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Abstract

Background & Objective: Our patient cohort revealed that obesity is strongly associated with 

steroid-5α reductase type 2 (SRD5A2) promoter methylation and reduced protein expression. The 

underlying mechanism of prostatic growth in this population is poorly understood. Here we 

addressed the question of how obesity, inflammation and steroid hormones affect the development 

of benign prostatic hyperplasia (BPH).

Material and Methods: We used pre-adipocytes, macrophages, primary human prostatic 

stromal cells, prostate tissues from high fat diet induced obese mice, and 35 prostate specimens 

that collected from patients who underwent transurethral resection of the prostate (TURP). RNA 

was isolated and quantified with RT-PCR. Genome DNA was extracted and SRD5A2 promoter 

methylation was determined. Sex hormones were determined by High Performance Liquid 

Chromatography-Tandem Mass Spectrometry (HPLC/MS). Protein was extracted and determined 

by ELISA test.

Results: In prostatic tissues with obesity, the levels of inflammatory mediators were elevated. 

SRD5A2 promoter methylation was promoted, but SRD5A2 expression was inhibited. 

Inflammatory mediators and saturated fatty acid synergistically regulated aromatase activity. 

Obesity promoted an androgenic to estrogenic switch in the prostate.
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Conclusions: Our findings suggest that obesity-associated inflammation induces androgenic to 

estrogenic switch in the prostate gland, which may serve as an effective strategy for alternative 

therapies for management of lower urinary tract symptoms associated with BPH in select 

individuals.
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Introduction

BPH accounts for the majority of lower urinary tract symptoms (LUTS) due to bladder 

outlet obstruction in elderly men. While all men experience prostate growth during 

adulthood, the rate of growth differs significantly among different men. The factors that 

regulate this differential growth pattern are unknown. Each year management of BPH/LUTS 

accounts for 7.8 million doctors’ office visits with an associated $4 billion in healthcare 

expenditures in the US and over $40 billion dollars worldwide1. The steroid-5α reductase 

type 2 (SRD5A2) gene and protein play a significant role in the development and growth of 

prostate tissue, and strategies to block SRD5A2 is one of the main approaches to treating 

BPH/LUTS2. However, at least 30% of patients are resistant or fail to respond to medical 

management, and it is therefore critically important to elucidate the underlying mechanism. 

Previously we found that in prostatic samples with SRD5A2 promoter methylation and 

silencing of the gene expression, estradiol is dramatically elevated, concomitant with 

significant upregulation of estrogen response genes3. We further found that tumor necrosis 

factor α (TNF- α) suppresses SRD5A2 mRNA and protein expression, and simultaneously 

promotes expression of aromatase, the enzyme responsible for conversion of testosterone to 

estradiol. Our previous work suggests that, in the absence of prostatic SRD5A2, there is an 

androgenic to estrogenic switch3.

In the US, it is approximated that more than 1 in 3 adults are considered to be obese4,5. The 

estimated annual medical cost of obesity ranges from $147 billion to nearly $210 billion per 

year6. In the last decade, metabolic syndrome and markers of metabolism have been 

identified as potential risk factors for BPH/LUTS7. A recent meta-analysis found that 

patients with metabolic syndrome had significantly higher total prostate volume than those 

without metabolic syndrome (P<0.001)8. BPH/LUTS accounts for the major unrecognized 

urological complications of obesity. Patients eligible for transurethral resection of the 

prostate were significantly more likely to have higher abdominal circumference, higher 

serum levels of insulin and Insulin-like growth factor 1 (IGF-1), and lower levels of free 

testosterone than control subjects with BPH4. Additionally, metabolic disturbances may 

promote the pathogenesis of prostatic hyperplasia and steroid hormone imbalance. In the 

Framingham Heart Study, men in the highest quintile of estradiol and estrone levels had 

significantly higher age and Body Mass Index (BMI) than others9. Data analysis of the 

Prostate Cancer Prevention Trial (PCPT), Health Professionals Follow-up cohort, and 

Olmstead County Study and the Baltimore Longitudinal Study of Aging all suggest that 

obese men had a significantly larger prostate size, and increased BMI was significantly 

associated with the severity of LUTS10. While obesity’s link to lower urinary tract 
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symptoms has been widely recognized, the underlying mechanism of prostatic growth is 

poorly understood in this population. Our patient cohort has revealed that aging and obesity 

are strongly associated with SRD5A2 promoter methylation and reduced protein 

expression11. In this study, we further addressed the question of whether obesity-associated 

inflammation promotes the methylation of SRD5A2 gene which would suppress the 

expression of SRD5A2 protein and promote an androgenic to estrogenic pathway in 

prostatic tissue of obese men.

Materials and Methods

Patient Specimens

With institutional review board approval, thirty-five prostate specimens were collected from 

patients who underwent transurethral resection of the prostate at Massachusetts General 

Hospital with Institutional Review Board approval. Informed consent was obtained from all 

subjects. The clinical characteristics of the subjects have been summarized previously3. All 

prostatic samples were from the transition zone and were collected post-surgically in cold 

saline after pathological examination to exclude malignancy. One portion was homogenized 

for steroid sex hormone determination and aromatase evaluation. Another portion was frozen 

in liquid nitrogen and stored at −80°C for protein extraction and RNA extraction. Two 

prostate specimens were collected from patients who underwent simple prostatectomy for 

symptomatic BPH at the University of Texas Southwestern Medical Center with Institutional 

Review Board approval. Fresh samples were processed for cell digestion and cell sorting to 

obtain stromal cells as described previously12–14.

Full experimental details of animals, regents, cell culture, RNA quantification, SRD5A2 

promoter methylation, protein and sex hormone determination are in Supplementary 

Materials and Methods. The primers used for qRT-PCR are listed in Supplementary Table.

Statistical Analysis

Data from in vitro experiments and animal experiments were presented as means of average 

determinants ± standard error of the mean (SEM), and the statistical significance of 

differences was evaluated with unpaired Student’s t-tests. For clinical data, sample size of 

each group was calculated with a power of 80 %. Continuous variables were presented as 

median (IQR) and compared using the Mann–Whitney U-test. The association between two 

different parameters was assessed using Spearman rank correlation. All tests were 2-tailed 

and p <0.05 was considered statistically significant. The statistical analyses of clinical data 

were performed with Stata14 (College Station, TX, USA).

Results:

Obesity induces SRD5A2 promoter hyper-methylation and suppressed SRD5A2 
expression.

Previously, we assessed the methylation of CpG islands in SRD5A2 promoter. We found that 

increased BMI was associated with SRD5A2 promoter methylation and decreased SRD5A2 

expression11. To further confirm this finding, we used MethylCollector kit to determine 
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prostatic SRD5A2 promoter methylation in 16 men with symptomatic BPH. Similar with 

previous findings11, we found that in patients with high BMI (BMI≥25), SRD5A2 promoter 

methylation was significantly higher than that in lean individuals (BMI<25) (Supplementary 

fig. 1 A, P<0.0001). Accordingly, SRD5A2 expression in increased BMI individuals was 

significantly lower than that of the lean control group (Supplementary fig. 2 and 

Supplementary fig. 1 B, P<0.0001).

Next, to investigate how obesity affects SRD5A2 promoter methylation in the prostate, we 

fed two groups of 6-week-old C57BL/6 male mice with high fat diet (HFD) that provides 

42% of calories from fat and regular fat diet (RFD) that provides 13.4% of calories from fat, 

respectively, for 4 months. As expected, the average body weight of mice on HFD was 

significantly heavier than that of the mice on RFD after 4 months. Meanwhile, the average 

prostate weight of mice on HFD was 1.53-fold higher than that of the mice on RFD15. 

Similar to observations in humans, HFD animals had a significantly higher level of SRD5A2 
promoter methylation and significantly lower expression of SRD5A2, as well 

(Supplementary fig. 1 C&D). Furthermore, we observed that in in vitro cultured primary 

human prostatic stromal cells, adipocyte (Supplementary fig. 1 E–G) conditioned media 

(Adi-CM) promoted SRD5A2 promoter methylation (Supplementary fig. 1 H, P<0.0001), 

and inhibited SRD5A2 expression at the transcription level (Supplementary fig. 2 I, 

P<0.001).

The levels of inflammatory mediators are elevated in prostatic tissues with obesity.

We next sought to investigate the mechanism of obesity inducing SRD5A2 promoter 

hypermethylation. Measuring inflammatory mediator levels in mouse prostatic tissues and 

human prostatic tissues, we found that the mRNA expressions of interleukin 1 α (IL1A), 

interleukin 6 (IL6), and TNF-α in HFD-induced obese mice were significantly increased 

compared with RFD control animals (Fig. 1 A–C). Similarly, the the mRNA expressions of 

IL1A, IL6 and TNF-α in overweight (BMI≥25) BPH patients were also significantly 

elevated compared with the lean controls (BMI<25) (Fig. 1 D–F).

It has been reported that SFAs released from adipocytes can activate macrophages resulting 

in an inflammatory response16. Therefore we determined whether the elevated levels of 

inflammatory mediators in the prostate gland of obese versus lean ones might be explained 

by the effects of saturated fatty acid on macrophages. THP-1 cells, a cell line with properties 

of human monocyte-derived macrophages were stimulated with saturated fatty acid (SFA) 

myristic acid (MA) for 12 hours17. We observed that the inflammatory mediators, IL1A, 

IL6, and TNF-α at the transcriptional level in media were significantly increased with MA 

stimulation in a dose-dependent manner (Fig. 1 G–I). The conditioned media were collected 

and used for culturing primary human prostatic stromal cells.

Inflammatory mediators regulate SRD5A2 promoter methylation and expression in human 
prostatic stromal cells.

Previously, we have found that in prostate epithelial cell lines, inflammatory mediators IL-6 

and TNF-α methylate SRD5A2 and silence expression of the gene18. In human prostatic 

tissue, we found that SRD5A2 only expresses in the stroma but not in the epithelium 
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(Supplementary fig 1), here we used primary cultured human prostatic stromal cells to 

conduct experiments to determine if MA stimulated the production of pro-inflammatory 

molecules by macrophages, which in turn may affect the SRD5A2 promoter methylation and 

expression. While the macrophage conditioned media (Mac-CM) significantly promoted 

SRD5A2 promoter methylation compared with the control group, culturing with Mac-CM 

stimulated with MA for 48 hours promoted SRD5A2 promoter methylation in stromal cells 

in a dose-dependent manner, more significantly (Fig. 2 A). Meanwhile, SRD5A2 expression 

was significantly suppressed by culturing with this conditioned media (Fig. 2 B).

Since MA-stimulated Mac-CM significantly facilitated SRD5A2 promoter methylation in 

stromal cells (Fig. 2 A), we then considered assessing the direct effect of MA alone. 

Unexpectedly, adding MA alone into stromal cell culture media induced SRD5A2 

methylation (Fig. 2 C) and inhibited SRD5A2 expression (Fig. 2 D). This result suggests 

that SFA in prostate tissue may directly regulate SRD5A2 methylation and through 

activating macrophage to secrete inflammatory mediators. Therefore, we cultured stromal 

cells with the combination of administrating MA and TNF-α, and found that MA and TNF-

α additively regulated SRD5A2 methylation and expression (Fig. 2 E & 2 F). Collectively, 

these data showed that both inflammatory mediators and saturated fatty acid stimulated 

macrophages regulated SRD5A2 promoter methylation and expression.

Inflammatory mediators and saturated fatty acid additively regulate aromatase activity in 
prostatic stromal cells.

It has been reported that inflammation regulates aromatase expression in male adipose 

tissue19. Our previous study also demonstrated that in the absence of prostatic SRD5A2 

there is an androgenic to estrogenic switch in the prostate. Meanwhile, we found that TNF-α 
promotes expression of aromatase, the enzyme responsible for the conversion of testosterone 

to estradiol3. Given the link between estrogen biosynthesis and the progression of BPH we 

sought to determine whether obesity-induced inflammation led to increased aromatase 

expression in the prostate stroma. We cultured human prostate stromal cells with Adi-CM, 

and found that aromatase (gene name: CYP19A1) was significantly elevated both at the 

transcriptional level and protein level (Fig. 3 A & 3 B). Then we asked if inflammatory 

mediators also promote aromatase levels. Culturing the human prostate stromal cells with 

Mac-CM increased aromatase activity at the transcriptional and protein levels (Fig. 3 C & 3 

D). More importantly, MA-stimulated Mac-CM promoted aromatase activity in a MA dose-

dependent manner (Fig. 3 C & 3 D). Similarly, direct addition of MA alone also significantly 

increased aromatase in stromal cells (Fig. 3 E & 3 F). Combination of TNF-α and MA 

significantly increased aromatase levels in prostate stromal cells even more compared with 

TNF-α or MA alone (Fig. 3 G & 3 H). Finally, we tested the aromatase level in BPH human 

prostatic tissues and in HFD-induced obese mice prostatic tissues. The aromatase level was 

dramatically elevated both in obese mice and in overweight human (BMI≥25) (Fig. 3 I–K). 

Together, our data suggest that inflammatory mediators and saturated fatty acid 

synergistically regulate aromatase activity in the prostate.
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Obesity promotes an androgenic to estrogenic switch in prostate.

Our previous study demonstrated that in prostate samples that are methylated at the 

SRD5A2 promoter locus, there is an “androgenic to estrogenic switch” where the estradiol 

level is dramatically elevated, concomitant with significantly upregulated estrogen-response 

genes3. Here we asked if the estrogen signaling pathway is promoted with obesity and 

obesity-associated inflammation. Recent study demonstrated that there is the differential 

actions of estrogen receptor α (ESR1) and estrogen receptor β (ESR2) in human prostate 

stem and progenitor cells20, we then evaluated the gene expression of ESR1 and ESR2, and 

the concentration of estradiol. As expected, there was a significant increase of ESR1 gene 

expression and estradiol level in prostate stromal cells when culturing with Adi-CM (Fig. 4 

A & 4 B). Then we found that culturing with Mac-MA increased ESR1 gene expression and 

estradiol concentration (Fig. 4 C & 4 D). In addition, saturated fatty acid MA had a similar 

effect with TNF-α (Fig. 4 E & 4 F). Combined administration of MA and TNF-α promoted 

ESR1 mRNA expression and estradiol concentration as well (Fig. 4 G & 4 H).

In HFD-induced obese mice, ESR1 expression was significantly elevated compared with 

RFD lean control (Fig. 4 I). Similarly, both ESR1 mRNA expression and estradiol 

concentrations were upregulated in human prostate tissues of overweight BPH patients 

(BMI≥25) compared with lean controls (BMI<25) (Fig. 5 C & 5 D). Opposite to this trend, 

ESR2 and AR mRNA expressions were suppressed in primary cultured stromal cells upon 

treatment with MA and TNF-α (Fig. 5 A &B, Supplementary Fig. 3 & 4). Together, the data 

demonstrate that obesity or adipocytes promote an androgenic to estrogenic switch in the 

prostate tissues.

Androgen and estrogen levels are modified differently in overweight vs. lean human 
prostate tissue upon the treatment with 5-α reductase inhibitors (5ARIs).

Finally, we investigated if there was a different response to 5ARIs treatment between obese 

and lean BPH patients. In overweight (BMI≥25) patients, the androgen receptor (AR) and 

ESR2 levels were suppressed, but ESR1 expression was increased, compared with lean 

control (BMI<25) (Fig. 5 A–D). When comparing with 5ARIs non-treated group, we also 

found that 5ARIs treated group had significantly increased testosterone (Fig. 5 E) and 

decreased dihydrotestosterone (DHT, Fig. 5 F). Furthermore, after 5ARIs treatment, the 

testosterone level in overweight group was similar to that of the lean group (Fig. 5 G). 

Although the estradiol level was not significantly different between 5ARIs treated and non-

treated group (Fig. 5 H), the ratio of androgen to estrogen (testosterone/estradiol, T/E) in the 

prostatic tissue was significantly higher in 5ARIs treated group (Fig. 5 I). More importantly, 

the T/E ratio was significantly lower in the 5ARIs treated overweight group versus the lean 

control (Fig. 5 J).

Discussion

Epigenetic signature studies for obesity have demonstrated that increasing BMI is associated 

with increased global methylation of obesity-associated genes in adipose tissue21,22. DNA 

methylation has a prominent role in regulating gene expression and influencing downstream 

functional outcomes. In BPH, hypermethylation of specific genes such as MDR1 and 
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RASF1 has been identified in comparison to normal prostate tissues, which may affect the 

gene expression and development of BPH23. Here, we demonstrated that in overweight 

humans and mice, SRD5A2 promoter methylation in prostate tissue was significantly higher 

than that in lean controls. Similarly, SRD5A2 methylation was found both in HFD-induced 

obese mice and adipocyte conditioned media treated prostatic stromal cells. The data suggest 

that in obese BPH patients, increased methylation appears not only in the obesity-associated 

genes, but also in prostate growth regulating genes. Therefore, knowledge about epigenetic 

modulation of specific genes like SRD5A2 may provide additional insight for selecting 

better treatment strategies for management of obese patients suffering from lower urinary 

tract symptoms secondary to BPH.

In many BPH patients who are treated with 5ARI therapy, the hyperplastic prostate 

continues to grow even though there is an inhibition in the conversion of testosterone to 

DHT, which can be monitored by decreases in the expression of the androgen dependent 

protein, PSA24. Continuation of prostatic growth despite the use of 5ARI therapy suggests 

that there may be alternative mechanisms leading to prostate growth and worsening of 

bladder outlet symptoms related to BPH. In our study, we found that obesity markedly 

attenuates the clinical benefits associated with 5ARI therapies for symptomatic BPH25,26. 

We further demonstrated that, there is an androgenic to estrogenic switch in prostate tissue 

leading to higher estrogen levels. In males, there is no central organ which produces 

substantial quantities of estradiol27. Instead, peripheral conversion of estrogen precursors is 

the main source of estrogen in men. Increased adiposity in obesity can lead to greater 

aromatization of circulating testosterone into estrogen. When evaluating the role of estrogen 

receptor status and testosterone levels, we found that in overweight patients, AR, ESR2 

levels were suppressed, but estradiol level was increased, which suggests a greater 

aromatization in prostate tissue. More importantly, the T/E ratio was decreased with 5ARI 

treatment in the overweight vs. the lean control groups (Fig. 5 H). While the evidence for an 

association between estrogen concentration and prostate growth is unclear and inconsistent, 

we agree with the previous study which demonstrated that a lower T/E ratio may stimulate 

proliferation of normal prostate stromal and epithelial cell lines in vitro28.

Previous studies of adipose tissue indicate that obesity is associated with adipocyte death 

leading to the accumulation of macrophages. Macrophage-derived cytokines have been 

suggested to stimulate lipolysis in adipocytes, which lead to increased release of SFA29. 

SFAs activate TLR4 signaling in macrophages and thereby stimulate the production of 

proinflammatory mediators30. Here we present evidence that SFA treatment of macrophages 

led to increased production of TNF-α, IL1A, IL6 (Fig. 1 A–C). Furthermore, both SFA and 

TNF-α treatments enhanced aromatase expression in adipocytes. The data suggest that, in 

obesity, a paracrine loop involving macrophages and adipocytes may amplify the 

inflammatory state and lead to increased aromatase expression31. Collectively, these findings 

are consistent with the concept that the inflammation associated with obesity in prostate 

gland leads to increased expression of aromatase, causing increased estrogen biosynthesis.

Given the link that we have established between obesity, inflammation, increased aromatase 

expression and finally the androgenetic to estrogenic switch, and prior studies that have 

shown treatment with aromatase inhibitor for 12 months decrease estradiol and reduce 
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prostatic growth rate32, it is possible that in carefully selected patients the estrogen 

modulators and/or aromatase inhibitors together with 5ARIs will be more efficient to treat 

BPH in obese/overweight patients.

Obesity is associated with the accumulation of macrophages, the major source of 

proinflammatory mediators in adipose tissue in obese mice and humans33,34. In the prostate, 

inflammation and obesity have been associated with the progression of BPH related urinary 

symptoms and resistance to therapy which may ultimately lead to surgical intervention. 

Obese men tend to suffer more from urinary obstruction due to an enlarged prostate, and 

also tend to be more resistant to 5ARI treatment35,36. While our current study could not 

present direct evidence that obesity led to resistance to 5ARI treatment, future studies will 

be required to determine whether single agents or combinations of agents that inhibit 

inflammatory mediators or modulate estrogen/aromatase pathways may be more efficacious 

in the management of urinary symptoms related to BPH in obese men.

In summary, we took advantage of in vitro cultured primary human prostatic stromal cells, 

human BPH biopsies and rodent model with HFD induced obesity and obesity-associated 

sterile prostate inflammation, to address novel research questions on interplaying between 

obesity, inflammation, steroid hormones and the development of BPH (Supplementary 

figure 5). While estrogen is closely associated with metabolic syndrome37, and anti-

androgen pathways have been a major target for the treatment of patients with BPH38, our 

findings suggest that estrogenic pathways may serve as an effective treatment strategy for 

BPH in obese patients and the broader population of men who lack expression of prostatic 

SRD5A23,39. Developing biomarkers which identify men with prostatic androgenic to 

estrogenic switch may lead to more effective strategies for helping patients who suffer from 

bladder outlet obstruction secondary to BPH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Increased level of inflammatory mediators in prostatic tissues with obesity.
A–C: The mRNA expressions of IL1A, IL6 and TNF-α in mouse prostatic tissues. Mice 

were fed with high fat diet (HFD) or regular fat diet (RFD), respectively for 4 months. The 

prostatic tissues were collected, and mRNA was extracted for qPCR. D–F: The mRNA 

expressions of IL1A, IL6 and TNF-α in human prostatic tissues from overweight patients 

(BMI≥25) and normal weight control (BMI<25). G–I: The mRNA expressions of IL1A, IL6 

and TNF-α in macrophages. Macrophages were activated, followed by administration of 

myristic acid (MA) at the concentration of 0.25 μM, 1 μM and 2.5 μM for 12 hours. The data 

represent means of average determinants ± SEM. All experiments were repeated 

independently at least three times, with similar results. ***P < 0.001, ****P< 0.0001, 

compared with RFD group in mice tissues), compared with BMI<25 group in human tissues, 

and compared with vehicle in stroma cells.
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Fig. 2. SRD5A2 promoter methylation and expression is regulated by inflammatory mediators in 
human prostatic stromal cells.
A–B: Stromal cells were treated with macrophage conditioned media. SRD5A2 promoter 

methylation (A) and SRD5A2 expression levels (B) were measured. C–D: Stromal cells 

were treated with myristic acid (MA) alone. E–F: Stromal cells were treated with 

macrophage conditioned media (Mac-CM), MA, TNF-α and combination of MA and TNF-

α. The data represent means of average determinants ± SEM. All experiments were repeated 

independently at least three times, with similar results. *P < 0.05, **P< 0.01, ***P < 0.001, 

****P< 0.0001, compared with vehicle. #P < 0.05, ## P< 0.01, ### P < 0.001, compared 

with Mac-CM. `P < 0.05, ``P< 0.01, ```P < 0.001, ````P< 0.0001, compared with TNF-α 
+MA, 12h. Mac: macrophage; MA: myristic acid.
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Fig. 3. TNF-α and myristic acid synergistically regulate aromatase activity in prostatic stromal 
cells.
A-B: Stromal cells were treated with adipocyte conditioned media (Adi-CM). Aromatase 

mRNA (A) and protein levels were measured (B). C–D: Stromal cells were treated with 

macrophage conditioned media (Mac-CM) and myristic acid-activated macrophage 

conditioned media (Mac-MA). E–F: Stromal cells were treated with myristic acid (MA) 

alone. G–H: Stromal cells were treated with macrophage conditioned media (Mac-CM), 

MA, TNF-α and the combination of MA and TNF-α. Aromatase was measured at the 

transcriptional level (G) and protein level (H). I: The level of aromatase in HFD-treated 

mouse prostate tissues. J–K: Aromatase mRNA (J) and protein levels (K) in patient prostate 

tissues. The data represent means of average determinants ± SEM. All experiments were 

Xue et al. Page 13

Prostate Cancer Prostatic Dis. Author manuscript; available in PMC 2021 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



repeated independently at least three times, with similar results. *P < 0.05, **P< 0.01, ***P 

< 0.001, ****P< 0.0001, compared with RFD group in mice tissues, compared with 

BMI<25 group in human tissues, and compared with vehicle group in stroma cells. ## P< 

0.01, ### P < 0.001, compared with Mac-CM. `P < 0.05, ``P< 0.01, ```P < 0.001, ````P< 

0.0001, compared with TNF-α +MA, 12h. Adi-CM: adipocyte conditioned media; Mac: 

macrophage conditioned media; MA: myristic acid.
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Fig. 4. Prostatic estrogen receptor-α (ESR1) and estradiol are elevated with adipocyte and 
inflammatory mediator exposure.
A–B: Stromal cells were treated with adipocyte conditioned media. ESR1 mRNA 

expressions and estradiol concentration were upregulated after treatment. C–D: Stromal 

cells were treated with macrophage conditioned media and activated-macrophage 

conditioned media. ESR1 mRNA expressions and estradiol concentration were upregulated 

in a dose-dependent manner after treatment. E–F: Stromal cells were treated with myristic 

acid. ESR1 mRNA expressions and estradiol concentration were upregulated in a dose-

dependent manner after treatment. G–H: Stromal cells were treated with macrophage 

conditioned media (Mac-CM), MA, TNF-α and combination of MA and TNF-α. ESR1 

mRNA expressions and estradiol concentration were upregulated after treatment of myristic 

acid, and the changes were more significant after treatment with TNF-α and combination of 
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myristic acid and TNF- α. I: Prostatic ESR1 mRNA expressions and estradiol concentration 

were upregulated in mice with HFD exposure. *P < 0.05, **P< 0.01, ***P < 0.001, ****P< 

0.0001, compared with RFD group in mice tissues, and compared with vehicle in stroma 

cells. ## P< 0.01, ### P < 0.001, compared with Mac-CM. `P < 0.05, ``P< 0.01, ```P < 

0.001, ````P< 0.0001, compared with TNF-α +MA, 12h. Adi-CM: adipocyte conditioned 

media; Mac: macrophage conditioned media; MA: myristic acid.
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Fig. 5. Alteration of androgen and estrogen levels in prostate tissue of obese vs lean BPH patients 
upon treatment with 5-α reductase inhibitors (5ARIs).
Prostatic androgen receptor (AR) (A), ESR2 (B) and ESR1 (C) expression at mRNA level, 
and estradiol (D) change in lean and obese men. Prostatic testosterone (E) and DHT (F) in 

5ARIs untreated vs. treated men. (G) Prostatic testosterone in lean vs. overweight men. (H) 

Prostatic estradiol in 5ARIs untreated vs. treated men. (I) The ratio of androgen to estrogen 

(testosterone/estradiol, T/E) in 5ARIs untreated vs treated groups. (J) The prostatic T/E ratio 

in lean vs. overweight individuals. *P < 0.05, **P< 0.01, ***P < 0.001, ****P< 0.0001, 

compared with BMI<25 group or untreated group).
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