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Abstract 

Osteosarcoma (OS) is the most frequent type of bone cancer. Due to resistance to treatment and the toxic reactions linked with 

conventional therapy, other alternatives are being researched. Gallic acid (GA) has emerged as a promising candidate for the 

treatment of bone diseases and OS, as it has been shown to induce osteogenic differentiation, promote bone regeneration, 

repress osteoclastogenesis, protect preosteoblasts against external injury, and induce tumor cell death. One of the most emergent 

directions in chemotherapy development is the metal chelation of bioactive molecules, a strategy that generates complexes with 

improved therapeutic properties, enhanced selectivity, and minimized toxicity. For these reasons, the present study was de-

signed to comparatively investigate the cytotoxic activity of GA and GA-Zn(II) against U2OS cells. The results demonstrated 

that Zn(II) complexation potentiated the antitumor activity of gallic acid, as evidenced by enhanced cytotoxicity in U2OS cells, 

reduced clonogenic potential, and pronounced apoptotic morphological alterations, while showing lower cytotoxicity in the 

VERO cell line and maintaining a non-irritant profile. 

 

Rezumat 

Osteosarcomul (OS) este cel mai frecvent tip de cancer osos. Datorită rezistenței la tratament și a efectelor secundare toxice 

asociate terapiei convenționale, se studiază în prezent tratamente alternative. Acidul galic (GA) s-a impus ca un candidat pro-

mițător pentru afecțiunile osoase și pentru OS, întrucât s-a demonstrat că induce diferențierea osteogenică, favorizează regene-

rarea osoasă, inhibă osteoclastogeneza, protejează celulele preosteoblastice de leziunile externe și induce moartea celulelor 

tumorale. Una dintre tendințele cele mai în ascensiune în dezvoltarea chimioterapiei este chelatarea metalică a moleculelor 

bioactive, o strategie care generează complecși cu proprietăți terapeutice îmbunătățite, selectivitate sporită și toxicitate redusă 

la minimum. Din aceste motive, prezentul studiu a fost conceput pentru a investiga comparativ activitatea citotoxică a GA și a 

GA-Zn(II) împotriva celulelor U2OS.  
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Introduction 

Osteosarcoma (OS) is the most frequent type of bone 

cancer, which predominantly affects children and 

young adults. In approximately 75% of cases, OS oc-

curs near the knee, often involving long bones such 

as the distal femur; however, it can develop in any 

bone. The main treatments for bone cancer include 

surgery and chemotherapy. Nonetheless, chemother-

apy resistance still represents a major challenge, as 

it contributes to 90% of associated cancer deaths (1). 

Due to resistance to treatment and the toxic reactions 

linked with conventional therapy, other alternatives 

are being researched (2, 3). 

Phenolic compounds are a major class of secondary 

metabolites derived from medicinal, aromatic, and 

edible plants that encompass phenolic acids, flavo-

noids, and tannins and exert extensive pharmacological 
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properties, including antioxidant, antimicrobial, anti-

inflammatory, and antineoplastic, due to their chemi-

cal functional groups modulating key cellular signal-

ling pathways (4, 5). As regards their anti-cancer ef-

fects, phenolic compounds target multiple check-

points of malignant cells, triggering apoptosis, au-

tophagy, or cell cycle arrest with high specificity (5). 

Notably, as scientific evidence on the therapeutic 

properties of phenolic compounds has grown signif-

icantly, many recent publications have highlighted 

their antiproliferative effects against OS (6). Gallic 

acid (GA) is a phenolic acid of natural origin, abun-

dantly distributed in medicinal plants (e.g., Mentha 

spicata, Achillea millefolium, etc.), and dietary veg-

etal products (e.g., blackberry, gallnut, green tea, and 

red wine, etc.) (7). GA is endowed with diverse health-

promoting effects, including antioxidant, anti-in-

flammatory, anti-aging, anti-diabetic, hepatoprotec-

tive, neuroprotective, and antineoplastic effects 

against different malignancies such as skin, prostate, 

blood, colon, and breast cancers (7, 8) by interfering 

with processes related to tumor development (i.e., 

cell cycle and death, migration, metastasis, angiogene-

sis, etc.) (9). Recently, GA has become a promising 

candidate for the treatment of bone diseases, as a 

large number of studies revealed its ability to induce 

osteogenic differentiation, promote bone regenera-

tion, repress osteoclastogenesis, protect preosteo-

blast cells against external injury, and facilitate re-

fractory bone defect repair (10-13). Moreover, sev-

eral studies have focused on the tumour-suppressive 

effect of GA against OS, particularly demonstrating 

its ability to inhibit cell proliferation, promote cell 

death through apoptosis, cause cell cycle arrest, and 

block invasion and metastasis (14-16).  

One of the most emergent directions in chemother-

apy development is the metal chelation of bioactive 

molecules, a strategy that generates complexes with 

improved therapeutic properties, enhanced selectiv-

ity, and minimized toxicity (17). There is growing 

interest in this approach in the context of OS man-

agement, with many metal-based products being 

massively designed as promising treatment options 

for this malignancy (18).  

We have previously reported the synthesis, charac-

terization, and strong antioxidant activity of GA-

Zn(II) (19). In addition to these results and the exist-

ing gap in the literature regarding the anti-cancer ef-

fect of GA-Zn(II), the present study was designed to 

comparatively investigate the cytotoxic activity of 

GA and GA-Zn(II) against U2OS OS cells. Consider-

ing that both GA and Zn(II) presented innate antitumor 

properties in OS cells, the primary aim of this study 

was to determine whether their GA-Zn(II) complex 

retains their therapeutic effects following chelation. 

Additionally, this research examined the safety pro-

file of these compounds in the VERO cell line. 

 

Materials and Methods 

Materials and equipment  

In our previous study, we synthesized and physico-

chemically characterized the GA-Zn(II) complex 

(19). Structural characterization by FTIR and ¹H-

NMR indicated the formation of a Zn(GA)2 com-

plex, in which two gallic acid molecules coordinate 

one Zn(II) ion through a Zn(O4) coordination mode. 

The same characterized complex was used through-

out the present study. CellTiter-Glo® Assay was re-

ceived from Promega Corporation (Madison, Wis-

consin, USA). Crystal violet 1% was bought from 

Electron Microscopy Sciences (Hatfield, PA, USA).  

Trypsin–EDTA solution, phosphate-buffered saline 

(PBS), and 0.4% trypan blue solution were purchased 

from Sigma-Aldrich, Merck KGaA (Darmstadt, 

Germany). Paraformaldehyde 4% was obtained from 

Santa Cruz Biotechnology (Dallas, TX, USA). The 

specific cell culture media, McCoy’s 5A Modified 

Medium and Eagle's Minimum Essential Medium 

(EMEM), were obtained from ATCC (American 

Type Culture Collection, Ł omianki, Poland).  Dime-

thyl sulfoxide (DMSO) and penicillin–streptomycin 

were bought from PanBiotech (Aidenbach, Germany). 

Texas Red Phalloidin, MitoTracker™ Red CMXRos, 

and DAPI (4′,6-diamino-2-phenylindole) were ob-

tained from Thermo Fisher Scientific Inc. (Waltham, 

MA, USA). The assays were conducted using Cy-

tation 1, Cytation 5, and Lionheart FX and software 

(Gen5™ version 3.14) from Agilent (BioTek) (Winoo-

ski, VT, USA). For in ovo investigation, the V8 ste-

reomicroscope (ZEISS, Jena, Germany) was used. 

Sample preparation 

The stock solutions (final concentration 50 mM) 

were prepared by dissolving GA and GA-Zn(II) in 

DMSO. To perform the in vitro assays, the stock so-

lutions were further diluted in culture media to final 

concentrations of 10, 25, 50, 75, and 100 µM. For 

the in ovo test, the stock solutions were diluted to 

100 µM in distilled water. The reported concentra-

tions of GA-Zn(II) refer to the molar concentration of 

the isolated Zn(GA)₂ complex. Therefore, equimolar 

concentrations of GA and GA-Zn(II) do not corre-

spond to identical gallate-equivalent concentrations, 

and this aspect should be considered when interpret-

ing the comparative biological activity of the two 

compounds. 

VERO and U2OS cell culture method 

This study was conducted using VERO and U2OS 

cell lines, which were commercially acquired from 

American Type Culture Collection (ATCC), Lomianki, 

Poland. Upon receipt, the cells were thawed and 

grown in standard cell culture conditions of 5% CO2 

and 37°C, in EMEM and McCoy’s 5A Modified Me-

dium supplemented with 10% FBS and 1% Penicil-

lin-Streptomycin.  
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Stock solutions (50 mM) were prepared in DMSO 

and then diluted in complete culture medium. The 

maximum final DMSO concentration in the treat-

ment solutions was 0.2% (v/v). During preparation 

and throughout the treatment period, no visible pre-

cipitation or turbidity was observed in the GA-Zn(II) 

working solutions. 

CellTiter-Glo Viability Assay 

Cell viability of the two cell lines was evaluated us-

ing the CellTiter-Glo® luminescent assay after ex-

posure to GA and GA-Zn(II) for 24 h. Cells were 

seeded in opaque, white, flat-bottom 96-well plates 

at a density of 1 × 10⁴ cells per well and incubated 

with the tested compounds at 10, 25, 50, 75, and 100 

μM for one day. Following treatment, freshly pre-

pared CellTiter-Glo® Reagent was added directly to 

each well at a 1:1 reagent-to-medium ratio. The 

plates were then agitated on an orbital shaker for 2 

min to ensure complete cell lysis, and subsequently 

incubated at room temperature for 10 min to stabilize 

the signal. Luminescence was measured using a Cy-

tation 5 microplate reader. Cell viability was ex-

pressed relative to untreated control cells and calcu-

lated according to the following equation: 

Cell Viability (% of Control) = 
𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑆𝑎𝑚𝑝𝑙𝑒

𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 x 100. 

Colony formation test 

The clonogenic potential of U2OS cells following 

treatment with GA and GA-Zn(II)  at concentrations 

of 10, 50, and 100 μM. U2OS cells were seeded into 

clear, flat-bottom 96-well plates at a density of 150 

cells per well and allowed to adhere for 2 h under 

standard culture conditions (37°C, 5% CO₂). Then 

the protocol was followed according to Pancu et al. 

(20). The colony formation rate was determined ac-

cording to the following formula: 

Colony Formation Rate [%] = 
(𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑆𝑖𝑔𝑛𝑎𝑙)

(𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑆𝑖𝑔𝑛𝑎𝑙)
 x 100. 

Mitochondrial staining 

To investigate the effects of GA and GA-Zn(II) on 

mitochondrial integrity, U2OS cells were seeded in 

black 96-well plates with clear bottoms at a density 

of 1 × 10⁴ cells per well. Once the cultures reached 

approximately 70% confluence, the cells were ex-

posed to the tested compounds at 10, 50, and 100 μM 

for 24 h. Following the treatment period, mitochon-

drial activity was examined by staining the cells with 

MitoTracker™ Red CMXRos, which was added di-

rectly to the culture medium to achieve a final con-

centration of 300 nM. The cells were then imaged 

using the Lionheart FX automated microscope and 

the Gen5™ Microplate Data Collection and Analy-

sis Software (Version 3.14).  

JC-1-Based mitochondrial membrane potential 

U2OS cells were seeded in black 96-well plates with 

clear bottoms at a density of 1 × 10⁴ cells per well. 

After the cells reached the desired confluence, they 

were treated with the compounds of interest at 10, 

50, and 100 μM. One day after treatment, JC-1 dye 

(5 μM final concentration) was used to assess 

changes in mitochondrial membrane potential. Fol-

lowing dye addition, the protocol was then con-

ducted, as previously described (21). The results 

were calculated according to the following formula: 

JC-1 Ratio (Aggregate/Monomer) = 
(𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑎𝑡 590 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑆𝑖𝑔𝑛𝑎𝑙)

(𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑎𝑡 529 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑆𝑖𝑔𝑛𝑎𝑙)
. 

Immunofluorescence staining  

After GA and GA-Zn(II) exposure for 24 h at 10, 50, 

and 100 μM, the aspect of U2OS cell nuclei and cy-

toskeletal F-actin filaments was evaluated through 

immunofluorescence staining with DAPI and Tex-

asRed Phalloidin dyes, respectively. Clear-bottom, 

black, 96-well plates (104 cells per well) were used 

for this assay. Once the desired confluence was 

achieved, the cells were washed with PBS and fixed 

in 4% paraformaldehyde in PBS for 10 minutes. The 

cells were then permeabilized in 0.1% Triton X-100 

in PBS for 10 minutes and blocked with 1% BSA in 

PBS for 45 minutes. Afterward, DAPI (1:500) and 

Texas Red Phalloidin (0.5:200), both diluted in 0.1% 

BSA, were applied to the cells for 30 minutes. The 

cells were then washed with PBS and imaged using 

a Lionheart FX microscope at 60× magnification. 

All steps were performed at room temperature, and 

the plates were protected from light throughout the 

procedure. A similar method was presented by Marco-

vici et al. (22). Apoptotic index was calculated using 

DAPI-stained nuclei and the following formula: 

Apoptotic index (%) = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑝𝑜𝑝𝑡𝑜𝑡𝑖𝑐 𝑛𝑢𝑐𝑙𝑒𝑖

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑢𝑐𝑙𝑒𝑖
 x 100. 

In ovo irritation assay 

The HET-CAM (Hen's Egg Test – Chorioallantoic 

Membrane) irritation assay was conducted using a 

protocol previously described by Smeu et al. (23). 

Fresh, fertile hen eggs, weighing between 50 - 60 

grams, were procured from a rural supplier, sani-

tized, and incubated for a duration of 10 days under 

controlled conditions of 65% humidity and 37°C. On 

the fourth day of incubation, approximately 8 - 10 

mL of egg white was extracted using a syringe with 

a needle. On the fifth day, a window was created in 

the eggshell using forceps to facilitate visualization 

of the vascularization of the chorioallantoic mem-

brane (CAM) of the developing embryo. This win-

dow was subsequently sealed with medical tape, and 

the eggs were returned to the incubator until the tenth 

day, when the HET-CAM assay was performed, as 

vascular development was adequately established by 

this time. The assay employed sodium dodecyl sul-

fate (1%) as a positive control and distilled water as 

a negative control. A Zeiss SteREO Discovery.V8 

stereomicroscope, paired with a Zeiss Axiocam 105 

digital camera, was used for CAM evaluation and 

monitoring of the vascular effects. To perform the 
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test, 600 μL of each test substance was applied to the 

entire surface of the CAM, and changes in the vas-

cular plexus were monitored for 300 seconds, noting 

the onset of haemorrhage, lysis, or coagulation, which 

serve as indicators of irritant responses. The irrita-

tion score (IS) was subsequently calculated based on 

the timing of these responses, following the speci-

fied formula: 

IS = 5 x 
301−𝐻

300
 + 7 x 

301−𝐿

300
 + 9 x 

301−𝐶

300
, 

where: H = time (in seconds) when haemorrhage oc-

curred, L = time (in seconds) when vascular lysis oc-

curred, C = time (in seconds) when coagulation oc-

curred. 

Statistical analysis  

The results are presented as means ± standard devi-

ation (SD) of experiments performed using three bi-

ological and three technical replicates. The differ-

ences between control (cells without treatment) and 

treatment groups were assessed in GraphPad Prism 10 

version for Windows (GraphPad Software, San Diego, 

CA, United States), using the one-way ANOVA anal-

ysis and Dunnett’s multiple comparisons post-test 

(*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001 versus Control), respectively. 

 

Results and Discussion 

The present study aimed to investigate the in vitro 

effects of GA and GA-Zn(II) on U2OS cells and to 

evaluate their cytotoxicity in VERO cells, given that 

evidence regarding their effects in this type of cancer 

is limited. In addition, the differences between the 

effects of GA and its Zn(II) complex were investi-

gated to assess the impact of Zn(II) complexation on 

the biological activity of GA. The U2OS cell line is 

widely used in preclinical OS research, whereas the 

non-tumour VERO cell line serves as a standard 

model for assessing the toxicity of compounds (24, 

25). The tested concentrations (10 - 100 μM) and 

treatment duration were selected based on previous 

studies reporting antitumor effects under similar ex-

perimental conditions (15). To fulfil the objectives 

of this study, the following experimental analyses 

were carried out: (1) CellTiter-Glo to analyse the 

changes in cells’ viability; (2) colony formation as-

say to determine the long-term effect of treatment on 

the ability of cells to form colonies over 10 days; (3) 

MitoTracker cell staining to emphasize mitochon-

drial alterations; (4) JC-1 staining to evaluate the in-

tegrity of the mitochondrial membrane potential; (5) 

immunofluorescence staining  DAPI and TexasRed 

Phalloidin to visualize nuclear and cytoskeletal mor-

phology; (6) HET-CAM test on the chorioallantoic 

membrane to investigate the irritant potential of the 

tested compounds.  

 

 

GA and GA-Zn(II) Present a Concentration-De-

pendent Cytotoxicity in U2OS Cells 

Figure 1 depicts the cytotoxic potential of the tested 

compounds in VERO cells, showing a slight, con-

centration-dependent decrease in cell viability for 

both GA and GA-Zn(II). Specifically the viability of 

VERO cells following GA (10, 25, 50, 75, and 100 µM) 

treatment was 102.56%, 96.79%, 97.20%, 95.07%, 

and 93.20%, while reaching values of 101.67%, 

101.76%, 99.78%, 95.96%, and 93.40% after GA-

Zn(II) (10, 25, 50, 75, and 100 µM) exposure. These 

results indicate that complexation of GA with Zn(II) 

preserves its cytocompatibility in VERO cells, as 

both GA and GA-Zn(II) exerted a similar non-cyto-

toxic profile in this healthy cell line. 

 

 
Figure 1. 

The viability of VERO cells following a 24 h treat-

ment with gallic acid – GA and gallic acid-zinc 

complex – GA-Zn(II) at five increasing concentra-

tions (10, 25, 50, 75, and 100 µM). The results were 

presented as viability (%) normalized to the control 

(VERO cells without treatment) and expressed as 

the mean ± standard deviation of experiments per-

formed in triplicate. The statistical analysis was 

performed using one-way ANOVA and Dunnett’s 

multiple comparisons test. No statistically signifi-

cant changes in viability compared to the control 

were observed 

 

A distinct effect, however, was observed in U2OS 

cells (Figure 2). Although both compounds caused a 

significant and dose-dependent cytotoxicity in this 

cell line, a stronger activity was noticed in the case 

of GA-Zn(II). After 24 h of treatment, GA did not 

alter cell viability up to the concentration of 50 µM 

(the percentages were over 94%). Still, at the highest 

concentrations of 75 µM and 100 µM, it was signif-

icantly decreased to 79.85% and 26.66%, respec-

tively. As regards GA-Zn(II), cytotoxicity was ob-

tained starting with the concentration of 50 µM, at 

which the percentage of viable U2OS cells was 

80.68%. A massive loss of viability to 24.03% and 

1.98%, respectively, was caused by GA-Zn(II) at 75 

µM and 100 µM. 
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Figure 2. 

The viability of U2OS cells following a 24 h treat-

ment with gallic acid – GA and gallic acid-zinc 

complex – GA-Zn(II) at five increasing concentra-

tions (10, 25, 50, 75 and 100 µM). The results were 

presented as viability (%) normalized to control (cells 

without treatment) and expressed as means ± stand-

ard deviation of experiments that were performed in 

triplicate. The statistical analysis was performed us-

ing one-way ANOVA and Dunnett’s multiple com-

parisons tests (****p < 0.0001 versus Control) 

 

To observe the toxic effects induced by our com-

pounds of interest, the CellTiter-Glo assay was em-

ployed; it is a luminescent cell viability assay based 

on the measurement of intracellular ATP, which in-

dicates the metabolic activity of viable cells. It is a 

widely used assay for assessing the cytotoxic effects 

of compounds in vitro due to its very high sensitivity, 

reproducibility, and compatibility with high-throughput 

screening (26). GA and GA-based complexes have 

been tested before for their antineoplastic activity (9, 

27). GA exhibited antitumoral activity in OS, dose- 

and time-dependent inhibition of tumour growth in 

three bone cancer cell lines (143 B, MG63, and Ga-

Zn(II)) at 24, 48, and 72 hours. At 75 and 100 µM, it 

induced marked cytotoxicity after the first 24 hours, 

as our study also shows (15).  The efficacy of GA 

was also reported in other types of cancer; for in-

stance, in a hepatocellular carcinoma cell line, where 

it exhibited a dose-dependent effect (28).   Motloung 

et al. showed that when GA was associated with 

Zn(II) in a complex, Zn(II) significantly enhanced 

the biological activity of GA without reducing the 

viability of the healthy cell lines tested (29). Con-

sistent with our results, GA-Zn(II) exhibited a more 

pronounced cytotoxic effect than GA alone against 

U2OS cells, while also showing lower cytotoxicity 

in VERO cells, whose viability remained close to 

that of the untreated control. 

GA and GA-Zn(II) Suppress the Ability of U2OS 

Cells to Form Colonies 

Figure 3 presents the ability of U2OS cells to grow into 

colonies under standard conditions (control) and af-

ter 24 h of treatment with GA and GA-Zn(II) (10, 50, 

and 100 µM). The results indicated that both com-

pounds presented a similar effect on the colony for-

mation rate of this cell line and a strong suppressive ac-

tivity at all concentrations. Compared to control cells 

that formed dense colonies that covered the entire well 

surface, treatment wells showed no formed colonies. 

The rates were below 20% for both GA and GA-Zn(II).

 

 
Figure 3. 

The colony formation capacity of U2OS cells following a 24 h treatment with gallic acid – GA and gallic acid-

zinc complex – GA-Zn(II) at three increasing concentrations (10, 50, and 100 µM). The results were presented as 

colony formation rate (%) normalized to control (cells without treatment) and expressed as means ± standard de-

viation of experiments that were performed in triplicate. The statistical analysis was performed using one-way 

ANOVA and Dunnett’s multiple comparisons tests (**p < 0.01; ****p < 0.0001 versus Control). The images 

have scale bars of 2000 µm 

 

The colony assay was used to assess the long-term 

impact of GA and GA-Zn(II) on tumour cell proliferation. 

After a 10-day observation period, suppression of 

clonogenic properties and inhibition of colonization 
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were observed in a dose-dependent manner, with 

similar results for both GA and the complex. The ef-

fect of GA on OS cell colony formation has also been 

reported and validated by Pang et al., who observed 

that after two weeks, GA reduced the number and 

size of the colonies, thereby demonstrating its anti-

cancer potential (15). The comparable inhibition of 

colony formation by GA and GA-Zn(II) suggests 

that both effectively impair the long-term prolifera-

tive potential of OS cells, despite the greater short-

term cytotoxicity observed for GA-Zn(II). 

GA and GA-Zn(II) Cause Mitochondrial Dysfunc-

tion in U2OS Cells 

Figure 4 presents the aspect of U2OS cells’ mito-

chondria after the 24 h treatment with GA and GA-

Zn(II) (10, 50, and 100 µM). The results indicate a 

concentration- and compound-dependent impair-

ment of mitochondrial function. At 10 and 50 µM, 

GA preserved the metabolic activity of the cells, as 

the mitochondria presented a very similar aspect to 

control. However, GA 100 µM caused massive mi-

tochondrial constriction in some cells. Compara-

tively, U2OS cells treated with GA-Zn(II) 10 µM 

had intact mitochondria, while those exposed to GA-

Zn(II) 50 µM presented signs of constriction. At 100 

µM, GA-Zn(II) triggered mitochondrial condensa-

tion and loss of function. 

 

 
Figure 4. 

The mitochondria of U2OS cells following a 24 h 

treatment with gallic acid – GA and gallic acid-zinc 

complex – GA-Zn(II) at three increasing concentra-

tions (10, 50, and 100 µM). The images have scale 

bars of 100 µm 

 

The data presented in Figure 5 confirm the metabolic 

injury caused by GA and GA-Zn(II). Namely, both 

compounds were found to cause mitochondrial 

membrane depolarization, as demonstrated by a re-

duced red signal, an enhanced green signal, and a de-

creased JC-1 aggregate-to-monomer ratio. However, 

statistical significance compared to the control (ratio 

of 1.05) was obtained only for GA 100 µM (ratio of 

0.72), and GA-Zn(II) 50 µM (ratio of 0.70) and 100 

µM (ratio of 0.53). 

 

 
Figure 5. 

(A) JC-1-stained U2OS cells and (B) JC-1 Aggre-

gate/Monomer ratio following a 24 h treatment with 

gallic acid – GA and gallic acid-zinc complex – 

GA-Zn(II) at three increasing concentrations (10, 

50, and 100 µM). The results were presented as via-

bility (%) normalized to control (cells without treat-

ment) and expressed as means ± standard deviation 

of experiments that were performed in triplicate. 

The statistical analysis was performed using one-

way ANOVA and Dunnett’s multiple comparisons 

tests (*p<0.05; **p < 0.01 versus Control). The im-

ages have scale bars of 100 µm 

 

To further investigate the mechanisms by which our 

compounds induced cytotoxicity in OS cells, we 

conducted additional tests to observe mitochondrial 

alterations. DNA mutations that affect mitochondria 

have been shown to play a role in cancer develop-

ment and progression (30). Both GA and GA-Zn(II) 

induced cytotoxicity in U2OS by reducing mito-

chondrial function, as highlighted by chromatin con-

densation and mitochondrial membrane depolariza-

tion. The complex was more active; thus, mitochon-

drial alterations were observed at concentrations of 

50 and 100 µM, whereas GA induced these altera-

tions only at the highest concentration. Sun et al. 

suggested that GA impairs mitochondrial function in 

hepatocellular carcinoma cells via mitochondrial-

mediated pathways (28). In HCT-15 colorectal cancer 

cells, GA was shown to significantly reduce mitochon-

drial potential and increase ROS production (31).  

The enhanced activity of the GA-Zn(II) complex 

may also be associated with the biological im-

portance of zinc in bone tissue and osteosarcoma. 

Zinc is a micronutrient that plays an important role 

in regulating bone homeostasis; most of the body’s 



FARMACIA, 2026, Vol. 74, 4 

 1017 

zinc is stored in bones (32, 33). This element is not 

merely a component of bones; rather, it acts as a co-

factor for proteins that support bone architecture and 

modulate bone remodelling (32). A link has been found 

between abnormal zinc homeostasis and the develop-

ment of osteosarcoma (34). Therefore, the greater mi-

tochondrial effects observed with the GA-Zn(II) com-

plex suggest that Zn(II) complexation may potentiate 

GA's cytotoxic activity in osteosarcoma cells. 

GA and GA-Zn(II) Induce Apoptotic-Like Nuclear 

and F-actin Alterations in U2OS Cells 

Figure 6 presents the influence of GA and GA-Zn 

(10, 50, and 100 µM) on the aspect of U2OS cells’ 

nuclei and F-actin filaments after 24 h of treatment. 

Control cells presented evenly stained chromatin and 

oval nuclei, while the F-actin filaments were distrib-

uted throughout the cytoplasmic compartment. 

Comparatively, GA caused massive nuclear and cy-

toskeletal destruction only at the highest concentra-

tion tested, evidenced by chromatin constriction and 

reduced nuclear size, as well as F-actin condensation 

and reorganization that led to cell rounding. The GA-

Zn(II) complex exerted the highest impact on cellu-

lar components, as both nuclei and F-actin were con-

stricted starting with the concentration of 50 µM. 

However, the most evident effect was observed at 

100 µM, at which several apoptotic-like features 

were noticed, such as: chromatic condensation, nu-

clear dysmorphology and reduced size, shrinkage, 

chromatic constriction, and cell shape alteration. 

Compared to the control, the cells treated with GA 

100 µM and GA-Zn(II) 50 µM and 100 µM pre-

sented increased percentages of nuclei with apop-

totic characteristics and apoptotic indices over 25%.

 

 
Figure 6. 

(A) Aspect of nuclei (blue) and F-actin filaments (red) in U2OS cells treated for 24 h with gallic acid – GA and 

gallic acid-zinc complex – GA-Zn(II) at three increasing concentrations (10, 50, and 100 µM). The scale bars 

indicate 30 µm. (B) Apoptotic index (%) in U2OS cells treated for 24 h with gallic acid – GA and gallic acid-

zinc complex – GA-Zn(II) at three increasing concentrations (10, 50, and 100 µM). The results were presented as 

apoptotic index (%) and expressed as means ± standard deviation of experiments that were performed in tripli-

cate. The statistical analysis was performed using one-way ANOVA and Dunnett’s multiple comparisons tests 

(****p < 0.0001 versus Control). 
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A subsequent step in evaluating the mechanisms of 

cytotoxicity induced by GA and GA-Zn(II) was the 

examination of nuclear morphology using DAPI staining 

and cytoskeletal organization using Texas Red Phal-

loidin. DAPI staining is widely used to identify nu-

clear alterations, including chromatin condensation, 

nuclear shrinkage, and nuclear fragmentation, which 

are characteristic morphological features of apopto-

sis (35, 36). Visualization of F-actin, a major com-

ponent of the cytoskeleton, enables the assessment 

of changes in cytoskeletal organization and cellular 

morphology, providing insight into alterations in the 

structural integrity of the cell (37). In accordance 

with the previous tests, GA induced alterations in nu-

clei and F-actin at the highest concentrations tested, 

while GA-Zn(II) induced apoptotic-like features start-

ing from 50 µM. These observations are consistent 

with other studies showing that GA disrupts F-actin 

organization in other cancer models, where this 

cytoskeletal remodeling has been associated with re-

duced cell motility and anti-metastatic effects (38). 

GA and GA-Zn(II) are Non-Irritants In Ovo 

The potential irritant effect of GA and GA-Zn(II) at 

100 µM was assessed in ovo (Figure 7, Table I) using 

the vascularized CAM of fertilized chicken eggs as 

the experimental model. For this experiment, water 

(H2O) was used as a negative control, while SLS 1%, 

a strong irritant, was selected as a positive control. 

The structure and aspect of blood vessels before (T0) 

and 5 minutes after (T5) the contact of the CAM with 

test compounds are illustrated in Figure 7. As expected, 

H2O caused no vascular impairments; the vessels main-

tained their integrity throughout the experiment. On the 

other hand, SLS 1% caused haemorrhage (black arrow), 

lysis (grey arrow), and coagulation (white arrow) 

seconds after application. No signs of vascular alter-

ations were observed after GA and GA-Zn(II) appli-

cation, with low irritation scores (0.07).

 

 
Figure 7. 

Representative images of the chorioallantoic membrane (CAM) before (T0) and 5 min (T5) after exposure to 

H2O (negative control), SLS 1% (positive control), gallic acid (GA), and gallic acid-zinc (GA-Zn(II) complex 

100 μM. The scale bars show 500 µm. Arrows indicate vascular impairments (black - haemorrhage, grey - lysis, 

white - coagulation). 

 

Table I 

Irritation score (IS) of H2O (negative control), SLS 

1% (positive control), gallic acid (GA), gallic acid-

zinc(II) (GA-Zn(II) complex at 100 μM 

Sample 
Irritation 

Score 
Observation 

H2O 0.07 Non-irritant 

SLS 1% 20.03 Severely irritant 

GA 100 µM 0.07 Non-irritant 

GA-Zn(II) 100 µM 0.07 Non-irritant 

 

To complement the in vitro evaluation, we investi-

gated the irritation potential of GA and GA-Zn(II) 

using the HET-CAM assay. The hen's egg chori-

oallantoic membrane is a highly vascularized ex-

traembryonic membrane widely used as an alterna-

tive preclinical model for assessing the local irritant 

potential of chemicals, biomaterials, and pharmaceu-

tical formulations, as well as their interactions with 

the vascular plexus (39, 40).  None of the tested com-

pounds induced haemorrhage, lysis, or coagulation, 

indicating that both GA and the GA-Zn(II) complex 

were non-irritant at the highest concentration tested. 

One limitation of the present study is that all experi-

ments were performed after a single 24 h exposure 

period. Future studies that include multiple exposure 

times would provide a more comprehensive under-

standing of the time-dependent effects of GA and the 

GA-Zn(II) complex. Moreover, although mitochondrial 

dysfunction and apoptotic morphological changes 

were demonstrated using fluorescence- and immuno-

fluorescence-based assays, more molecular analyses 

(e.g., ROS quantification, RT-qPCR) would help to 

better understand and elucidate the mechanisms 
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underlying the toxicity provoked by the compounds. 

Besides, it would provide further insight into the 

greater cytotoxicity of the GA-Zn(II) complex com-

pared with GA alone. Finally, in vivo studies are 

warranted to evaluate the antitumor efficacy, sys-

temic safety, and translational potential of the GA-

Zn(II) complex.  

Another limitation of the present study is that the 

control group consisted of untreated cells rather than 

a DMSO-matched vehicle control. Although the 

maximum final DMSO concentration was only 0.2% 

(v/v), a vehicle control would further strengthen the 

interpretation of the observed biological effects. 

In addition, the safety profile was evaluated only in 

the VERO cell line, which is a non-human, non-

bone-derived epithelial cell model. Further studies 

using appropriate human non-tumour bone cell mod-

els, such as osteoblasts or mesenchymal stem cells, 

are required to better evaluate the safety profile of 

the GA-Zn(II) complex. Finally, in vivo studies are 

warranted to evaluate the antitumor efficacy, sys-

temic safety, and translational potential of the GA-

Zn(II) complex. 

 

Conclusions 

The complexation of gallic acid with Zn(II) repre-

sents a promising strategy for boosting the antitumor 

activity of GA. Both GA and the complex showed 

antitumor activity in OS by reducing cell viability, 

suppressing tumour cell proliferation, and inhibiting 

colony formation, while showing limited cytotoxi-

city in the tested VERO cell line. Additionally, they 

induced alterations at the mitochondrial and nuclear 

levels and disrupted the cytoskeletal structure. At the 

same time, both GA and GA-Zn(II) were non-irritant 

when tested on the chorioallantoic membrane. 
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