2 min, 37°C), split at a 1:3 ratio, and seeded in culture dishes (21 cm², Ø 60 mm,
TPP®).

The 3T3-L1 cell line was obtained from ATCC and used between passage numbers 20–30. Cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 0.3 g/l L-glutamine, 4.5 g/L glucose,
3.7 g/L NaHCO₃, supplemented with 15% (v/v) FBS and 1% penicillin/ streptomycin/ amphotericin B
solution (all from PAN-Biotech™) and maintained in a humidified atmosphere (5% CO₂, 95% air) at 37°C.
The culture medium was refreshed 2–3 times per week. For subculturing, cells were enzymatically
detached using 0.25% trypsin-EDTA (40 sec, 37°C), split at a 1:3 ratio, and seeded in culture dishes (21
cm², Ø 60 mm, TPP®). Prior to the experiments, adipogenic differentiation of 3T3-L1 cells was induced.
For this, cells were seeded in 24-well or 96-well plates, depending on the assay, and cultured in DMEM
with 10% (v/v) FBS until they reached 70–80% confluence. After 2 days of confluence, the medium was
replaced with differentiation medium (DMEM supplemented with 10% (v/v) FBS and 1%
penicillin/streptomycin/amphotericin B solution, 0.5 mM isobutyl-1-methylxanthine (IBMX), 1 µM
dexamethasone and 10 µg/mL insulin (all from Sigma) and maintained for 2 days. The differentiation
medium was then replaced with DMEM supplemented with 10% (v/v) FBS and 1%
penicillin/streptomycin/amphotericin B solution and 10 µg/mL insulin for further 2 days and maintained
in DMEM supplemented with 10% (v/v) FBS and 1% penicillin/streptomycin/amphotericin B solution until
the experiments. Adipocytes were used for experiments on days 8–12 after differentiation.

2.4.2. Cell viability assay (MTT)
Cell viability was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay. Prior to the assay, Caco-2, HepG2 and 3T3-L1 cells were exposed for 24 h to Chr or its metal
complexes in FBS-free culture medium. All compounds were dissolved in DMSO, which was used as the
vehicle control, and the final DMSO concentration in the culture medium was maintained at 1% (v/v) to
minimize solvent-related effects. For the assay, cells were seeded in 96-well plates (TPP®) and
treatment was performed after the cell culture reached 70–80% confluence. At the end of the 24 h-
treatment period, the culture medium was removed and replaced with PBS, followed by the addition of
10 µL of MTT reagent (Sigma) to each well. The plate was then incubated for 3 h (1h for HepG2) to allow
for formazan crystal formation. After this period, the PBS was removed and 100 µL of DMSO was added
to dissolve the formazan crystals. Absorbance was then measured at 550 nm and 650 nm using a
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microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). Cell viability was determined by
calculating the difference between absorbance at 550 nm and 650 nm and was expressed as a
percentage of the control.

2.4.3. 3H-DG and 14C-fruct uptake assay
For this assay, Caco-2, HepG2 and 3T3-L1 cells were seeded in 24-well plates (TPP®) and treatment was
performed after the cell culture reached 90–100% confluence. After the 24h-treatment period, cells were
washed with 300 µL of glucose-free Krebs buffer (composition in mM: 125 NaCl, 4.8 KCl, 1.2 MgSO₄, 1.2
CaCl₂, 25 NaHCO₃, 1.6 KH₂PO₄, 0.4 K₂HPO₄, and 20 HEPES, pH 7.4) at 37°C. The cell monolayers were
then preincubated at 37°C for 20 min in 300 µL of Krebs buffer containing the respective compounds (or
DMSO). Uptake was then initiated by replacing the preincubation buffer with 200 µL of Krebs buffer
(37°C) containing the test compounds (or DMSO) along with either 10 nM ³H-2-deoxy-D-glucose (³H-DG,
specific activity: 60 Ci/mmol) or 100 nM ¹⁴C-fructose (¹⁴C-fruct, specific activity: 300 Ci/mmol) for 6 min
(3 min for HepG2) (American Radiolabeled Chemicals, St. Louis, MO, USA). Uptake was terminated by
aspirating the incubation medium and rinsing the cells with 500 µL of ice-cold buffer. Cells were
subsequently solubilized in 300 µL of 0.1% (v/v) Triton X-100 (5 mM Tris-HCl, pH 7.4) and stored at 4°C
overnight. Intracellular radioactivity was measured by liquid scintillation counting (LKB Wallac 1209
Rackbeta, Turku, Finland), and results were normalized to total protein content. For 3T3-L1 cells, only ³H-
DG uptake studies were performed.

2.4.4. Lipid peroxidation assay (TBARS)
Quantification of Thiobarbituric Acid Reactive Substance (TBARS) levels was measured in cells using a
Lipid Peroxidation (MDA) assay kit (MAK085; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
according to the manufacturer’s instructions. Results were expressed as malondialdehyde (MDA)
concentration (nmol/mL).

2.4.5. Real-time quantitative PCR
Total RNA was extracted from Caco-2 and HepG2 cells after treatment with the compounds (or DMSO)
for 24 h, using NZYol reagent (NZYTech, Lisbon, Portugal) according to the manufacturer’s instructions.
Quantitative real-time polymerase chain reaction (qRT-PCR) was performed as previously described.
(Peixoto et al. 2022) The primer pairs and annealing temperatures (AT) used are shown in Table 1. The
mRNA expression levels of these genes were normalized to the housekeeping gene human β-actin.
Cycling conditions for gene amplification also followed the protocol previously described.(Peixoto et al.
2022) Results were analyzed using LightCycler® 96 SW 1.1 software (Roche, Mannheim, Germany)
based on the Ct method.(Schmittgen and Livak 2008)
Table 1 - Genes used for qRT-PCR analysis, primer sequences and annealing temperatures (AT). 
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Gene Forward Reverse AT(°C)

GK 5′-CAT ATG TGC TCC GCA GGA CTA
G-3′

5′-CTT GTA CAC GGA GCC ATC CA -3′ 60

ACC1 5′-CCT TGT CAA CGC ATG GGC G-3′ 5′-GGC TTT GGG GTG GGG AGT CG -3′ 60

SREBP-
1c

5′-GTG GGT CTC CTC CGA AGC CG-
3′

5′-AGC ATG TCT TCG ATG TCG GTC
AAG -3′

60

ChREBP 5′- TGC GGG ATG AGA TTG AGG A
-3′

5′- TCC AGT TGT GCA GCG TAC -3′ 60

β-actin 5′-AGA GCC TCG CCT TTG CCG AT-
3′

5′-CCA TCA CGC CCT GGT GCC T-3′ 65

Abbreviations: GK, glycogen synthase; ACC1, acyl-CoA carboxylase 1; SREBP-1c, sterol regulatory
element binding protein 1c; ChREBP, carbohydrate-responsive element-binding protein.

2.4.6 Oil Red O staining and lipid accumulation assay

Lipid accumulation in 3T3-L1 adipocytes was assessed using Oil Red O staining. Cells were first washed
with PBS and fixed with 4% paraformaldehyde for 1 h at room temperature. After fixation, cells were
rinsed twice with deionized water, followed by incubation with 60% isopropanol for 5 min. The
isopropanol was then aspirated, and the cells were allowed to dry completely before staining with an Oil
Red O solution (0.6%) for 10 min at room temperature. Cells were washed three times with deionized
water to remove excess stains. For the quantification of lipid content, the Oil Red O stain was eluted with
100% isopropanol for 10 min using a plate shaker. An aliquot (200 µL) of each sample was transferred in
duplicate to a 96-well clear plate, and absorbance was measured at 492 nm. Results were expressed as
a percentage of the control.

2.4.7 Total protein determination

The protein content of cell monolayers was determined using the Bradford assay,(Bradford 1976) with
human serum albumin as the standard.

2.4.8 Data presentation and statistical analysis

Results are expressed as means ± standard error of the mean (S.E.M.). The sample size (n) represents
the number of replicates from at least two independent experiments. Statistical significance between
two groups was assessed using Student’s t-test, with p < 0.05 considered statistically significant. All
analyses were performed using Excel for Microsoft 365 MSO (Version 2501) (Redmond, WA, USA).
Graphical content was prepared using Excel for Microsoft 365 MSO (Version 2501), and GraphPad Prism
10 (San Diego, CA, USA).

3. Results and Discussion
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3.1. Physicochemical characterization and solution behavior

3.1.1 Synthesis, crystallinity and solid‑state morphology

The SVT synthesis protocols and reaction conditions were optimized for each Chr-metal complex to
ensure the formation of crystalline and phase-pure materials. For complex 1, optimal synthesis was
achieved at 100 °C after 24 hours, while complex 2 required more demanding conditions, 150 °C for 7
days. Attempts to grow single crystals suitable for XRD analysis were unsuccessful. To develop a more
sustainable and time‑efficient route, both complexes were also obtained using MWAS, reducing reaction
times from days to minutes (5 min at 100 °C). The reproducibility of the synthetic outcome was therefore
assessed across both methods.

Powder XRD patterns (Fig. S1) confirmed the formation of crystalline phases in all cases and,
importantly, the diffractograms obtained by SVT and MWAS are essentially identical. This demonstrates
that both methods lead to the same underlying crystalline framework, despite the markedly different
reaction times and heating profiles. 

The reaction yields were comparable across both methods (data available in the experimental section),
with the microwave‑assisted synthesis exhibiting slightly higher efficiency. EA reveals small but
consistent differences in the degree of hydration between samples obtained by the two methods. These
variations are fully compatible with variable hydration, a common feature of coordination compounds
crystallized slowly, and reflect the distinct crystallization kinetics of SVT and MWAS. For complex 1, the
SVT sample shows a slight carbon deficit and a modest excess of hydrogen relative to the anhydrous
formulation obtained by microwave synthesis, corresponding approximately to the incorporation of one
additional water molecule per formula unit. For complex 2, the larger deviation in carbon content for the
SVT material indicates the presence of about two extra water molecules beyond the four lattice waters
characteristic of the MWAS sample. In contrast, the microwave‑assisted materials exhibit excellent
agreement with the theoretical compositions, consistent with their faster crystallization and reduced
solvent entrapment. These trends were reproducible across multiple independent batches and are
consistent with the known influence of synthetic conditions on hydration in metal–organic systems
(Phan et al. 2023; Gabano and Ravera 2022b)

Crystal morphology was observed by SEM analysis (Fig. S2). For complex 1 the observed small crystals
exhibit a lamellar morphology, with thin sheets with significant anisotropy in thickness, stacked randomly
to one another. Complex 2 also rendered small crystals but predominantly exhibits an acicular
morphology; the anisotropic growth results in slender, filiform structures with a divergent arrangement.
Regarding crystal morphology, no evident differences were observed between the two synthesis
methodologies. Solubility tests revealed that both complexes are soluble in aprotic solvents such as
DMSO and DMF, sparingly soluble in short‑chain aliphatic alcohols (e.g., ethanol and methanol), and
practically insoluble in water.

3.1.2 Spectroscopic and analytical characterization

Page 11/34



3.1.2.1 FTIR and coordination mode

The FTIR spectra confirmed coordination between the metal centers and the Chr ligand (Fig. S3; Table
S1). In free Chr, one of the characteristic carbonyl (C=O) stretching bands appears at 1650 cm⁻¹. Upon
complexation, this band shifts to 1632 cm⁻¹ in complex 1 and 1639 cm⁻¹ in complex 2, consistent with
coordination through the 4‑keto group.(E. Halevas et al. 2021) The band at 1609 cm⁻¹ in Chr, which
contains contributions from both C=O and C–C stretching, also shifts to lower wavenumbers in both
complexes, further supporting metal–ligand interaction involving the carbonyl functionality.(Muñoz et al.
2016) The ν(C–O–C) stretching band at 1247 cm⁻¹ in Chr shows only minimal shifts (2–3 cm⁻¹),
indicating that the pyrone oxygen is unlikely to participate directly in coordination.(E. Halevas et al. 2021)
Similarly, the C=C stretching vibrations of the γ‑pyrone and benzene rings exhibit only minor changes
upon complexation. The O–H and C–H stretching region (3472–2300 cm⁻¹ in Chr) becomes narrower in
both complexes, consistent with changes in hydrogen‑bonding environments. Finally, the bands at
1119–1123 cm⁻¹ were assigned to in‑plane O–H bending vibrations.(E. Halevas et al. 2021; Naso et al.
2022)

3.1.2.2 TGA analysis

The TGA curves of Chr and its metal complexes (Fig. S4), provide insight into their thermal stability and
decomposition profiles. Complex 1 shows high thermal stability, with major weight loss beginning only
above 330 °C, approximately 100 °C higher than the onset of Chr degradation, supporting the formation
of an anhydrous complex. In contrast, complex 2 exhibits an initial weight loss below 115 °C, consistent
with the presence of non-coordinated water molecules.(Kaur Jassal 2025; Jiang et al. 2017)  The
absence of ethanol in the structure was confirmed by the lack of its characteristic peaks in the IR
spectrum.(Muthukumar et al. 2023) After these initial events, both complexes undergo continuous mass
loss up to approximately 435 °C, without well-defined plateaus, suggesting progressive decomposition of
the organic ligands into unstable intermediates.  Above 435 °C, the residual mass corresponds to the
formation of CuO (complex 1) and CoO (complex 2), as confirmed by XRD (Fig. S5). Experimental and
theoretical residue percentages are in good agreement (Table S2), further supporting the proposed
formulations.

3.1.2.3 UV-Vis electronic features

The electronic absorption spectra of Chr and its metal complexes were recorded to investigate their
electronic transitions and coordination environments (Fig. 2a). In free Chr, two characteristic absorption
bands are observed: Band I at 269 nm, assigned to π–π, n–π, and n–σ* transitions of the benzoyl system
(A‑ring), and Band II around 313 nm, associated with π–π* transitions of the cinnamoyl system (B‑ring).
(Eleftherios Halevas et al. 2021) Upon metal coordination, both complexes exhibit spectral changes
consistent with complex formation. Band I undergoes a bathochromic shift of 6 nm in complex 1 and
1 nm in complex 2, accompanied by a pronounced hyperchromic effect. Although Band II appears only as
a shoulder, its intensity also increases. These modifications reflect changes in the electronic distribution
of the ligand upon coordination, in agreement with previous reports for flavonoid–metal complexes.
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(Eleftherios Halevas et al. 2021; Liu et al. 2023) A distinct absorption band at 292 nm is clearly observed
in complex 1, whereas in complex 2 it appears only as a shoulder. After 24 h in DMSO (Fig. 2c), the
intensity of this band increases in complex 1 while the band at 275 nm disappears, suggesting slow
structural rearrangements upon dissolution. This behaviour is consistent with the known tendency of
Cu(II) complexes to undergo ligand‑field distortions. In contrast, the spectrum of complex 2 remains
essentially unchanged over time, indicating greater solution stability. Both complexes display an
additional absorption band at approximately 393 nm, attributed to ligand‑to‑metal charge transfer
(LMCT) transitions, further supporting coordination through the conjugated 4‑keto/5‑hydroxyl system of
Chr.(Eleftherios Halevas et al. 2020)  To compare solid‑state and solution behaviour, Fig. 2b shows the
spectra recorded in the solid state and in 7 mM DMSO. In both complexes, new bands emerge in the
visible region, consistent with d–d transitions characteristic of Cu(II) and Co(II). For complex 1, a broad
d–d band appears at ~647 nm in the solid state and shifts to ~680 nm in solution, suggesting changes in
ligand‑field strength upon dissolution. Such shifts are common for Cu(II) complexes, which often adopt
distorted coordination geometries. (N. N. Greenwood; A. Earnshaw 1997) In complex 2, the d–d features
are less defined, making structural interpretation more challenging, as expected for Co(II) complexes
with multiple accessible geometries. (Cotton and Cotton 1999) Overall, the UV–Vis data support the
formation of metal–Chr complexes in both solid and solution phases, while also indicating that Cu(II)
and Co(II) complexes exhibit distinct electronic behaviours consistent with their known coordination
chemistry.

3.1.2.4 EPR studies

Information about the electronic structure, particularly the oxidation state of the Cu and Co ions in
complexes 1 and 2, respectively, is essential for their proper characterization and for understanding the
coordination environment around the metal centers. The EPR spectra of complex 1 exhibits the main
characteristic features of an interaction of an unpaired electron (S = 1/2) with the copper nuclei
(65Cu/63Cu, I = 3/2) (Fig. S6a, b). The characteristic g values were estimated and were found to be g∥ =
2.30 and g⊥ = 2.06. The obtained results are similar to those reported for copper(II) complexes with
tetragonal distortions and an O4 coordination sphere (Rangel, Leite, Silva, Moniz, et al. 2014) thus

corroborating the proposed structure for complex 1. Regarding complex 2, no EPR signal characteristic
of Co(II) ions was observed under the experimental conditions employed. A low‑spin Co(II) species (S =
1/2) would be expected to display a well‑defined signal at the measurement temperature; however, no
such signal was detected. This observation could suggest the presence of an EPR‑silent Co(III) species.
Nevertheless, this possibility is not supported by the elemental analysis (EA) and thermogravimetric
analysis (TGA), which are inconsistent with a Co(III) formulation. An alternative explanation is the
presence of a high‑spin Co(II) species. The characteristic EPR features of high‑spin Co(II) (S = 3/2) are
typically observable only at much lower temperatures (4–10 K),(Walpita et al. 2026; Rangel, Leite, Silva,
De Castro, et al. 2014) which were not accessible in the present study. Therefore, considering the EA and
TGA data, the most plausible interpretation is that complex 2 contains a Co(II) center in a high‑spin
configuration, whose EPR features could not be detected under the experimental conditions employed.
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The very weak EPR signal observed for complex 2 (Fig. S6c,d) is attributed to trace Cu(II) impurities, as
discussed in the Supporting Information. Although present only at very low levels, this residual copper is
sufficient to account for the minor EPR features detected.

3.1.2.5 ESI-HRMS

Mass spectrometry provides complementary insight into the composition of metal‑containing species in
solution and the ions generated under electrospray conditions. Electrospray high‑resolution mass
spectrometry (ESI‑HRMS) was therefore employed to investigate the ionic speciation of the Cu(II) and
Co(II) chrysin systems. Spectra were acquired in dichloromethane and methanolic solutions, with
additional measurements in H₂O/MeOH (20:80) to assess solvent effects (see Supporting Information). 

Across all samples and solvent systems, the most intense signal corresponds to protonated chrysin
([Chr + H]⁺, m/z 255.06),  Fig. S7 and S8. This behavior is fully consistent with the ionization of neutral
metal–flavonoid complexes in positive‑ion mode: protonation at the electrospray droplet surface favours
ligand release, and the free ligand typically exhibits higher ionization efficiency and gas‑phase stability
than the intact complex. For compound 1, the ESI(+)-HRMS spectrum (Figure S7b) displays a clear peak
at m/z 570.0364, assigned to the monocationic species [Cu(Chr)₂ + H]⁺, which constitutes the
predominant Cu‑containing ion. The associated isotopic pattern confirms the presence of copper,
indicating that the [Cu(Chr)₂] unit is preserved under electrospray conditions. A higher‑mass signal at
m/z 885.0093 is attributed to an aggregated species formed during ionization, while a peak at m/z
348.0056 corresponds to a fragment resulting from partial ligand loss. In H₂O/MeOH mixtures (Figure
S7e), the limited solubility of the complex leads to an increased contribution of background signals and
ligand‑derived ions, consistent with reduced availability of intact species for ionization.

For compound 2, the ESI(+)-HRMS spectrum (Figure S8) shows an analogous pattern. The main
Co‑containing ion appears at m/z 566.0400, assigned to [Co(Chr)₂ + H]⁺, supporting a 1:2 metal‑to‑ligand
stoichiometry and demonstrating that the [Co(Chr)₂] unit is retained under the ionization conditions. A
less intense peak at m/z 820.0978 is attributed to gas‑phase aggregate adducts, while a fragment at
m/z 353.0091 reflects partial ligand loss. As observed for the copper analogue, spectra acquired in
H₂O/MeOH show increased background and ligand‑derived signals, reflecting the reduced solubility of
the complex in aqueous media.

It is important to note that both complexes exhibit limited solubility in aqueous mixtures, as also
indicated by the solubility tests. Consequently, in MeOH/H₂O media, the lower concentration of intact
complex leads to a relative increase in background and ligand‑derived ions. Although some contribution
from metal–ligand equilibria cannot be excluded, the predominance of ligand‑based ions is most
plausibly attributed to solubility limitations and to the intrinsic ionization behavior of neutral complexes
in positive‑ion ESI.

Overall, the ESI‑HRMS data for both compounds consistently support the presence of mononuclear
M(Chr)₂ species (M = Cu, Co), confirming that well‑defined metal–chrysin coordination units are present
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in solution and remain detectable under electrospray ionization, while undergoing partial ligand
dissociation under the ionization conditions. These observations are fully consistent with the structural
formulation established from elemental analysis, EPR spectroscopy and the broader coordination
environment of the complexes.

3.2 Tentative structural assignment

The combined spectroscopic, thermal and mass spectrometric data support the formulation of the two
complexes as bis(chrysinato) metal(II) species. Based on these results and on comparison with
structurally related flavonoid–metal complexes reported in the literature, the tentative structures shown
in Fig. 2 are proposed. In complex 1, two chrysin ligands coordinate to the Cu(II) centre in a bidentate
fashion through the 5‑hydroxyl and 4‑keto groups, forming a distorted square‑planar environment typical
of Cu(II)–flavonoid systems (Fig. 3a). Complex 2 is proposed to adopt an analogous coordination mode
around Co(II), with the additional presence of four lattice water molecules that contribute to the
hydration of the solid but do not participate directly in metal coordination (Fig. 3b). These structural
assignments are consistent with the FTIR shifts associated with chelation, the electronic absorption
features indicative of ligand‑to‑metal interactions, the EPR signature of both complexes, and the
predominance of [M(Chr)₂ + H]⁺ ions in the ESI‑HRMS spectra. However, in the absence of single‑crystal
X‑ray diffraction data, the proposed structures should be regarded as plausible models rather than
definitive geometrical descriptions.

3.3 Stability in cell culture medium

To assess the integrity and stability of the complexes under cell culture conditions, UV–Vis spectra were
recorded in phenol red-free DMEM (Fig. 4) for up to 24 hours at 37ºC. The spectral profiles of both
complexes in cell culture medium were consistent with those obtained in DMSO solution. A
bathochromic shift of approximately 20 nm for complex 1 and 2 nm for complex 2 was observed, in line
with the trends previously noted in DMSO. After 24 hours of incubation at 37ºC, a further decrease in
absorbance intensity occurred without changes in band shape or position, suggesting gradual
aggregation or precipitation of the complexes over time. Although partial aggregation may occur, the
absence of major spectral shifts indicates that the chromophoric core of the complexes remains largely
intact.

This interpretation is consistent with the ESI‑HRMS data, which confirm the presence of intact
mononuclear ions [M(Chr)₂ + H]⁺ (M = Cu, Co) in solution, even though ligand‑derived ions dominate the
spectra due to the intrinsic ionization behaviour of neutral complexes in positive‑ion electrospray.
Together, these observations suggest that, in cell culture medium, the complexes likely coexist with
partially dissociated species in dynamic equilibria rather than undergoing complete decomposition.

Speciation considerations. The characterization data collectively indicate that the metal–chrysin
complexes retain their core [M(Chr)₂] structure while engaging in medium‑dependent equilibria. UV–Vis
measurements in cell culture medium show that the complexes remain spectroscopically identifiable
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over time, despite partial aggregation or precipitation. In parallel, the ESI‑HRMS spectra confirm the
presence of intact mononuclear ions [M(Chr)₂ + H]⁺ (M = Cu, Co), together with ligand‑derived fragments
that arise from the intrinsic ionization behavior of neutral O,O‑bound flavonoid complexes in positive‑ion
electrospray. These observations, supported by elemental analysis, FTIR, TGA and EPR data, indicate
that the complexes exist as well‑defined coordination units whose speciation can shift depending on the
medium, without evidence for complete dissociation under the conditions examined. This behaviour is
consistent with the dynamic equilibria typically observed for labile O,O‑chelating metal–organic systems.
(Levina et al. 2017; Kostova and Balkansky 2013; Walencik et al. 2024)

3.4 In vitro biological assays 

Before analyzing the cellular responses, it is important to consider the chemical speciation under the
assay conditions. The concentrations used in the biological experiments are far below those at which
free Cu²⁺ or Co²⁺ ions typically induce cytotoxicity, and the two complexes display distinct biological
profiles that do not resemble the behavior of unbound metal ions. These observations indicate that the
cellular effects are unlikely to arise from nonspecific metal‑ion toxicity, but rather from the coordination
entities present in solution, in line with the speciation considerations discussed above.

3.4.1 Caco-2

The cytotoxicity of the two Chr metal complexes, as well as of pure Chr, was evaluated using the MTT
assay. Assessment of the impact of different concentrations of these compounds on cell viability was
crucial for selecting the appropriate concentrations for subsequent biological assays. Solutions of the
Cu(II) and Co(II) complexes were prepared as previously described, and the final tested concentrations
were 0.7, 7 and 70 µM for both complexes. For comparison, Chr solutions were also prepared in the
same concentration range (1, 10 and 100 µM).

We found that only the lower concentrations of the complexes were non-cytotoxic to Caco-2 cells, as
higher concentrations of both complex 1 and 2 (7 and 70 µM) significantly reduced cell viability (Fig. 5a).
Based on these results, in subsequent studies with Caco-2 cells, complexes 1 and 2 were tested at 0.7
µM. In contrast, Chr was cytotoxic at all tested concentrations, and the lowest concentration (1 µM) was
used for comparison in further assays.

It is important to note that the comparison between free chrysin and its metal complexes is not strictly
equimolar. Because each complex ([Cu(Chr)₂] and [Co(Chr)₂]·4H₂O) contains two coordinated chrysin
ligands, the working concentration of 0.7 µM corresponds to approximately 1.4 µM chrysin equivalents,
whereas free chrysin was tested at 1 µM. Although not equimolar, these concentrations are of the same
order of magnitude, ensuring that the comparison remains biologically meaningful. The concentrations
selected were constrained by the limited aqueous solubility of the metal complexes, which prevented
testing them at higher levels to achieve exact equimolarity. Importantly, the biological effects of the
complexes cannot be attributed solely to their higher nominal chrysin content, as metal coordination
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substantially modifies the physicochemical and biological properties of chrysin, giving rise to distinct
chemical entities with their own biological profiles.

To assess the potential impact of the compounds on intestinal sugar absorption, evaluation of their
effects on glucose and fructose luminal uptake by Caco-2 cells, a well-established in vitro cell model of
human enterocytes,(Ni et al. 2020) was performed. The results, presented in Fig. 5b, indicate that
treatment with both Chr metal complexes led to a reduction of approximately 20% in ³H-DG uptake, when
compared with the control and Chr itself, which had no significant effect at the tested concentration. In
contrast, no significant impact of any of the three tested compounds was observed on ¹⁴C-fruct uptake
(Fig. 5b). 

In relation to Chr, a previous study reported that this compound reduced ³H-DG and ¹⁴C-fruct uptake by
this cell line, but a much higher concentration of Chr (100 µM) was tested.(Andrade et al. 2018) The
present findings support the idea that complexation of Chr with Cu(II) and Co(II) ions may positively
influence its inhibitory effect upon intestinal glucose absorption when compared to pure Chr. By limiting
intestinal glucose absorption, this mechanism could support better glycemic control in diabetic patients.

We further aimed to understand the possible mechanisms involved in the modulatory effect of the
complexes on glucose uptake. Because both 3H-DG and 14C-fruct uptake by Caco-2 cells is sensitive to
oxidative stress levels,(Andrade et al. 2018) we decided to evaluate the effect of the compounds on
cellular redox levels, by determining their effects on lipid peroxidation levels. The TBARS assay revealed
that the complexes had no effect on lipid peroxidation levels (Fig. 5c). These findings are consistent with
the DPPH and FRAP assays, in which the complexes exhibited neither antioxidant nor pro-oxidant
properties (data not shown). Thus, their inhibitory effect on intestinal glucose uptake does not appear to
be mediated by redox modulation.

To further understand the possible mechanisms involved in the modulatory effect of the complexes on
glucose uptake, RT-qPCR was performed to evaluate expression of the following genes: SREBP-1C and
ChREBP. The results obtained allowed us to conclude that no differences were observed in relation to
SREBBP-1c, but both complexes drastically increase ChREBP expression (Fig. 5d). ChREBP is a
transcription factor activated by high glucose that generally promotes the expression of genes involved
in carbohydrate (glycolysis) and lipid (lipogenesis) metabolism.(Iizuka 2017b) Accordingly, at the
intestinal level, ChREBP is known to induce GLUT2 and GLUT5 expression levels.(Iizuka 2017a; Kato et
al. 2018) However, in the present report, a decrease in glucose cellular uptake was observed. It is
possible that elevated ChREBP expression may signal a feedback response aimed at maintaining
glucose homeostasis, leading to downregulation of glucose transporter activity, thereby reducing
glucose intestinal absorption and preventing excessive glucose uptake during states of nutrient surplus.
Alternatively, the observed effect may result from a direct effect of the complexes on glucose
transporters’ activity or expression. Interestingly, an opposite increase in the expression of ChREBP
(increase) and GLUT2 (decrease) was found in hepatocellular carcinoma cells, in relation to non-
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cancerous tissue.(Lei et al. 2020)  So, the relationship between ChREBP and glucose transporters is not
clear and should be further investigated.

3.4.2 HepG2 

In HepG2 cells, significant reductions in cell viability were observed only at the highest concentrations of
complex 1, complex 2 and Chr (Fig. 6a). Therefore, the selected concentrations for further experiments
were 0.7 and 7 µM for the complexes and 1 µM for Chr.

Because the liver plays an important role in removing excess glucose and fructose from the
bloodstream,(Roden and Shulman 2019) we decided to investigate the potential effect of these
compounds on hepatic glucose and fructose uptake. Interestingly, both metal complexes significantly
increased ³H-DG uptake (by 10-23%) by HepG2 cells (Fig. 6b). These increases may correlate with a more
efficient hepatic removal of blood glucose, which is beneficial in the diabetic context. The increase is
even higher compared with Chr that, although did not significantly affect 3H-DG uptake, tended to slightly
reduce it. In a previous study, it was reported that Chr (at higher concentrations (10-15 µM) than the ones
used in the present study) stimulates glucose uptake in insulin-resistant HepG2 cells.(Zhou et al. 2021)
This supports the evidence that complexation of Chr with copper or cobalt ions enhances its ability to
modulate hepatic glucose uptake. In relation to ¹⁴C-fruct uptake, it was significantly reduced by complex
2, although the decrease was lower than 20%, and no significant differences were found between the
complexes and Chr.

Similar to the studies conducted on Caco-2 cells, we aimed to understand the possible mechanisms
involved in the modulatory effect of the complexes on glucose uptake in HepG2 cells. So, RT-qPCR was
performed to evaluate their effect on the gene expression of SREBP-1c, ChREBP, ACC1, and GK. The
results demonstrated that complex 1 significantly downregulated SREBP-1c and ChREBP (Fig. 6c)
expression, with reductions of approximately 81% and 66%, respectively. Additionally, none of the
complexes interfered with the expression of ACC1 and GK (results not shown).

SREBP-1c (Sterol Regulatory Element-Binding Protein 1c) is a key transcription factor involved in lipid
metabolism, particularly fatty acid and triglyceride synthesis. It is primarily activated by insulin and acts
in coordination with ChREBP to regulate lipogenesis.(Ortega-Prieto and Postic 2019)  SREBP-1c
downregulation may be beneficial, as elevated SREBP-1c expression has been linked to insulin
resistance and increased de novo lipogenesis and triglyceride accumulation,(Zhou et al. 2021),(Pai et al.
2019) and SREBP-1c inhibitors improve insulin resistance and have an overall beneficial effect on the
main components of metabolic syndrome.(Wang et al. 2024) Previous studies conducted in other
experimental models (animal liver tissue) demonstrated a negative effect of Chr on SREBP-1c
expression levels,(Zhou et al. 2021; Pai et al. 2019; Oriquat et al. 2023; Campanher et al. 2025) although
another study concluded that Chr can reduce lipid accumulation in the liver of rats,(Attia et al. 2022;
Campanher et al. 2025) without interfering with SREBP-1c, ACC1 or GLUT2 expression.(Campanher et al.
2025) We verified that the Cu(II)-Chr complex (but not the Co(II)-Chr complex) downregulated SREBP-1c
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and ChREBP expression in HepG2 cells. Although the effect of Chr on ChREBP has not been, to our
knowledge, yet reported, our results suggest that the effect of Chr on these hepatic transcription factors
is maintained after complexation with Cu(II), but not with Co(II). 

Moreover, similar to what we observed in Caco-2 cells, an opposite trend in the expression of SREBP-1c
and ChREBP (decrease) and on cellular glucose uptake (increase) was induced by complex 1 in HepG2
cells. GLUT2 accounts for over 97% of glucose transporters in hepatocytes,(Sun et al. 2023) and liver
cells are freely permeable to glucose via this transporter.(Kennelly et al. 2023) So, the increase in
glucose uptake may result from a direct effect of the complexes on GLUT2 activity or expression, again
pointing to the need of further investigation on the relationship between SREBP-1c, ChREBP and GLUT2.

3.4.3 3T3-L1

In 3T3-L1 mature adipocytes, complex 1 exhibited significant cytotoxicity at all tested concentrations
(Fig. 7a). However, at 0.7 and 7 µM, cell viability was reduced by only approximately 20%. So, these
concentrations of complex 1 were chosen for further studies. In contrast, complex 2 and Chr were not
cytotoxic at any concentration, and so the two lower concentrations (0.7 and 7 µM for complex 2 and 1
and 10 µM for Chr) were selected for further assays.

Then, the effect of these compounds on glucose uptake was assessed. As shown in Fig. 7b, complex 2
at 7 µM significantly increased ³H-DG uptake (by about 50%) compared to the control and Chr. No other
significant differences were observed, but a tendency to increase ³H-DG uptake is also observed for
complex 1 at 7 µM, and complex 2 at 0.7 µM. The stimulating effect of complex 2 on glucose removal by
adipocytes is interesting in the context of insulin resistance and type 2 diabetes mellitus, as it may
contribute to a glycemia-lowering effect.(Merz and Thurmond 2020) Indeed, insulin resistance is known
to reduce adipose tissue GLUT4 expression, as well as glucose uptake.(Dubon et al. 2015) A previous
study reported the insulin-mimetic properties of two complexes of Zn(II) with other plant-derived natural
compounds (bis(maltolato)-Zn(II) complex and bis(allixinato)-Zn(II) complex), as these complexes
successfully increased glucose uptake by rat adipocyte cells.(Adachi et al. 2004) In their study, a similar
effect to the one observed for complex 2 at 7 µM, but for a considerable higher concentration, was
observed.

Finally, to evaluate the impact of these compounds on lipid accumulation, 3T3-L1 cells were stained with
Oil Red O, a dye that specifically binds neutral lipids such as triglyceride and cholesteryl esters.(Pacifici
et al. 2023) This assay is particularly relevant in the context of diabetes, since adipocyte dysfunction,
often developing as a result of insulin resistance, is closely associated with T2DM,(Dubon et al. 2015)
and 3T3-L1 cells are a well-established model for studying adipogenesis and lipid accumulation.(Cave
and Crowther 2019) As shown in Fig. 7c, both the complexes and Chr significantly increased lipid
accumulation in 3T3-L1 cells at all tested concentrations. No significant differences were observed
between the Cu(II) and Co(II) complexes in this effect. However, complex 1 at 0.7 µM resulted in
significantly lower lipid accumulation compared to Chr, suggesting a potential difference in their impact
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on adipogenesis. For complex 2, this increased lipid accumulation might be related to the increase in
cellular glucose uptake, which may act as the precursor of triglycerides.

4. Conclusions
This work adopts a multidisciplinary approach, bridging inorganic chemistry, biochemistry, and cellular
biology, to develop and evaluate novel metal–flavonoid complexes with antidiabetic potential. Cu(II) and
Co(II)-chrysin complexes were successfully synthesized using solvothermal and microwave-assisted
methods, the latter providing a greener, and faster (5 min) alternative without compromising product
quality. Spectroscopic and thermal analyses confirmed their structural integrity and stability.

Biological evaluation in intestinal, hepatic, and adipocyte cell models revealed that complexation with
Cu(II) and Co(II) markedly enhances the bioactivity of chrysin. Both complexes reduced intestinal
glucose absorption and increased hepatic glucose uptake, effects not observed with free chrysin. In
adipocytes, the Co(II) complex significantly stimulated glucose uptake. These biological outcomes were
accompanied by modulation of key metabolic regulators, including ChREBP and SREBP-1c, suggesting
distinct and tissue-specific mechanisms of action. Importantly, both complexes displayed low
cytotoxicity at active concentrations.

To the best of our knowledge, this is the first demonstration of antidiabetic activity for Cu(II)- and Co(II)-
chrysin complexes. These findings support the hypothesis that metal coordination can overcome
pharmacokinetic limitations of flavonoids and potentiate their therapeutic action. Moreover, they position
these metal–chrysin complexes as promising proof‑of‑concept systems for the development of
metal‑based antidiabetic leads. Nevertheless, further studies addressing in vivo efficacy, metal
biodistribution, and long‑term toxicity will be essential to assess their translational potential. 

Declarations

Author Contribution
Diogo Marinheiro: Writing – original draft, Methodology, Investigation. Cláudia Silva: Writing – review &
editing, Methodology, Investigation Ricardo F. Mendes: Writing – review & editing, Methodology. Tânia
Moniz: Writing – review & editing, Investigation, Methodology. André Silva: Investigation, Methodology.
Maria Rangel: Writing – review & editing, Methodology. João Rocha: Writing – review & editing, Funding
acquisition. Ana Luísa Daniel-da-Silva: Writing – review & editing, Supervision, Funding acquisition.
Fátima Martel: Writing – review & editing, Supervision, Funding acquisition. Bárbara J. M. Leite Ferreira:
Writing – review & editing, Validation, Supervision, Conceptualization.

Acknowledgement

Page 20/34



This work was developed within the scope of the project CICECO-Aveiro Institute of Materials,
UID/50011/2025 (DOI 10.54499/UID/50011/2025) & LA/P/0006/2020 (DOI 10.54499/LA/P/0006/2020)
& UID/PRR/50011/2025 (DOI 10.54499/UID/PRR/50011/2025), financed by national funds through the
FCT/MCTES (PIDDAC). This work received financial support from the PT national funds (FCT/MECI,
Fundação para a Ciência e Tecnologia and Ministério da Educação, Ciência e Inovação) through the
project UID/50006/2025 DOI 10.54499/UID/50006/2025 -Laboratório Associado para a Química Verde -
Tecnologias e Processos Limpos. The position held by B.J.M.L.F. was funded by national funds (OE),
through FCT-Fundação para a Ciência e Tecnologia, I.P., in the scope of the framework contract foreseen
in numbers 4, 5 and 6 of Article 23 of the Decreet-Law 57/2016, of 29 August, changed by Law 57/2017
of 19 July (DOI: 10.54499/DL57/2016/CP1482/CT0019). D.M. acknowledges FCT for the PhD grant
(DOI:10.54499/2021.05673.BD). A.L.D.-d.-S. acknowledges FCT for funding
(DOI:10.54499/CEECIND/03075/2018/CP1559/CT0020). The authors thank the generous gift of HepG2
(Dr. Rita Negrão; Faculty of Medicine, University of Porto, Portugal) and 3T3-L1 (Dr. Dalila Pedro, i3s,
University of Porto, Portugal) cell lines.

Data Availability
All data supporting the findings of this study are included in the article and its supplementary
information files. Additional raw data are available from the corresponding author upon reasonable
request.

Conflicts of Interest
The authors declare no competing financial interest.

References
1. Adachi, Yusuke, Jiro Yoshida, Yukihiro Kodera, et al. 2004. ‘A New Insulin-Mimetic

Bis(Allixinato)Zinc(II) Complex: Structure-Activity Relationship of Zinc(II) Complexes’. JBIC Journal
of Biological Inorganic Chemistry 9 (7): 885–93. https://doi.org/10.1007/s00775-004-0590-8.

2. Alicic, Radica Z., Michele T. Rooney, and Katherine R. Tuttle. 2017. ‘Diabetic Kidney Disease:
Challenges, Progress, and Possibilities’. Clinical Journal of the American Society of Nephrology 12
(12): 2032–45. https://doi.org/10.2215/CJN.11491116.

3. AL-Ishaq, Abotaleb, Kubatka, Kajo, and Büsselberg. 2019. ‘Flavonoids and Their Anti-Diabetic
Effects: Cellular Mechanisms and Effects to Improve Blood Sugar Levels’. Biomolecules 9 (9): 430.
https://doi.org/10.3390/biom9090430.

4. American Diabetes Association. 2013. ‘Diagnosis and Classification of Diabetes Mellitus’. Diabetes
Care 36 (Supplement_1): S67–74. https://doi.org/10.2337/dc13-S067.

Page 21/34



5. Andrade, Nelson, Sara Andrade, Claúdia Silva, et al. 2020. ‘Chronic Consumption of the Dietary
Polyphenol Chrysin Attenuates Metabolic Disease in Fructose-Fed Rats’. European Journal of
Nutrition 59 (1): 1. https://doi.org/10.1007/s00394-019-01895-9.

6. Andrade, Nelson, Cláudia Silva, and Fátima Martel. 2018. ‘The Effect of Oxidative Stress upon
Intestinal Sugar Transport: An in Vitro Study Using Human Intestinal Epithelial (Caco-2) Cells’.
Toxicology Research 7 (6): 1236–46. https://doi.org/10.1039/C8TX00183A.

7. Antar, Samar A., Nada A. Ashour, Marwa Sharaky, et al. 2023. ‘Diabetes Mellitus: Classification,
Mediators, and Complications; A Gate to Identify Potential Targets for the Development of New
Effective Treatments’. Biomedicine & Pharmacotherapy 168 (December): 115734.
https://doi.org/10.1016/j.biopha.2023.115734.

8. Attia, Hala, Norah Albekairi, Layal Albdeirat, et al. 2022. ‘Chrysin Attenuates Fructose-Induced
Nonalcoholic Fatty Liver in Rats via Antioxidant and Anti-Inflammatory Effects: The Role of
Angiotensin-Converting Enzyme 2/Angiotensin (1–7)/Mas Receptor Axis’. Oxidative Medicine and
Cellular Longevity 2022 (June): 1–14. https://doi.org/10.1155/2022/9479456.

9. Barry, Nicolas P. E., and Peter J. Sadler. 2013. ‘Exploration of the Medical Periodic Table: Towards
New Targets’. Chemical Communications 49 (45): 5106. https://doi.org/10.1039/c3cc41143e.

10. Bradford, Marion M. 1976. ‘A Rapid and Sensitive Method for the Quantitation of Microgram
Quantities of Protein Utilizing the Principle of Protein-Dye Binding’. Analytical Biochemistry 72 (1–2):
248–54. https://doi.org/10.1016/0003-2697(76)90527-3.

11. Campanher, Gabriela, Nelson Andrade, Joanne Lopes, et al. 2025. ‘The Counteracting Effect of
Chrysin on Dietary Fructose-Induced Metabolic-Associated Fatty Liver Disease (MAFLD) in Rats with
a Focus on Glucose and Lipid Metabolism’. Molecules 30 (2): 380.
https://doi.org/10.3390/molecules30020380.

12. Cave, Eleanor, and Nigel J. Crowther. 2019. ‘The Use of 3T3-L1 Murine Preadipocytes as a Model of
Adipogenesis’. In Pre-Clinical Models, edited by Paul C. Guest, vol. 1916. Methods in Molecular
Biology. Springer New York. https://doi.org/10.1007/978-1-4939-8994-2_25.

13. Cazarolli, Luisa Helena, Leila Zanatta, Ana Paula Jorge, et al. 2006. ‘Follow-up Studies on
Glycosylated Flavonoids and Their Complexes with Vanadium: Their Anti-Hyperglycemic Potential
Role in Diabetes’. Chemico-Biological Interactions 163 (3): 177–91.
https://doi.org/10.1016/j.cbi.2006.07.010.

14. Cotton, F. Albert, and F. Albert Cotton, eds. 1999. Advanced Inorganic Chemistry. 6th ed. Wiley.

15. Dong, Hao, Xiaocui Yang, Jiapeng He, Sheng Cai, Kaijun Xiao, and Liang Zhu. 2017. ‘Enhanced
Antioxidant Activity, Antibacterial Activity and Hypoglycemic Effect of Luteolin by Complexation with
Manganese(ii) and Its Inhibition Kinetics on Xanthine Oxidase’. RSC Advances 7 (84): 53385–95.
https://doi.org/10.1039/C7RA11036G.

16. Dubon, Maria Jose, Yeji Byeon, and Ki-Sook Park. 2015. ‘Substance P Enhances the Activation of
AMPK and Cellular Lipid Accumulation in 3T3–L1 Cells in Response to High Levels of Glucose’.
Molecular Medicine Reports 12 (6): 8048–54. https://doi.org/10.3892/mmr.2015.4453.

Page 22/34



17. EFSA Scientific Committee, Simon John More, Vasileios Bampidis, et al. 2023. ‘Re-evaluation of the
Existing Health‐based Guidance Values for Copper and Exposure Assessment from All Sources’.
EFSA Journal (IT) 21 (1). https://doi.org/10.2903/j.efsa.2023.7728.

18. Finley, Brent L., Andrew D. Monnot, Dennis J. Paustenbach, and Shannon H. Gaffney. 2012.
‘Derivation of a Chronic Oral Reference Dose for Cobalt’. Regulatory Toxicology and Pharmacology 64
(3): 491–503. https://doi.org/10.1016/j.yrtph.2012.08.022.

19. Gabano, Elisabetta, and Mauro Ravera. 2022a. ‘Microwave-Assisted Synthesis: Can Transition Metal
Complexes Take Advantage of This “Green” Method?’ Molecules 27 (13): 4249.
https://doi.org/10.3390/molecules27134249.

20. Gabano, Elisabetta, and Mauro Ravera. 2022b. ‘Microwave-Assisted Synthesis: Can Transition Metal
Complexes Take Advantage of This “Green” Method?’ Molecules 27 (13): 4249.
https://doi.org/10.3390/molecules27134249.

21. Gopalakrishnan, Veerasamy, Subramanian Iyyam Pillai, and Sorimuthu Pillai Subramanian. 2015.
‘Synthesis, Spectral Characterization, and Biochemical Evaluation of Antidiabetic Properties of a
New Zinc-Diosmin Complex Studied in High Fat Diet Fed-Low Dose Streptozotocin Induced
Experimental Type 2 Diabetes in Rats’. Biochemistry Research International 2015: 1–11.
https://doi.org/10.1155/2015/350829.

22. Goyal, Rajeev, Mayank Singhal, and Ishwarlal Jialal. 2025. ‘Type 2 Diabetes’. In StatPearls. StatPearls
Publishing. http://www.ncbi.nlm.nih.gov/books/NBK513253/.

23. Halevas, E., A. Mitrakas, B. Mavroidi, et al. 2021. ‘Structurally Characterized Copper-Chrysin
Complexes Display Genotoxic and Cytotoxic Activity in Human Cells’. Inorganica Chimica Acta 515
(January): 120062. https://doi.org/10.1016/j.ica.2020.120062.

24. Halevas, Eleftherios, Barbara Mavroidi, Orestis Antonoglou, et al. 2020. ‘Structurally Characterized
Gallium–Chrysin Complexes with Anticancer Potential’. Dalton Transactions 49 (8): 2734–46.
https://doi.org/10.1039/C9DT04540F.

25. Halevas, Eleftherios, Barbara Mavroidi, Maria Pelecanou, and Antonios G. Hatzidimitriou. 2021.
‘Structurally Characterized Zinc Complexes of Flavonoids Chrysin and Quercetin with Antioxidant
Potential’. Inorganica Chimica Acta 523 (August): 120407.
https://doi.org/10.1016/j.ica.2021.120407.

26. Iizuka, Katsumi. 2017a. ‘The Role of Carbohydrate Response Element Binding Protein in Intestinal
and Hepatic Fructose Metabolism’. Nutrients 9 (2): 181. https://doi.org/10.3390/nu9020181.

27. Iizuka, Katsumi. 2017b. ‘The Transcription Factor Carbohydrate-Response Element-Binding Protein
(ChREBP): A Possible Link between Metabolic Disease and Cancer’. Biochimica et Biophysica Acta
(BBA) - Molecular Basis of Disease 1863 (2): 474–85. https://doi.org/10.1016/j.bbadis.2016.11.029.

28. International Diabetes Federation. 2025. IDF Diabetes Atlas 11th Edition.
https://diabetesatlas.org/resources/idf-diabetes-atlas-2025/#.

29. Jabeen, Erum, Naveed Kausar Janjua, Safeer Ahmed, et al. 2017. ‘DFT Predictions, Synthesis,
Stoichiometric Structures and Anti-Diabetic Activity of Cu (II) and Fe (III) Complexes of Quercetin,

Page 23/34



Morin, and Primuletin’. Journal of Molecular Structure 1150: 459–68.
https://doi.org/10.1016/j.molstruc.2017.09.003.

30. Jiang, Ye-Hao, Qing-Ling Liu, Yang-Hui Luo, and Bai-Wang Sun. 2017. ‘Complexation of Different
Transition Metals with 4-(4-Carboxyphenyl)-1,2,4-Triazole: Synthesis, Crystal Structure and Hirshfeld
Surfaces’. Journal of Molecular Structure 1149 (December): 136–41.
https://doi.org/10.1016/j.molstruc.2017.07.103.

31. Kato, Takehiro, Katsumi Iizuka, Ken Takao, Yukio Horikawa, Tadahiro Kitamura, and Jun Takeda.
2018. ‘ChREBP-Knockout Mice Show Sucrose Intolerance and Fructose Malabsorption’. Nutrients 10
(3): 340. https://doi.org/10.3390/nu10030340.

32. Kaur Jassal, Amanpreet. 2025. ‘Role of Non-Covalent Interactions in the Supramolecular
Architectures of Co(II), Cu(II), Zn(II), and Cd (II) Based Complexes with Heterofunctional Ligand (2-
Amino, 5-Nitrobenzoic Acid): Comparative Experimental and Hirshfeld Surface Calculations’.
Inorganica Chimica Acta 574 (January): 122406. https://doi.org/10.1016/j.ica.2024.122406.

33. Kennelly, Peter J., Kathleen M. Botham, Owen P. McGuinness, Victor W. Rodwell, and P. Anthony Weil,
eds. 2023. Harper’s Illustrated Biochemistry. Thirty-Second edition. McGraw-Hill’s AccessMedicine.
McGraw-Hill LLC.

34. Kostova, Irena, and Stefan Balkansky. 2013. ‘Metal Complexes of Biologically Active Ligands as
Potential Antioxidants’. Current Medicinal Chemistry 20 (36): 4508–39.
https://doi.org/10.2174/09298673113206660288.

35. Lee, Young-Ho, Yuxi Lin, Sarah J. Cox, et al. 2019. ‘Zinc Boosts EGCG’s hIAPP Amyloid Inhibition
Both in Solution and Membrane’. Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics 1867
(5): 529–36. https://doi.org/10.1016/j.bbapap.2018.11.006.

36. Lei, Yu, Qiaoling Hu, and Jiang Gu. 2020. ‘Expressions of Carbohydrate Response Element Binding
Protein and Glucose Transporters in Liver Cancer and Clinical Significance’. Pathology Oncology
Research: POR 26 (2): 1331–40. https://doi.org/10.1007/s12253-019-00708-y.

37. Levina, Aviva, Debbie C. Crans, and Peter A. Lay. 2017. ‘Speciation of Metal Drugs, Supplements and
Toxins in Media and Bodily Fluids Controls in Vitro Activities’. Coordination Chemistry Reviews 352
(December): 473–98. https://doi.org/10.1016/j.ccr.2017.01.002.

38. Levina, Aviva, and Peter A. Lay. 2011. ‘Metal-Based Anti-Diabetic Drugs: Advances and Challenges’.
Dalton Transactions 40 (44): 44. https://doi.org/10.1039/c1dt10380f.

39. Liu, Chang, Jianhua Wu, Chengting Hu, Aihong Yang, Rui Shen, and Xiaodi Kou. 2023. ‘Synthesis,
Single Crystal Characterization and Anti-AD Activities of a Novel Complex of Cu(II) with in Situ
Formed Protonated Chrysin Derivative Ligand’. Journal of Inorganic Biochemistry 239: 112086.
https://doi.org/10.1016/j.jinorgbio.2022.112086.

40. Lv, Shuang, Zhenbao Zhu, and Hang Xiao. 2025. ‘Flavonoids and Their Metal Complexes as Potential
Agents for Diabetes Mellitus with Future Perspectives’. Critical Reviews in Food Science and
Nutrition, 1–31. https://doi.org/10.1080/10408398.2025.2461238.

Page 24/34



41. Marinho, Maria Vanda, Lippy Faria Marques, Renata Diniz, et al. 2012. ‘Solvothermal Synthesis,
Crystal Structure and Magnetic Properties of Homometallic Co(II) and Cu(II) Chains with Double
Di(4-Pyridyl)Sulfide as Bridges’. Polyhedron 45 (1): 1–8. https://doi.org/10.1016/j.poly.2012.07.045.

42. Merz, Karla E., and Debbie C. Thurmond. 2020. ‘Role of Skeletal Muscle in Insulin Resistance and
Glucose Uptake’. In Comprehensive Physiology, 1st edn, edited by Ronald Terjung. Wiley.
https://doi.org/10.1002/cphy.c190029.

43. Mohamed M., Hassanien, Saad Entsar A., and Radwan Kholoud H. 2020. ‘Antidiabetic Activity of
Cobalt–Quercetin Complex: A New Potential Candidate for Diabetes Treatment’. Journal of Applied
Pharmaceutical Science 10 (12): 044–052. https://doi.org/10.7324/JAPS.2020.101206.

44. Muñoz, Vanesa A., Gabriela V. Ferrari, Matias I. Sancho, and Maria P. Montaña. 2016. ‘Spectroscopic
and Thermodynamic Study of Chrysin and Quercetin Complexes with Cu(II)’. Journal of Chemical &
Engineering Data 61 (2): 987–95. https://doi.org/10.1021/acs.jced.5b00837.

45. Muthukumar, Pandi, Gunasekaran Arunkumar, Mehboobali Pannipara, Abdullah G. Al-Sehemi,
Dohyun Moon, and Savarimuthu Philip Anthony. 2023. ‘Highly Enhanced Electrocatalytic OER Activity
of Water-Coordinated Copper Complexes: Effect of Lattice Water and Bridging Ligand’. RSC
Advances 13 (18): 12065–71. https://doi.org/10.1039/D3RA01186K.

46. N. N. Greenwood; A. Earnshaw, ed. 1997. ‘28 - Copper, Silver and Gold’. In Chemistry of the Elements.
Elsevier. https://doi.org/10.1016/B978-0-7506-3365-9.50034-1.

47. Naso, Luciana G., Juan J. Martínez Medina, Nora B. Okulik, Evelina G. Ferrer, and Patricia A. M.
Williams. 2022. ‘Study on the Cytotoxic, Antimetastatic and Albumin Binding Properties of the
Oxidovanadium(IV) Chrysin Complex. Structural Elucidation by Computational Methodologies’.
Chemico-Biological Interactions 351: 109750. https://doi.org/10.1016/j.cbi.2021.109750.

48. National Center for Biotechnology Information. 2022. ‘PubChem Compound Summary for CID
5281607, Chrysin’. https://pubchem.ncbi.nlm.nih.gov/compound/Chrysin.

49. Naz, Saima, Muhammad Imran, Abdur Rauf, et al. 2019. ‘Chrysin: Pharmacological and Therapeutic
Properties’. Life Sciences 235: 116797. https://doi.org/10.1016/j.lfs.2019.116797.

50. Ni, Dejiang, Zeyi Ai, Diana Munoz-Sandoval, et al. 2020. ‘Inhibition of the Facilitative Sugar
Transporters (GLUTs) by Tea Extracts and Catechins’. The FASEB Journal 34 (8): 9995–10010.
https://doi.org/10.1096/fj.202000057RR.

51. Oriquat, Ghaleb, Inas M. Masoud, Maher A. Kamel, Hebatallah Mohammed Aboudeya, Marwa B.
Bakir, and Sara A. Shaker. 2023. ‘The Anti-Obesity and Anti-Steatotic Effects of Chrysin in a Rat
Model of Obesity Mediated through Modulating the Hepatic AMPK/mTOR/Lipogenesis Pathways’.
Molecules 28 (4): 1734. https://doi.org/10.3390/molecules28041734.

52. Ortega-Prieto, Paula, and Catherine Postic. 2019. ‘Carbohydrate Sensing Through the Transcription
Factor ChREBP’. Frontiers in Genetics 10: 472. https://doi.org/10.3389/fgene.2019.00472.

53. Pacifici, Francesca, Gina Malatesta, Caterina Mammi, et al. 2023. ‘A Novel Mix of Polyphenols and
Micronutrients Reduces Adipogenesis and Promotes White Adipose Tissue Browning via UCP1
Expression and AMPK Activation’. Cells 12 (5): 714. https://doi.org/10.3390/cells12050714.

Page 25/34



54. Pai, Sarayu A., Renuka P. Munshi, Falguni H. Panchal, Ila-Shruti Gaur, and Archana R. Juvekar. 2019.
‘Chrysin Ameliorates Nonalcoholic Fatty Liver Disease in Rats’. Naunyn-Schmiedeberg’s Archives of
Pharmacology 392 (12): 1617–28. https://doi.org/10.1007/s00210-019-01705-3.

55. Peixoto, Juliana A. Barreto, Nelson Andrade, Susana Machado, et al. 2022. ‘Valorizing Coffee
Silverskin Based on Its Phytochemicals and Antidiabetic Potential: From Lab to a Pilot Scale’. Foods
11 (12): 1671. https://doi.org/10.3390/foods11121671.

56. Phan, Pham Thi, Jeongsoo Hong, Ngo Tran, and Thi Hoa Le. 2023. ‘The Properties of Microwave-
Assisted Synthesis of Metal–Organic Frameworks and Their Applications’. Nanomaterials 13 (2):
352. https://doi.org/10.3390/nano13020352.

57. Pillai, Subramanian Iyyam, Sorimuthu Pillai Subramanian, and Muthusamy Kandaswamy. 2013a. ‘A
Novel Insulin Mimetic Vanadium–Flavonol Complex: Synthesis, Characterization and in Vivo
Evaluation in STZ-Induced Rats’. European Journal of Medicinal Chemistry 63: 109–17.
https://doi.org/10.1016/j.ejmech.2013.02.002.

58. Pillai, Subramanian Iyyam, Sorimuthu Pillai Subramanian, and Muthusamy Kandaswamy. 2013b.
‘Evaluation of Antioxidant Efficacy of Vanadium-3-Hydroxyflavone Complex in Streptozotocin-
Diabetic Rats’. Chemico-Biological Interactions 204 (2): 67–74.
https://doi.org/10.1016/j.cbi.2013.04.012.

59. Rajeshwari, K., P. V. Anantha Lakshmi, J. Archana, and M. Sumakanth. 2021. ‘Ternary Cobalt(II),
Nickel(II), and Copper(II) Complexes Containing Metformin and Ethylenediamine: Synthesis,
Characterization, Thermal, in Vitro DNA Binding, in Silico Molecular Docking, and in Vivo
Antihyperglycemic Studies’. Applied Organometallic Chemistry 35 (2): e6100.
https://doi.org/10.1002/aoc.6100.

60. Rangel, Maria, Andreia Leite, André Silva, Baltazar De Castro, Walkiria Schlindwein, and Loretta
Murphy. 2014. ‘EPR and XANES Studies of Anaerobic Photolysis of Iso-Propilpyridinecobaloxime:
Elucidation of the Reactivity of the Co(II) Primary Product’. Journal of Organometallic Chemistry 760
(June): 11–18. https://doi.org/10.1016/j.jorganchem.2014.01.033.

61. Rangel, Maria, Andreia Leite, André M. N. Silva, Tânia Moniz, et al. 2014. ‘Distinctive EPR Signals
Provide an Understanding of the Affinity of Bis-(3-Hydroxy-4-Pyridinonato) Copper(ii) Complexes for
Hydrophobic Environments’. Dalton Trans. 43 (25): 9722–31. https://doi.org/10.1039/C4DT00642A.

62. Refat, Moamen S., Reham Z. Hamza, Abdel Majid A. Adam, et al. 2021. ‘Quercetin/Zinc Complex and
Stem Cells: A New Drug Therapy to Ameliorate Glycometabolic Control and Pulmonary Dysfunction
in Diabetes Mellitus: Structural Characterization and Genetic Studies’. PLOS ONE 16 (3): e0246265.
https://doi.org/10.1371/journal.pone.0246265.

63. Roden, Michael, and Gerald I. Shulman. 2019. ‘The Integrative Biology of Type 2 Diabetes’. Nature
576 (7785): 51–60. https://doi.org/10.1038/s41586-019-1797-8.

64. Rodríguez-Arce, Esteban, and Marianela Saldías. 2021. ‘Antioxidant Properties of Flavonoid Metal
Complexes and Their Potential Inclusion in the Development of Novel Strategies for the Treatment

Page 26/34



against Neurodegenerative Diseases’. Biomedicine & Pharmacotherapy 143: 112236.
https://doi.org/10.1016/j.biopha.2021.112236.

65. Samsonowicz, Mariola, Ewa Regulska, and Monika Kalinowska. 2017. ‘Hydroxyflavone Metal
Complexes - Molecular Structure, Antioxidant Activity and Biological Effects’. Chemico-Biological
Interactions 273 (August): 245–56. https://doi.org/10.1016/j.cbi.2017.06.016.

66. Sapra, Amit, and Priyanka Bhandari. 2021. ‘Diabetes Mellitus’. In StatPearls. StatPearls Publishing.
http://www.ncbi.nlm.nih.gov/books/NBK551501/.

67. Schmittgen, Thomas D., and Kenneth J. Livak. 2008. ‘Analyzing Real-Time PCR Data by the
Comparative CT Method’. Nature Protocols 3 (6): 1101–8. https://doi.org/10.1038/nprot.2008.73.

68. Selvaraj, Stalin, Sridharan Krishnaswamy, Venkappayya Devashya, Swaminathan Sethuraman, and
Uma Maheswari Krishnan. 2014a. ‘Flavonoid–Metal Ion Complexes: A Novel Class of Therapeutic
Agents’. Medicinal Research Reviews 34 (4): 677–702. https://doi.org/10.1002/med.21301.

69. Selvaraj, Stalin, Sridharan Krishnaswamy, Venkappayya Devashya, Swaminathan Sethuraman, and
Uma Maheswari Krishnan. 2014b. ‘Flavonoid–Metal Ion Complexes: A Novel Class of Therapeutic
Agents’. Medicinal Research Reviews 34 (4): 677–702. https://doi.org/10.1002/med.21301.

70. Steinmetz, Jaimie D., Rupert R. A. Bourne, Paul Svitil Briant, et al. 2021. ‘Causes of Blindness and
Vision Impairment in 2020 and Trends over 30 Years, and Prevalence of Avoidable Blindness in
Relation to VISION 2020: The Right to Sight: An Analysis for the Global Burden of Disease Study’.
The Lancet Global Health 9 (2): 2. https://doi.org/10.1016/S2214-109X(20)30489-7.

71. Stompor-Gorący, Monika, Agata Bajek-Bil, and Maciej Machaczka. 2021. ‘Chrysin: Perspectives on
Contemporary Status and Future Possibilities as Pro-Health Agent’. Nutrients 13 (6): 6.
https://doi.org/10.3390/nu13062038.

72. Sun, Bo, Hui Chen, Jisu Xue, Peiwu Li, and Xu Fu. 2023. ‘The Role of GLUT2 in Glucose Metabolism in
Multiple Organs and Tissues’. Molecular Biology Reports 50 (8): 6963–74.
https://doi.org/10.1007/s11033-023-08535-w.

73. Uivarosi, Valentina, and Alexandra-Cristina Munteanu. 2017. ‘Flavonoid Complexes as Promising
Anticancer Metallodrugs’. In Flavonoids - From Biosynthesis to Human Health, edited by Goncalo C.
Justino. InTech. https://doi.org/10.5772/67879.

74. Walencik, Paulina Katarzyna, Renata Choińska, Ewelina Gołębiewska, and Monika Kalinowska. 2024.
‘Metal–Flavonoid Interactions—From Simple Complexes to Advanced Systems’. Molecules 29 (11):
2573. https://doi.org/10.3390/molecules29112573.

75. Walpita, Kumari, Christopher D. James, and David L. Tierney. 2026. ‘EPR of High-Spin Co(II) in Fully‐
Chelated Octahedral Environments: From Solid State to Frozen Solution’. European Journal of
Inorganic Chemistry 29 (2): e202500366. https://doi.org/10.1002/ejic.202500366.

76. Wang, Xue, Yanqiu Chen, Heyu Meng, and Fanbo Meng. 2024. ‘SREBPs as the Potential Target for
Solving the Polypharmacy Dilemma’. Frontiers in Physiology 14: 1272540.
https://doi.org/10.3389/fphys.2023.1272540.

Page 27/34



77. World Health Organization. 2016. Global Report on Diabetes. World Health Organization.
https://apps.who.int/iris/handle/10665/204871.

78. World Health Organization. 2024. ‘The Top 10 Causes of Death’. https://www.who.int/news-
room/fact-sheets/detail/the-top-10-causes-of-death.

79. Zhou, Ying-Jun, Nuo Xu, Xiao-Chen Zhang, Yu-Yan Zhu, Shao-Wei Liu, and Ya-Ning Chang. 2021.
‘Chrysin Improves Glucose and Lipid Metabolism Disorders by Regulating the AMPK/PI3K/AKT
Signaling Pathway in Insulin-Resistant HepG2 Cells and HFD/STZ-Induced C57BL/6J Mice’. Journal
of Agricultural and Food Chemistry 69 (20): 5618–27. https://doi.org/10.1021/acs.jafc.1c01109.

Figures

Figure 1

Schematic representation of the solvothermal and MWAS routes used for the preparation of complexes
1 and 2.
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Figure 2

(a) UV–Vis absorption spectra of Chr, complex 1, and complex 2 recorded in 20 µM DMSO solutions; (b)
Comparison of solid-state and solution-phase UV–Vis spectra for both complexes, in the visible region;
(c) Time-dependent spectral changes of complex 1 in DMSO showing rearrangement and stabilization
after 24 hours.
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Figure 3

Tentative structures proposed for the Cu(II)- and Co(II)-Chr complexes. (a) Complex 1: [Cu(Chr)2]; (b)
Complex 2: [Co(Chr)2]  4 H2O, containing four non‑coordinated hydration water molecules.

Figure 4
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UV-Vis spectra of complex 1 (a) and complex 2 (b) in phenol red-free DMEM immediately after dilution
(0h) and after 24 hours of incubation at 37°C, compared with Chr under the same conditions.

Figure 5

Impact of the Chr metal complexes (complex 1 (1) and complex 2 (2)) in Caco-2 cells. (a) Effect of
different concentrations of Chr and its Cu(II) and Co(II) complexes on cell viability, assessed by the MTT
assay (n=7). (b) Effect of  Chr and its Cu(II) and Co(II) complexes on ³H-DG uptake (n=12) and ¹⁴C-
fructose (¹⁴C-fruct) uptake (n=12-16). (c) Effect of Chr Cu(II) and Co(II) complexes (0.7 µM) on lipid
peroxidation levels measured by the TBARS assay (n=6). (d) Effect of Chr Cu(II) and Co(II) complexes
(0.7 µM) on relative ChREBP and SREBP gene expression levels (n=6). Data are presented as mean ±
SEM. * p < 0.05, ** p<0.01, *** p<0.001 compared to control; # p < 0.05, ## p<0.01 compared to Chr 1 µM
(Student’s t test).
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Figure 6

Impact of the Chr metal complexes (complex 1 (1) and complex 2 (2)) in HepG2 cells. (a) Effect of
different concentrations of Chr and its Cu(II) and Co(II) complexes on cell viability, assessed by the MTT
assay (n=9-12). (b) Effect of different concentrations of Chr and its Cu(II) and Co(II) complexes on ³H-DG
and ¹⁴C-fruct uptake (n=8-16). (d) Effect of Chr Cu(II) and Co(II) complexes on relative SREBP-1C gene
expression levels (n=6). (c) Effect of Chr Cu(II) and Co(II) complexes on relative ChREBP and SREBP
gene expression levels (n=6). Data are presented as mean ± SEM. * p < 0.05, ** p<0.01, *** p<0.001
compared to control; ## p<0.01 compared to Chr 1 µM (Student’s t test).

Page 32/34



Figure 7

Impact of the Chr metal complexes (complex 1 (1) and complex 2 (2) in 3T3-L1 adipocytes. (a) Effect of
different concentrations of Chr and its Cu(II) and Co(II) complexes on cell viability, assessed by the MTT
assay (n=6). (b) Effect of different concentrations of Chr and its Cu(II) and Co(II) complexes on³H-DG
glucose uptake (n=8-12). (c) Effect of Chr Cu(II) and Co(II) complexes on lipid accumulation (ORO
staining) (n=12). Data are presented as mean ± SEM. * p < 0.05, ** p<0.01, *** p<0.001 compared to
control; # p < 0.05, ## p<0.01, ### p<0.001 compared to Chr (Student’s t test).
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