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ARTICLES INCLUDED IN THE DISSERTATION 

The objective of Ph.D. dissertation is to evaluate the impact of estrogen receptor (ER) 

status on proline dehydrogenase/proline oxidase (PRODH/POX)-dependent apoptosis in 

breast cancer cells. 

The research hypothesis was presented in a review paper:  

P1. Lewoniewska, S., Oscilowska, I., Forlino, A., Palka, J. Understanding the Role of 

Estrogen Receptor Status in PRODH/POX-Dependent Apoptosis/Survival in Breast 

Cancer Cells. Biology, 2021, 10, 1314. MSWiA: 100 points, Impact Factor ISI: 5.079. 

DOI: 10.3390/biology10121314 

The results of this study are presented in the research paper: 

P2. Lewoniewska, S., Oscilowska, I., Huynh, T.Y.L., Prokop, I., Baszanowska, W., 

Bielawska, K., Palka, J. Troglitazone- Induced PRODH/POX- Dependent Apoptosis 

Occurs in the Absence of Estradiol or ERβ in ER-Negative Breast Cancer Cells. J. Clin. 

Med., 2021, 10, 4641. MSWiA: 140 points, Impact Factor ISI: 4.242. DOI: 

10.3390/jcm10204641 

 

Article type Number Impact Factor MNiSW points 

Articles included in 

the dissertation 

2 9.321 240 

Articles not included 

in the dissertation 

14 9.320 460 

Conference abstracts 13 - - 

Summary 29 18,641 700 
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ABBREVIATIONS 

 

AMPK— AMP-activated protein kinase 

ATP— Adenosine triphosphate 

Α-KG— α- ketoglutaric acid 

c-Myc— Oncogene acting at the transcriptional 

and post-transcriptional level 

DBD— DNA-binding domain 

DLD-1— Colorectal adenocarcinoma cell line 

isolated from large intestine of a colon 

adenocarcinoma patient 

DNA— Deoxyribonucleic axid 

E2— Estradiol 

ER— Estrogen receptor 

ERα— Estrogen receptor α 

ERβ— Estrogen receptor β 

ERE— Estrogen response element 

FoxA1— Forkhead box protein A1 

GAPDH— Glyceraldehyde 3-phosphate 

dehydrogenase 

GLU— Glutamate 

GLUT— Glutamine 

GLY— Glycine 

HIF-1α— Hypoxia-inducible factor-1α 
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ICI-182-780— Fulvestrant (anti-estrogen compound) 

LBD— Ligand binding domain 

MCF-7— Breast cancer cell line 

MCF-7wt cells— Wild-type MCF-7 cells 

MCF-7shPRODh/POX cells— PRODH/POX-silenced MCF-7 cells 

MDA-MB-231— Breast cancer cell line 

MDA-MB-231wt cells— Wild-type MDA-MB-231 cells 

MDA-MB-

231shPRODH/POX cells— 

PRODH/POX-silenced MDA-MB-231 

cells 

 

Mir-23b— Small non-coding RNA fragment  

2-MOE— 2-methoksyestradiol 

ORN— Ornithine 

oxLDLs— Oxidized low density lipoproteins 

P5C— 1-pyrroline-5-carboxylic acid 

P5CR— Pyrroline-5-carboxylic acid reductase 

P53— Transcriptional factor 

PARP— Poly (ADP-ribose) polymerase 

PIG-6 gene— Gene encoding PRODH/POX 

POX— Proline oxidase 

PPAR-γ— Peroxisome proliferator-activated 

receptor gamma 

PPP— Pentose-phosphate pathway 

PPRE— Peroxisome proliferator response 

element 
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PRO— Proline 

PRODH— Proline dehydrogenase 

ROS— Reactive oxygen species 

RXR— Retinoids X receptor 

SERMs— Selective ER modultors 

TCA cycle— Tricarboxylic acid cycle 

TGZ— Troglitazone 

WT— Wild type 

X— General symbol of amino-acid 

X-PRO— Amino acid-proline  
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INTRODUCTION 

1. The mitochondrial function of proline dehydrogenase/proline 

oxidase (PRODH/POX) 

 

Proline dehydrogenase (PRODH), also referred to as proline oxidase (POX), is a 

flavin nucleotide-dependent enzyme of mitochondrial origin [1, 2]. This enzyme 

catalyzes the conversion of proline to Δ1-pyrroline-5-carboxylic acid (P5C). During this 

process, electrons are transported to the respiratory chain contributing to the production 

of adenosine triphosphate (ATP) or reactive oxygen species (ROS). ATP production 

usually occurs under low glucose conditions. The generation of the ATP molecule 

replenishes energy deficits and promotes cell survival [3-5]. In the second case, ROS 

causes activation of caspase-9 and caspase-3, leading to apoptosis induction [3-7]. 

Likely, both processes (ATP production and ROS production) co-occur. However, the 

mechanism for directing the cell to the apoptosis or survival pathway is not fully 

understood. I have hypothesized that the high proline content and high PRODH/POX 

expression could accelerate ROS production, favoring induction of apoptosis. 

 

2. The metabolic role of PRODH/POX  

 

As mentioned in the previous paragraph, PRODH/POX catalyzes the conversion 

of proline to P5C. The reverse reaction, the conversion of P5C to proline, is catalyzed 

by pyrroline-5-carboxylic acid reductase (P5CR) [8,9]. PRODH/POX and P5CR co-

form the so-called “proline cycle” (Figure 1). The “proline cycle” rate depends on the 

proline availability for PRODH/POX. The critical source providing substrate for 

PRODH/POX is prolidase. It is an enzyme that releases proline from imidodi- or 

imidotripeptides, the end product of collagen degradation [10,11]. The free proline 

formed in this reaction can be used as a substrate for PRODH/POX (the only proline 

degrading enzyme) or collagen biosynthesis (the primary process utilizing proline). 

However, a significant source of proline comes from other amino acids that are 

convertible into P5C as glutamine (GLUT), ornithine ((ORN) amino acid of urea cycle), 

and glutamate (GLU), which is the precursor of α-ketoglutaric acid ((α-KG) amino acid 
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of TCA cycle). The Pentose Phosphate Pathway (PPP) is also indirectly involved in 

proline metabolism [2, 12-16]. Since proline has a reducing potential, the proline 

pathway ensures a redox balance between the mitochondrion and the cytoplasm [6]. 

Proline also plays an essential role in regulating some transcription factors 

[17,18]. It has been shown that proline inhibits the degradation of hypoxia-inducible 

factor-1 (HIF-1α), facilitating its transcriptional activity. Increased PRODH/POX 

activity contributes to a decrease in proline availability for interaction with a specific 

domain of HIF-1α, leading to inhibition of the transcriptional activity of HIF-1α 

[19,20]. Therefore, factors inhibiting PRODH/POX expression increase proline 

concentration and HIF-1α transcriptional activity. Among such inhibitors of 

PRODH/POX are mir-23b and c-Myc (Figure 1). Mir-23b is a small non-coding RNA 

fragment [13, 21, 22]. It can bind directly to PRODH/POX mRNA. Overexpression of 

mir-23b leads to a decrease in PRODH/POX enzyme activity and blocks ROS 

production, thereby blocking apoptosis. The c-Myc is an oncogene acting at the 

transcriptional and post-transcriptional levels. It can potentiate the action of mir-23b 

[13, 21, 22]. However, the most potent factor regulating PRODH/POX activity is the 

p53 protein (transcriptional factor) (Figure 1) [23]. Among genes induced by p53 

protein is the PIG-6 gene encoding PRODH/POX [24]. Therefore, P53 is involved in 

the transcriptional regulation of the enzyme expression. Another important 

PRODH/POX expression regulator is the peroxisome proliferator-activated receptor 

gamma (PPAR- γ). This issue is described in the next chapter. 
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Figure 1. Complex regulatory mechanisms linking proline cycle, urea cycle, TCA 

cycle, pentose–phosphate pathway and collagen metabolism to PRODH/POX-

dependent apoptosis/survival.  

X-Pro—amino acid-proline; PRO—proline; X—amino acid; PRODH/POX—proline 

dehydrogenase/proline oxidase; P5C—∆1-pyrroline-5-carboxylic acid; ROS—reactive 

oxygen species; ATP—adenosine triphosphate; GLU—glutamate; GLUT—glutamine; 

PPP—pentose-phosphate pathway; P5CR—pyrroline-5-carboxylic acid reductase; HIF-

1α—hypoxia inducible factor 1α; TCA-cycle—tricarboxylic acid cycle; α-KG—α-

ketoglutaric acid; ORN—ornithine; p53—transcriptional factor; AMPK—AMP-

activated protein kinase; PPAR γ—peroxisome proliferator activated receptor gamma; 

Mir-23b—small non-coding RNA fragment; c-Myc—oncogene acting at the 

transcriptional and post-transcriptional level. 
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3. PPAR-γ inducing PRODH/POX expression and its role in apoptosis 

 

 The most potent factor stimulating PRODH/POX expression is the peroxisome 

proliferator-activated receptors (PPAR-γ), a nuclear hormone receptor and ligand-

dependent transcription factor [25-27]. Activation of PPAR-γ results from ligand 

binding to the C-terminal region of the receptor and specifically to the ligand-binding 

domain (LBD), which alters the conformation of the receptor and enables its 

heterodimerization with retinoids X receptor (RXR) [28]. The complex translocates to 

the cell nucleus and fuses with the peroxisome proliferator response element (PPRE) 

[29]. The DNA-binding domain (DBD) is essential in this process. As a consequence, 

transcription of a specific gene is activated. PPRE is present in the PRODH/POX 

promoter sequence [29] and in the promoter sequence of the gene encoding cytochrome 

p450 and genes involved in lipid metabolism. 

Endogenous and synthetic agonists represent PPAR-γ ligands. Their functions as 

PRODH/POX stimulators are different. Endogenous agonists of PPAR-γ are 

polyunsaturated fatty acids (arachidonic acid, linolenic acid) and their metabolites, 

prostaglandins, and oxidized low-density lipoproteins (oxLDLs) [29-31]. Activation of 

PRODH/POX with endogenous PPAR-γ activators has been shown to direct cells to the 

autophagy pathway, facilitating their survival [22]. Synthetic PPAR-γ agonists (e.g., 

thiazolidinediones) have activated ROS-dependent intrinsic apoptotic pathways through 

PRODH/POX activation [29,32]. In studies presented in the dissertation, the synthetic 

PPAR-γ agonist, troglitazone (TGZ), was used. It belongs to the group of antidiabetic 

and anti-inflammatory drugs [33-35]. Although TGZ is a discontinued drug, it was used 

as a model molecule in this study because it is a potent stimulator of PRODH/POX [36, 

37]. The effect of TGZ on PRODH/POX expression and function is presented in Figure 

2. 
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Figure 2. The effect of PPAR-γ agonist, TGZ on PRODH/POX expression and 

function. 

TGZ—troglitazone; PPAR- y— peroxisome proliferator-activated receptor-gamma; 

RXR— retinoids X receptor; PPRE— peroxisome proliferator response element; 

PRODH/POX— proline dehydrogenase/proline oxidase. 
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4. The potential effect of estrogen receptor modulators on 

PRODH/POX-dependent functions. 

 

 Estrogens regulate cell proliferation and differentiation in various tissues [38-

40]. The classical mechanism of a direct action of estrogens on gene expression 

involves the binding of estrogens to estrogen receptors (ERs), which then dimerizes 

with the estrogen-response element (ERE) via forkhead box protein A1 (FoxA1). This 

complex affects transcription and translation processes [41,42]. 

 The functional activity of estrogens is dependent on the receptor status of a 

particular cell type. The estrogen receptors alpha (ERα) and beta (ERβ) differ in 

structure, distribution in tissues and organs, and biological activity [43-45]. It was 

suggested that ERα is involved in the regulation of cell proliferation, while ERβ is 

involved in anti-proliferative processes and creates the pro-apoptotic phenotype of 

cancer cells [46,47]. Therefore, ER status significantly impacts breast cancer cell 

growth and metastasis. For comparison, two breast cancer cell lines were studied ER-

receptor positive cells (MCF-7- have both estrogen receptors ERα and ERβ) and ER-

negative cells (MDA-MB-231-have only ERβ). It was found that in MCF-7 cells, 

estrogens enhance cancer cell proliferation while they respond well to anticancer 

treatment and are poorly metastatic [48]. Conversely, MDA-MB-231 cells show a solid 

metastatic potential [49].  

 Estrogens stimulate cell proliferation by upregulating AMP-activated protein 

kinase (AMPK) expression, stimulating PRODH/POX activity [50-51]. Estrogens 

regulate PRODH/POX activity at the level of ER, p53, HIF-1α, and collagen 

biosynthesis, which regulates the availability of the substrate (proline) for PRODH/POX 

[52, 53]. The link between PRODH/POX, ERα, and p53 was considered as a potential 

mechanism of apoptosis/survival regulation [54]. However, a significant role in 

PRODH/POX-dependent function is the availability of proline as a substrate for the 

enzyme. Estrogens were found to control the level of proline. They enhance collagen 

biosynthesis that utilizes proline, limiting its availability for PRODH/POX [55, 56]. An 

increase in collagen biosynthesis could facilitate therefore survival of breast cancer cells 

(Figure 3).  
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Figure 3. Graphical representation of the mechanism of estrogen-dependent regulation 

of PRODH/POX function. 

P5C— ∆1-pyrroline-5-carboxylic acid; PRODH/POX—proline dehydrogenase/proline 

oxidase; ROS—reactive oxygen species; GLY—glycine; PRO—proline; PPAR γ—

peroxisome proliferator activated receptor; ATP—adenosine triphosphate; PPARγ—

peroxisome proliferator activated receptor gamma; AMPK—AMP-activated protein 

kinase; E2—estradiol. 

 

 Intriguing compounds of natural origin acting via ERs are phytoestrogens. More 

precisely, the group of isoflavones, e.g., biochanin A, genistein, and equol. It has been 

shown that isoflavones in low concentrations have estrogen-like effects as ER agonists 

[57]. In contrast, they act as ER antagonists at higher concentrations and show an anti-

estrogenic effect [57]. Due to these characteristics, they are referred to as selective ER 

modulators (SERMs) [58]. Another compound showing anti-estrogenic activity is 2-

methoxyestradiol (2-MOE). It is a metabolite of 17β-estradiol, and it has an opposite 

effect on this substrate [59, 60]. The strong effect of these compound as an inhibitor of 

collagen biosynthesis has been documented in the literature [59,60]. The graphical 

mechanism is shown in Figure 4. A more detailed description of all of the processes 

mentioned above can be found in the review paper included in this dissertation 

entitled:,, Understanding the Role of Estrogen Receptor Status in PRODH/POX-

Dependent Apoptosis/Survival in Breast Cancer Cells”. 
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Figure 4. Graphical representation of the mechanism of action of antiestrogens using 2-

MOE as an example. 

2-MOE—2-methoxyestradiol; P5C— ∆1-pyrroline-5-carboxylic acid; PRODH/POX—

proline dehydrogenase/proline oxidase; ROS—reactive oxygen species; GLY—glycine; 

PRO—proline; PPAR γ—peroxisome proliferator activated receptor gamma; ATP—

adenosine triphosphate; AMPK—AMP-activated protein kinase. 
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OBJECTIVE OF THE STUDY 

My scientific interest is focused on molecular targets of experimental breast 

cancer pharmacotherapy. Recent studies on mechanisms driving apoptosis in cancer 

cells highlighted the role of PRODH/POX in this process. PRODH/POX is a 

mitochondrial enzyme that catalyzes the conversion of proline to 1-pyrroline-5-

carboxylic acid (P5C). During this conversion, electrons are transported to the 

respiratory chain, producing ATP, or they are directly accepted by oxygen, generating 

reactive oxygen species (ROS). In the first case, activation of PRODH/POX leads to the 

production of ATP for survival; in the second one, ROS induces apoptosis. Although 

the mechanism for the switch between apoptosis/survival is not well understood, it has 

been postulated that the PRODH/POX-induced apoptosis or survival is a metabolic 

context-dependent process, and proline availability for PRODH/POX-dependent 

functions may play a key role. 

I have hypothesized that estrogens could play an essential role in the mechanism 

of PRODH/POX-dependent apoptosis/survival as stimulators of collagen biosynthesis 

that utilize a large amount of free proline, limiting substrate (proline) availability for 

PRODH/POX-dependent functions. Estrogens are implicated in collagen metabolism as 

stimulators of collagen biosynthesis. This process is accompanied by collagen 

degradation finalized by cytoplasmic imidodipeptidase, prolidase.  

To explore the hypothesis, I have established two breast cancer cell models ER-

positive breast cancer cell line (MCF-7 cells expressing ERα and ERβ) and ER-negative 

breast cancer cell line (MDA-MB-231 cells expressing only ERβ) with activated and 

shRNA silenced PRODH/POX. Since PPAR-γ is known to stimulate PRODH/POX,  I 

used TGZ, PPAR-γ ligand, to up-regulate PRODH/POX as another cell line model.  

The link between estrogens, collagen biosynthesis, PRODH/POX, proline, and 

apoptosis/survival in cancer cells allowed to present a hypothesis on the mechanism of 

estrogen-dependent regulation of PRODH/POX-dependent apoptosis. Whether ER 

status and ER ligands affect PRODH/POX-dependent apoptosis/survival is the aim of 

the study. 
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MATERIALS AND METHODS 

 The studies were performed on breast cancer cell lines: wild type MCF-7, wild 

type MDA-MB-231, PRODH/POX-silenced MCF-7, and PRODH/POX-silenced MDA-

MB-231. 

Wild type MCF-7 and wild type MDA-MB-231cells were obtained from ATCC 

(ATCC, Manassas, VA, USA). PRODH/POX-silenced MCF-7 and MDA-MB-231 cells 

were developed in the Department of Medicinal Chemistry, Medical University of 

Bialystok, as described previously [61]. Cells were incubated in the presence or absence 

of estradiol (2nmol/l), TGZ (10 or 20µmol/l), or both compounds in DMEM without 

phenol red. 

DNA biosynthesis and collagen biosynthesis were evaluated by radiometric 

methods. Prolidase activity was measured by colorimetric assay. The expression of 

apoptotic markers was evaluated by Western-Immunoblot analysis. Proline 

concentration was measured by the LC-MS-Based Quantitative Analysis Method. 

Intracellular reactive oxygen species accumulation was measured using fluorescence 

assay. 

All the methods, maintaining cell cultures, as well as the statistical analysis, are 

described in the research article (included in the dissertation) entitled ,,Troglitazone- 

Induced PRODH/POX- Dependent Apoptosis Occurs in the Absence of Estradiol or 

ERβ in ER-Negative Breast Cancer Cells”. 
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RESULTS 

This chapter presents the most important  results published in the research paper 

(attached to the dissertation) entitled: ,,Troglitazone- Induced PRODH/POX- Dependent 

Apoptosis Occurs in the Absence of Estradiol or ERβ in ER-Negative Breast Cancer 

Cells”. 

 

1. Generation of PRODH/POX-silenced MCF-7 and PRODH/POX-

silenced MDA-MB-231 breast cancer cells. 

 

PRODH/POX expression was silenced by shRNA technology, as described 

previously [61]. In the research model, I created three silenced clones of MCF-7 and 

MDA-MB-231 cells, presented in Figure 5. Due to the best efficacy, I used clone 2 of 

both cell lines for further studies. 

 

 

Figure 5. Efficacy of shRNA-based PRODH/POX knock-down in MCF-7 and MDA-

MB-231 cells. 

MCF-7— breast cancer cell line; MDA-MB-231—breast cancer cell line; wt—wild 

type; DLD-1—colorectal adenocarcinoma cell line. 

2. TGZ-dependent inhibition of DNA-biosynthesis in wild type and 

PRODH/POX silenced MCF-7 and MDA-MB-231 cells. 
 

In wild type MDA-MB-231 cells cultured in medium without estradiol, TGZ 

strongly inhibited deoxyribonucleic acid (DNA) biosynthesis (Figure 6D), while in the 

cells cultured in the presence of estradiol or in PRODH/POX silenced cells, the process 

was much less affected. Although the inhibition of DNA biosynthesis was also shown in 
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MCF-7 cells cultured with or without estradiol, the extent of inhibition was much lower 

than in MDA-MB-231 cells.  

The data suggest that TGZ-induced inhibition of DNA biosynthesis is 

dependent on the presence of PRODH/POX and the absence of estradiol in MDA-

MB-231 cells, expressing only ERβ.  

 

 

 

 

 
 

 

Figure 6. DNA biosynthesis in wild type (wt of PRODH/POX) and PRODH/POX-

silenced (sh of PRODH/POX) MCF-7 and MDA-MB-231 cells treated with troglitazone 

(TGZ) in the presence (A and C) and the absence (B and D) of estradiol. The mean 

values  standard deviation (SD) from 3 experiments done in duplicates are presented. 

Asterisks* indicate statistical differences between studied cells compared to controls at 

P < 0.01. 
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3. TGZ-dependent ROS production in wild type and PRODH/POX 

silenced MCF-7 and MDA-MB-231 cells. 

 

In wild type MDA-MB-231 cells cultured in medium without estradiol ROS 

production was significantly increased (Figure 7H), while in the cells cultured in the 

presence of estradiol or in PRODH/POX silenced cells, the process was not affected. 

The effect was also not found in MCF-7 cells cultured either with or without estradiol. 

However, when ERβ was removed from MDA-MB-231 cells by ICI-182-780 

(Fulvestrant)-dependent degradation, TGZ regardless of the absence or presence of 

estradiol in the medium also induced ROS production, suggesting that ERβ counteracts 

ROS production in MDA-MB-231 cells (Figure 7I, 7J). An increase in ROS production 

was accompanied by an increase in expressions of PPAR-γ and AMPK as demonstrated 

by Western blot (Figure 7E, 7F). 

The data suggest that TGZ induces ROS production by PRODH/POX 

stimulated by PPAR-γ and AMPK.  
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Figure 7. PRODH/POX, AMPK and PPAR-γ expressions in wild type (wt of 

PRODH/POX) and PRODH/POX-silenced (sh of PRODH/POX) MCF-7 and MDA-

MB-231 cells treated with troglitazone (TGZ) in the presence (7A and 7E) and absence 

(7B and 7F) of estradiol. The WB bands intensity of representative blots were quantified 

by densitometry and normalized to glyceraldehyde 3-phosphate dehydrogenase 
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(GAPDH) (Supplementary Material, SFigure 2-SFigure 7). ROS production is presented 

in wild type (wt of PRODH/POX) and PRODH/POX-silenced (sh of PRODH/POX) 

MCF-7 and MDA-MB-231 cells cultured with TGZ and/or fulvestrant (ICI 182 780) in 

the presence (7C, 7G and 7I) and the absence (7D, 7H and 7J) of estradiol. The mean 

values  standard deviation (SD) from 3 experiments done in duplicates are presented. 

Asterisks* indicate statistical differences between studied cells compared to controls at 

P < 0.01. 

 

4. TGZ-dependent apoptosis in wild type and PRODH/POX silenced 

MCF-7 and MDA-MB-231 cells. 
 

TGZ strongly induced expression of cleaved caspase-3, caspase-9, and poly (ADP-

ribose) polymerase (PARP) in MDA-MB-231cells cultured in the absence of estradiol 

(Figure 8A, 8B). Although the effect was also shown in MCF-7 cells cultured with or 

without estradiol, the extent of inhibition was much lower than in MDA-MB-231 cells 

(Figure 9A, 9B).  

An increase in the expression of studied caspases in TGZ-treated cells was accompanied 

by an increase in the expression of p53 particularly in MDA-MB-231 cells (Figure 8B) 

cultured in estradiol free medium.  

It suggests that TGZ-dependent apoptosis in breast cancer cells is highly 

pronounced in ERβ expressing MDA-MB-231 cells cultured in estradiol-free 

medium.  
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Figure 8. Western blot for cleaved caspase-3, PARP, caspase-9 and p53 in wild type 

and PRODH/POX-silenced (shPRODH/POX) MDA-MB-231 cells treated with 

troglitazone (TGZ) in the presence (A) and absence (B) of estradiol. GAPDH 

expression was used as a loading control. The Western blot bands intensity of 

representative blots were quantified by densitometry and normalized to GAPDH 

(Supplementary Material, SFigure 12-SFigure 15). 
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Figure 9. Western blot for cleaved caspase-3, PARP, caspase-9 and p53 in wild type 

and PRODH/POX-silenced (shPRODH/POX) MCF-7 cells treated with troglitazone 

(TGZ) in the presence (A) and absence (B) of estradiol. GAPDH expression was used as 

a loading control. The Western blot bands intensity of representative blots were 

quantified by densitometry and normalized to GAPDH (Supplementary Material, 

SFigure 8-SFigure 11). 

 

 

5. TGZ increases proline availability for PRODH/POX via 

downregulation of collagen biosynthesis and up-regulation of 

prolidase activity in breast cancer cells. 

 

PRODH/POX-induced apoptosis (through ROS generation) in breast cancer cells is 

dependent on proline availability. Intracellular free proline content is regulated mainly 

by collagen biosynthesis (proline utilizing process) and prolidase activity (proline 

releasing enzyme). In wild type and PRODH/POX-silenced MCF-7 cells cultured in the 

medium containing estradiol, TGZ induced a dose-dependent increase in proline 

concentration (Figure 10A) and inhibition of collagen biosynthesis (Figure 10C) and 

prolidase activity (Figure 10E). TGZ-dependent increase in proline concentration and 
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decrease in collagen biosynthesis and prolidase activity were more pronounced in 

PRODH/POX silenced cells. In MCF-7 cells cultured in the medium without estradiol 

TGZ contributed to an increase in proline concentration and a decrease in collagen 

biosynthesis in PRODH/POX-silenced cells while in wild type MCF-7 cells the 

processes were much less affected (Figure 10B, D). However, TGZ inhibited prolidase 

activity in wild type MCF-7 cells, while it had no significant effect on the enzyme 

activity in PRODH/POX silenced cells cultured in estradiol free medium (Figure 10F).  

 

 
 

 

Figure 10. Proline concentration (A, B), collagen biosynthesis (C, D) and prolidase 

activity (E, F) in wild type (wt of PRODH/POX) and PRODH/POX-silenced (sh of 

PRODH/POX) MCF-7 cells stimulated by troglitazone (TGZ) in the presence (A, C, E) 

and absence (B, D, F) of estradiol. The mean values  standard deviation (SD) from 3 

experiments done in duplicates are presented. Asterisks* indicate statistical differences 

between studied cells compared to controls at P < 0.01. 
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In both wild type and PRODH/POX-silenced MDA-MB-231 cells cultured in 

medium containing estradiol, TGZ contributed to decrease in proline concentration 

(Figure 11A), collagen biosynthesis (Figure 11C) and prolidase activity (Figure 11E). 

The inhibition was less pronounced in PRODH/POX-silenced cells. In wild type MDA-

MB-231 cells cultured without estradiol, TGZ contributed to dose-dependent decrease 

in proline concentration (Figure 11B), inhibition of collagen biosynthesis (Figure 11D) 

and prolidase activity (Figure 11F), while in PRODH/POX silenced cells, proline 

concentration and prolidase activity were not significantly affected and the inhibition of 

collagen biosynthesis was less pronounced than in MDA-MB-231 wild type cells 

(Figure 11B, 11D, 11F). It suggests that TGZ-induced inhibition of collagen 

biosynthesis could facilitate proline availability for PRODH/POX-dependent functions.  
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Figure 11. Proline concentration (A, B), collagen biosynthesis (C, D) and prolidase 

activity (E, F) in wild type (wt of PRODH/POX) and PRODH/POX-silenced (sh of 

PRODH/POX) MDA-MB-231 cells stimulated by troglitazone (TGZ) in the presence 

(A, C, E) and absence (B, D, F) of estradiol. The mean values  standard deviation (SD) 

from 3 experiments done in duplicates are presented. Asterisks* indicate statistical 

differences between studied cells compared to controls at P < 0.01. 
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DISCUSSION 

 

This chapter is discussed in details in the research paper: 

P2. Lewoniewska, S., Oscilowska, I., Huynh, T.Y.L., Prokop, I., Baszanowska, W., 

Bielawska, K., Palka, J. Troglitazone-Induced PRODH/POX-Dependent Apoptosis 

Occurs in the Absence of Estradiol or ERβ in ER-Negative Breast Cancer Cells. J. Clin. 

Med., 2021, 10, 4641. MSWiA: 140 points, Impact Factor ISI: 4,242. DOI: 

10.3390/jcm10204641. 
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CONCLUSIONS 

 

1. The PRODH/POX silenced MCF-7 and MDA-MB-231 breast cancer cells 

generated by shRNA technology enable an analysis of the functional significance 

of PRODH/POX in apoptosis/survival in breast cancer cells.  

2. Troglitazone (TGZ), the ligand of PPAR-γ, induces PRODH/POX expression and 

inhibits collagen biosynthesis in breast cancer cells. 

3. TGZ strongly induces PRODH/POX-dependent apoptosis in MDA-MB-231 cells 

cultured in the medium without estradiol or deprived of ERβ. The apoptosis is 

mediated by PRODH/POX-dependent ROS generation and the process is 

facilitated by proline availability for PRODH/POX by TGZ-dependent inhibition 

of collagen biosynthesis. 

4.  The results suggest that combined PPAR-γ agonist and anti-estrogen treatment 

could be considered in experimental therapy of ER-negative breast cancers.  
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SUMMARY 

This report provides evidence for the important role of estrogens in the 

mechanism of PRODH/POX-dependent apoptosis in breast cancer cells.  

 PRODH/POX is a mitochondrial enzyme catalyzing the conversion of proline to 

∆1-pyrroline-5-carboxylic acid (P5C). During the conversion of proline to P5C, 

electrons are transported to the respiratory chain, producing ATP or they are directly 

accepted by oxygen, generating reactive oxygen species (ROS). In the first case, 

activation of PRODH/POX leads to the production of ATP for survival, in the second 

one, ROS induce apoptosis. Although the mechanism for the switch between 

apoptosis/survival is not well understood, it has been postulated that the PRODH/POX-

induced apoptosis or survival is a metabolic context-dependent process and proline 

availability for PRODH/POX-dependent functions may play a key role. 

In this report it has been hypothesized that estrogens could play an important 

role in the mechanism of PRODH/POX-dependent apoptosis/survival as stimulators of 

collagen biosynthesis, that utilize a large amount of free proline, limiting substrate 

(proline) availability for PRODH/POX-dependent functions. Estrogens are implicated in 

collagen metabolism as stimulators of collagen biosynthesis. This process is 

accompanied by collagen degradation finalized by cytoplasmic imidodipeptidase, 

prolidase.  

To explore the hypothesis four breast cancer cell models were used: ER-positive 

MCF-7 breast cancer cell line (expressing ERα and ERβ) and ER-negative MDA-MB-

231 breast cancer cell line (expressing only ERβ) and respective shRNA PRODH/POX 

silenced clones. To up-regulate PRODH/POX, troglitazone (TGZ), the ligand of 

peroxisome proliferator-activated receptor-γ (PPAR-γ), known to stimulate 

PRODH/POX,  was used.  

It has been found that estrogens stimulate collagen biosynthesis by utilizing free 

proline and limiting its availability for PRODH/POX-dependent apoptosis. 

Interestingly, TGZ was found not only as a strong PRODH/POX activator but also an 

inhibitor of collagen biosynthesis. It has been documented that apoptosis (activated 

caspase-3, -9, and PARP) was highly pronounced in wild-type MDA-MB-231 cells 

cultured in the medium without estradiol or in the cells cultured in the medium with 

estradiol but deprived of ERβ (by ICI-dependent degradation), while in PRODH/POX-

silenced cells the process was not found. PRODH/POX-induced apoptosis in these cells 
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was reactive oxygen species (ROS) dependent. The effect was not found also in MCF-7 

cells independently of the absence or presence of estradiol and in MDA-MB-231 cells 

cultured in the medium with estradiol. The mechanism for the process was found at the 

level of collagen biosynthesis, the most effective process of proline utilization, that is 

up-regulated by estrogens.  The data suggest that TGZ-induced apoptosis in MDA-MB-

231 cells cultured in the medium without estradiol or deprived of ERβ is mediated by 

PRODH/POX and the process is facilitated by proline availability for PRODH/POX by 

TGZ-dependent inhibition of collagen biosynthesis. It suggests that combined PPAR-γ 

agonist and antiestrogen treatment could be considered in experimental therapy of 

estrogen receptor-negative breast cancers. 
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STRESZCZENIE 

 
Niniejsza rozprawa doktorska dostarcza dowodów ważnej roli estrogenów w 

mechanizmie apoptozy zależnej od PRODH/POX w komórkach raka piersi. 

PRODH/POX, enzym mitochondrialny, katalizuje konwersję proliny do kwasu 

∆1-pirolino-5-karboksylowego (P5C). Podczas tego procesu uwolnione elektrony są 

transportowane do łańcucha oddechowego, wytwarzając ATP lub są bezpośrednio 

przyjmowane przez tlen, generując reaktywne formy tlenu (ROS). W pierwszym 

przypadku aktywacja PRODH/POX prowadzi do produkcji ATP kreując warunki pro-

przeżyciowe, w drugim ROS indukują apoptozę. Jakkolwiek mechanizm przełączania 

funkcji apoptozy/przeżycia nie jest dobrze poznany, postuluje się, że obydwa procesy 

(apoptoza lub przeżycie) wywołane przez PRODH/POX są zależne od kontekstu 

metabolicznego komórki, a dostępność proliny do PRODH/POX-zależnych funkcji 

może odgrywać kluczową rolę. 

Wysunięto hipotezę, że estrogeny mogą odgrywać ważną rolę w mechanizmie 

apoptozy/przeżycia zależnej od PRODH/POX jako stymulatory biosyntezy kolagenu, 

który to proces utylizuje duże ilości wolnej proliny, ograniczając dostępność substratu 

(proliny) do PRODH/POX zależnych funkcji. Estrogeny są bowiem stymulatorami 

biosyntezy kolagenu. Procesowi temu towarzyszy degradacja kolagenu, która w 

końcowym etapie katalizowana jest przez cytoplazmatyczną imidodipeptydazę, 

prolidazę, uwalniając prolinę. 

Do zbadania powyższej hipotezy wykorzystano cztery modele komórek raka 

piersi: ER-pozytywną linię komórkową raka piersi MCF-7 (z ekspresją ERα i ERβ) oraz 

ER-negatywną linię komórkową raka piersi MDA-MB-231 (z ekspresją tylko ERβ) a 

także odpowiednie linie komórkowe z wyciszoną ekspresją PRODH/POX uzyskane 

metodą shRNA. Aby pobudzić ekspresję PRODH/POX, zastosowano troglitazon 

(TGZ), ligand receptora aktywowanego przez proliferatory peroksysomów (PPAR-γ), o 

znanej zdolności do stymulacji ekspresji PRODH/POX. 

Stwierdzono, że estradiol stymuluje biosyntezę kolagenu utylizując wolną 

prolinę i ograniczając jej dostępność do apoptozy zależnej od PRODH/POX. Co 

ciekawe, TGZ okazał się nie tylko silnym aktywatorem PRODH/POX, ale także 

inhibitorem biosyntezy kolagenu. Przedstawiono dowody, że apoptoza (aktywna 

kaspaza-3, -9 i PARP) zachodzziła w komórkach MDA-MB-231 typu dzikiego, 
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hodowanych w pożywce bez estradiolu lub w komórkach hodowanych w pożywce z 

estradiolem, ale pozbawionych ERβ (przez Degradacja zależną od ICI), podczas gdy w 

komórkach z wyciszonym PRODH/POX apoptozy nie stwierdzono. Apoptoza w tych 

komórkach wywołana przez PRODH/POX była zależna od reaktywnych form tlenu 

(ROS). Efektu tego nie stwierdzono również w komórkach MCF-7 niezależnie od 

nieobecności lub obecności estradiolu oraz w komórkach MDA-MB-231 hodowanych 

w pożywce z estradiolem. Mechanizm PRODH/POX-zależnej apoptozy jest 

uzależniony od intensywności biosyntezy kolagenu, najefektywniejszego procesu 

utylizacji proliny, który jest regulowany przez estrogeny.  

Przedstawione wyniki badań sugerują, że apoptoza indukowana przez TGZ w 

komórkach MDA-MB-231 hodowanych w pożywce bez estradiolu lub pozbawionych 

ERβ zachodzi poprzez PRODH/POX, a proces ten jest nasilony przez wzrost 

dostępności proliny do PRODH/POX za pośrednictwem TGZ silnie hamującym 

biosyntezę kolagenu. Sugeruje to, że skojarzone działanie agonisty PPAR-γ i anty-

estrogenu może stanowić przedmiot dalszych badań nad eksperymentalną terapią ER-

negatywnego raka piersi. 
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