
Piperine, a naturally occurring alkaloid with recognized anticancer potential, serves as a promising parental molecule for synthesis of structural analogues 
designed to enhance its therapeutic efficacy. These analogues exhibit diverse cytotoxic and morphological effects, making them ideal candidates for 
phenotypic profiling through Cell Painting. This study aimed to explore the cytotoxic and phenotypic properties of piperine analogues by applying the Cell 
Painting technique.

Primary cytotoxicity screening of piperine analogues was performed using the 
resazurin-based assay in the 4T1, MDA-MB-231, and MDA-MB-436 breast cancer 
cell lines. Cell Painting technique - a high-content imaging approach was employed 
for phenotypic profiling of 4T1 cells. Fluorescent dyes were used to label cellular 
structures, such as nuclei, mitochondria, endoplasmic reticulum, and cytoskeleton. 
High-dimensional datasets were generated to quantify cellular features and assess 
morphological changes. Principal Component Analysis (PCA) was applied to analyze 
high-dimensional data and identify dose-dependent clustering. The method was 
used to compare phenotypic differences between analogues and parental piperine 
molecule (Scheme 1).

The results demonstrate that Cell Painting is a powerful tool for phenotypic profiling of new chemical analogues, effectively distinguishing the 
morphological effects of tested compounds. This approach highlighted structure-dependent cellular responses, providing critical insights into the 
influence of chemical modifications of the piperine molecule on its biological activity.
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Five piperine analogues were subject to primary cytotoxicity screening (Figure 1). 
Piperine demonstrated moderate cytotoxic activity across all tested cell lines. 
Analogue 2 exhibited a similar effectiveness to piperine in 4T1 and MDA-MB-436 
cells while being twice as effective in MDA-MB-231 cells. Analogue 3 showed twice 
higher potency than parental piperine molecule in the 4T1 and MDA-MB-436 cultures, 
and about 3-fold higher potency in MDA-MB-231 cells (Table 1). 

Figure 1. Assessment of cell growth inhibition by piperine and its analogs after 48 hrs incubation with tested compounds, 
represented as dose-response curves. Data were normalized to vehicle control cells treated with 0,5% DMSO. Data are 
represented as mean ± standard error of the mean from 4 replicates.

Figure 3. Cell Painting data quantification by Principal Component Analysis (PCA). Common 3D plot for piperine 
and analogues at EC20, EC50 and EC90 cytotoxic concentrations

Figure 2. Cell Painting in the 4T1 murine breast cancer cell line treated with piperine 
analogues in EC90, EC50, and EC20 concentrations

Scheme 1. Experimental workflow. Cytotoxicity screening and phenotypic profiling of 
piperine analogues 

The EC90, EC50, and EC20 concentrations for phenotypic 
profiling in 4T1 cells were specifically selected based on 
differences observed in their cytotoxic effects (Figure 2). 

The Principal Component Analysis (PCA) revealed dose-dependent clustering, 
highlighting distinct morphological alterations for each compound. All tested 
compounds, including piperine, induced noticeable changes in cell structure and 
nuclei count at EC90 and EC50 concentrations. PCA indicates that Analogue 2 
closely mirrored the piperine phenotype at EC20 and EC50 concentrations. That 
observation is in line with the fact that Analogue 2 is the closest structural analogue 
to the parental piperine molecule. On the contrary, Analogue 3 exhibited the most 
pronounced phenotypic divergence in comparison with piperine and DMSO control 
in PCA 3D map plot caused mostly by the difference in PC1 component (Figure 
3). PC1 includes the features of nuclei morphology. These findings suggest that 
introducing a fluorine atom into the piperidine ring, as in Analogue 3, substantially 
enhances its cytotoxic and antiproliferative properties.

4T1

45.92 ± 14.1

56.46 ± 7.5

50.59 ± 5.6

12.28 ± 1.7

25.65 ± 4.7

38.90 ± 8.4

Table 1. IC50 value obtained in primary cytotoxicity screening

Compound

Piperine

Analogue 1

Analogue 2

Analogue 3

Analogue 4

Analogue 5

Structure
IC50 ± SE, uM

MDA-MB-231

126.00 ± 4.2

124.5 ± 3.2

66.97 ± 2.0

43.49 ± 4.9

108.8 ± 3.8

50.70 ± 4.3

MDA-MB-436

78.48 ± 4.6

102.4 ± 10.1

82.00 ±5.0

34.77 ± 6.3

67.06 ± 6.4

66.77 ± 6.6
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