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Benign prostatic hyperplasia (BPH) is an age-related disease that affects millions of aging males 
globally. While the pathogenesis of BPH remains incompletely understood, emerging evidence 
suggests a pivotal role for the androgen receptor (AR) in mediating prostate growth and function. 
Understanding age-related AR signaling alteration may inform novel BPH treatments. Here, we 
analyzed the prostatic protein expressions of AR, NKX3.1, and Ki-67 in young (2 months) and aged 
(24 months) mice. We also examined the potential mechanism of AR protein expression. Compared 
to young mice, decreased AR and NKX3.1 protein expression was observed in the anterior prostate 
(AP) and ventral prostate (VP) of aged mice, indicating reduced AR signaling in these prostate lobes. 
Additionally, we observed decreased protein expression of proliferation maker Ki-67 in aged AP, VP, 
and dorsal-lateral prostate (DLP), with no difference in apoptosis as compared to young counterparts. 
We conclude that prostatic androgen receptor signaling shows an age-related and lobe-specific 
alteration in mice.
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Benign prostatic hyperplasia (BPH) is one of the most prevalent and clinically important urological conditions 
affecting aging men worldwide1. In 2019, about 94 million cases of BPH were reported globally, rising from 
about 51.1 million cases in 20002. Published data indicated that the annual cost of BPH-related management 
exceeded 1.5 billion dollars in the United States3. Symptomatic BPH can manifest lower urinary tract symptoms 
(LUTS) such as urinary hesitancy, increased voiding frequency and urgency, and nocturia, which significantly 
impacts patients’ quality of life4,5. In addition, despite being a non-malignant condition, the progressive nature of 
BPH often leads to complications such as bladder stones, kidney failure, and urinary tract infections6.

It has been shown that the occurrence of BPH is closely related to age, and aging has been identified as a risk 
factor for BPH/LUTS7. Approximately 50% of men over the age of 50 and around 80% of men over the age of 
70 are under the influence of BPH/LUTS8,9. During aging, the prostate gland undergoes physiological changes, 
including glandular enlargement and increased smooth muscle tone, which can result in LUTS10–12. Age-related 
alterations in prostatic structure and function are accompanied by steroid hormonal changes, particularly 
involving androgens. As men age, the level of serum androgens, such as testosterone (T) and dihydrotestosterone 
(DHT), decreases13,14. It has been believed that the androgen receptor (AR) signaling axis plays a pivotal role in 
the pathology of BPH since T and DHT are ligands of AR15,16. However, the exact mechanisms by which aging 
influences androgen metabolism and action in the prostate remain unclear.

The prostate gland is an androgen-dependent organ, and AR activation is essential for normal prostatic 
development and function17. Dysregulation of AR signaling contributes to the aberrant proliferation and 
survival of prostatic cells observed in BPH18. Clinically, the use of 5-alpha reductase inhibitors (5ARIs), which 
inhibit the process of T-to-DHT conversion, has shown success in BPH/LUTS management19. In some patients, 
5ARI reduces the clinical risk of disease progression and improves symptom scores, compared with placebo19,20. 
However, as 5ARI abates AR signaling, the effectiveness of 5ARI as a BPH treatment seems to contradict 
androgen reduction during aging. Thus, having a better understanding of AR signaling characteristics during 
aging is of great importance.

For decades, mice have been used as a model for human diseases. However, histologic BPH in men is 
commonly described as nodular growth, due to the types of glandular and stromal prostatic nodules observed. 
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These nodules are obvious in humans but not apparent in rodents. Nonetheless, prostate growth, hyperplasia, 
and hypertrophy occur in prostate enlargement found in aged men and mice21. Additionally, urinary symptoms 
(e.g. increased urinary frequency) found in men with BPH also occur in aged mice21. Although the mouse 
prostate is anatomically distinct from the human prostate, the true nature of the zones and lobes of these species 
remains enigmatic. Our previous work demonstrated that mice could represent the cellular and functional 
aspects of BPH21,22. In addition, a decrease in serum T level with age has been observed in mice, suggesting that 
mice may experience similar hormone changes to those seen in humans during the aging process21,23.

Our earlier work has characterized AR protein expression in BPH and normal prostate22. Still, due to a 
limited source of young human samples, the impact of aging on prostatic AR signaling remains unexplored. 
In this study, we evaluated and quantified the localization and expression of prostatic AR and AR downstream 
target NKX3.1 in mice at 2 months (young) and 24 months (aged) of age. We also determined the effect of aging 
on prostatic hyperplasia by using the proliferation marker Ki-67 and terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL). Our work provides a better understanding of the role of androgen signaling 
in the aging prostate.

Materials and methods
Animals
All animal experiments were conducted under the protocols approved by the University of Wisconsin Animal 
Care and Use Committee. All authors comply with the ARRIVE guidelines, and all methods were performed 
in accordance with the relevant guidelines and regulations. Male C57Bl6/J mice (cat# 000664) were obtained 
from the Jackson Laboratory (Bar Harbor, ME) or directly from the National Institute of Aging (Wilmington, 
MA). Animals were housed under standard laboratory conditions with a 12:12 light/dark cycle and provided 
with food and water ad libitum. Young mice were euthanized at 2 months of age and aged mice were euthanized 
at 24 months of age. Mice were euthanized with carbon dioxide followed by cardiac puncture. The anterior 
prostate (AP, young n = 9, aged n = 9), ventral prostate (VP, young n = 9, aged n = 9), and dorsal-lateral prostate 
(DLP, young n = 9, aged n = 9) were carefully dissected, fixed in 10% normal buffered formalin, and embedded 
in paraffin.

Immunohistochemistry
All procedures were performed as previously described24. Briefly, 5µm sections were cleared and rehydrated. 
Antigen retrieval was performed using a Decloaking ChamberTM (Biocare Medical, Pacheco, CA) in 10 mM 
citrate buffer for 15 minutes at 110°C. Sections were incubated with anti-androgen receptor (Abcam, cat#: 
ab227678, 1:1000), anti-NKX3.1 (Proteintech, cat#: 13069-1-AP, 1:1000), anti-DDX3 (Bethyl, cat#: a300-474a, 
1:250), and anti-Ki-67 (Cell Signaling Technology, cat# 12202, 1:1000) at 4°C overnight. Horseradish peroxidase 
(HRP)-conjugated horse anti-rabbit IgG polymer reagent (Vector Laboratories, cat# MP-7401) was used with 
3,3’-Diaminobenzidine (DAB) chromogen (Cell Signaling Technology, cat# 8059) and hematoxylin counterstain.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
All procedures followed the Abcam TUNEL Assay Kit-HRP-DAB protocol (Abcam, cat#: ab206386). Briefly, 
5  μm sections were cleared and rehydrated. Permeabilization was performed using proteinase K solution, 
followed by 5 min of quenching using 3% H2O2. Sections were incubated with TdT Labeling Reaction Mix for 
1.5 h at room temperature. The apoptotic cells were visualized by DAB with hematoxylin counterstain.

Image analysis
Multispectral images were captured using Mantra (Perkin-Elmer, Waltham, MA) and quantified using inForm 
software (Perkin-Elmer). Images were taken with 20x magnification. Tissue segmentation (epithelium vs. 
stroma), cell segmentation, and determination of cell number were performed with inForm software. 18% of the 
total images were trained in the algorithm for the segmentation. Cells at the edges of images were excluded from 
segmentation. The 4-bin scoring on the percentages of positive cells over the total number of cells was used based 
on the negative (0), mild (1), moderate (2), and strong (3) staining of AR, NKX3.1, and DDX3. The expression of 
Ki-67 and the number of TUNEL-positive cells were measured by positivity using inForm software. The optical 
density (OD, intensity/pixel) of AR, NKX3.1, DDX3, and Ki-67 was automatedly determined by inForm software 
utilizing the equation: optical density= -log10 (pixel value / white reference pixel value). 6 pixels from the cell 
nuclei were defined as the thickness of the cytoplasm for the quantification of cytoplasmic DDX3 expression. 
Mean nuclear size was calculated by dividing the total area of the nuclear tissue compartment measured in 
pixels (epithelium and stroma) by the number of cells in the respective tissue compartment. The area was then 
converted from pixels into µm2. The following images were excluded from analysis: less than 5% epithelial 
component, significant tissue loss or folding, and images with more than 5% poorly segmented nuclei.

Statistics
Grubbs’ test was performed for outlier detection using GraphPad outlier calculator (GraphPad Software, Boston, 
MA). Outliers having values of p < 0.05 in Grubbs’ test and greater than two standard deviations of the mean 
were removed from the analysis. Statistical significance for the expressions of AR, NKX3.1, DDX3, and Ki-
67 and the numbers of TUNEL-positive cells was calculated using F-test and two-tailed Student’s t-test (equal 
variances)/Welch’s t-test (unequal variances). A value of p < 0.05 was considered statistically significant.
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Results
Young and aged mice have different prostate tissue compartmentation, cell numbers, and 
nuclear sizes in a lobe-specific manner
To better understand the influence of aging on the histological features of mouse prostate, we characterized 
prostate tissue area and cell numbers in mice at 2 months (young) and 24 months (aged) of age. Tissue and 
cell segmentation was performed using inForm software (Fig.  1). The areas of epithelium and stroma were 
quantified in the units of millimeters and percentages, which represent the absolute area and the relative area 
of compartments to the overall tissue area respectively (Table 1). In the anterior prostate (AP), epithelium was 
nearly twice as large as stroma, accounting for around 60% of the entire AP area. Compared with young mice, 
aged mice had a larger tissue area in the field of view of the ventral prostate (VP, p = 0.0112). Tissue segmentation 
indicated that aged mice had larger areas of epithelium and stroma in the field of view of VP (p < 0.05). However, 
aging did not alter the compositional ratio of VP, as epithelial and stromal area percentages did not change 
with age. Even though the overall areas in the field of view of the dorsal-lateral prostate (DLP) were similar 
in young and aged mice, aged mice had a larger area and a higher area percentage of stroma than young mice 
in DLP (p < 0.05). In terms of cell numbers, aged mice had more cells in the field of view of VP (p = 0.027). 
Tissue segmentation showed more stromal cells in the field of view of VP in aged mice (p = 0.013). In contrast, 
aged mice had fewer epithelial cells in the field of view of DLP, leading to an overall lower number of cells in 
DLP (p < 0.05). There was no difference in either the areas or cell numbers in the field of view when young 
AP was compared to the aged counterpart. Moreover, we normalized the cell numbers to areas and calculated 
cell densities. No significant difference was observed between young and aged prostate in any prostate lobe in 
terms of cell density. Additionally, there was no difference in cell nuclear size between young and aged AP and 
DLP. However, the nuclear size of stromal cells in VP was significantly larger in aged mice than in young mice 
(p = 0.0011).

The expression of androgen receptors with age shows lobe-specific changes in mouse 
prostate
Previous work has shown that testosterone (T) levels decrease with age in humans and mice12,13,21,23. Thus, 
we hypothesized that prostatic AR protein expression would decrease in aged mice. To test our hypothesis, 
we determined the expression of prostatic AR in mice using immunohistochemistry (IHC). Consistent with 
previous studies, AR was localized to nuclei within the epithelium and stroma (Fig. 2a)22,25. The total prostatic 
AR expression in AP was higher in young mice than in aged mice, with more cells having strong AR positivity 
observed in young AP (p = 0.025, Table 2). In VP, aged mice had more cells with mild AR positivity, while young 
mice had more cells with moderate and strong positivity (p < 0.05). Thus, the overall AR expression was higher 
in young VP. There was no difference in overall AR expression in DLP when young mice were compared to aged 
mice. Tissue segmentation analysis showed a decrease in the percentage of AR-positive cells in the stroma of AP 
with age (p = 0.002), while no difference in the percentage of AR-positive cells was observed in AP epithelium. 
Aged AP also had fewer cells with moderate and strong staining in the stroma (p < 0.01). Compared to young 
VP, aged VP had fewer AR-positive epithelial cells (p < 0.05). There was no difference in the percentage of AR-
positive cells in the epithelium or stroma of DLP between young and aged mice.

In addition to AR percentage positivity, we also quantified AR expression in terms of intensity. Interestingly, 
the overall AR intensity did not change with age in AP (Fig.  2b), even though AR was more intense in the 
stromal cells (p = 0.0013). This is likely due to epithelial cells outnumbering stromal cells. In VP, aged mice 
had lower AR intensity in the epithelium, leading to a decrease in overall AR intensity with age (Fig. 2c). No 
difference in stromal AR intensity was observed in VP between young and aged mice. Moreover, DLP did not 
show differences in AR intensity in any compartment (Fig. 2d).

Our previous study in double-negative prostate cancer indicated that DEAD (Asp-Glu-Ala-Asp)-box 
helicase 3 (DDX3) represses AR translation at stress granules under stressful conditions26. Since oxidative stress 
accumulation correlates with aging, we next examined whether the expression of DDX3 increases with age, 
which may lead to a decrease in prostatic AR expression in aged mice27. Cytoplasmic DDX3 was quantified 
using inForm software (Supplementary Figure S1). There was no meaningful difference in DDX3 expression 
between young and aged prostate (Supplementary Table S1), suggesting that DDX3 may not participate in AR 
downregulation in non-malignant mouse prostate during aging. Only a higher percentage of cells with moderate 
expression of DDX3 was observed in aged DLP (p = 0.028).

Taken together, these results demonstrate that AR protein expression is reduced in aged mouse AP and VP, 
but not DLP. DDX3-mediated translational inhibition of AR mRNA may not be involved in AR reduction in 
aged prostate.

AR signaling decreases with age in mouse AP and VP
We next examined the expression of NKX3.1, a downstream target of AR, to assess AR signaling in young and 
aged mice28. As shown in Fig. 3a, NKX3.1 was only expressed in the nuclei of epithelial cells, consistent with 
previously reported localization of NKX3.129. In addition, consistent with a decrease in AR, the percentage of 
NKX3.1-negative cells was higher in AP and VP from aged mice than in young counterparts (p < 0.05, Table 3). 
More epithelial cells with moderate expression of NKX3.1 were observed in young VP. There was no difference in 
the percentages of NKX3.1-negative and -positive cells when young DLP was compared to the aged counterpart. 
In terms of NKX3.1 intensity, young AP and VP had more intense NKX3.1 expression (p < 0.05, Fig. 3b). No 
difference in the intensity of NKX3.1 between young and aged mice was observed in DLP. These results suggest 
AR signaling decreases with age in the mouse prostate in a lobe-specific manner.
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Fig. 1. Unmixed signals of chromogen and segmentation images from immunohistochemistry of young (2 
months) and aged (24 months) anterior prostate. Hematoxylin (blue), 3, 3’-diaminobenzidine (DAB, brown), 
tissue segmentation (epithelium: red; stroma: green; non-tissue area: blue), cell segmentation (cell nuclei: 
green). Segmentations were processed using inForm software.
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Prostatic proliferation decreases with age with no change in apoptosis in mice
AR signaling plays a pivotal role in cell proliferation30. The alterations of expression of AR and NKX3.1 
prompted the question of whether total proliferation is affected by altered AR signaling during aging. To test 
this, we examined the expression of the proliferation marker Ki-67 and determined apoptosis using terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)31.

As shown in Fig.  4a, Ki-67 was localized to epithelial and stromal nuclei, consistent with its previously 
reported localization32. Overall, compared to young mice, aged mice had lower percentages of Ki-67-positive 
cells in the AP, VP, and DLP (p < 0.05). The difference in Ki-67 expression between young and aged mice was 
only from epithelium, not stroma. In addition, the young prostate had a higher intensity of Ki-67 expression in all 
three lobes than the aged prostate (p < 0.05, Fig. 4b). TUNEL assay showed little to no apoptotic cells in the AP, 
VP, and DLP (Fig. 4c). No statistical difference was found between young and aged prostates (Fig. 4d), consistent 
with our previous report21. These results suggest young prostate lobes are more proliferative, compared to aged 
prostate lobes.

Discussion
Aging has been shown to correlate with the incidence of multiple prostate diseases in humans, including benign 
prostatic hyperplasia (BPH)1,33,34. Thus, understanding the cellular and molecular effects of aging on the prostate 
is of importance to the development of novel therapeutics and better treatment strategies. However, due to the 
low incidence of prostate diseases in young men, the ability to obtain prostate specimens from young men is 
limited. Therefore, the identification of relevant aging models for studying BPH is critical. Serum androgens 
are reported to reduce with age in both humans and mice14,21,23. In addition, our previous study indicated that 
in aged male mice, the prostates were enlarged, and the mice had altered urinary functions, which modeled 
key aspects of lower urinary tract symptoms in human21. These findings suggest mice mimic humans in the 
hormonal regulation of prostate growth. Further insights into steroid hormone receptor expression in mice could 
be helpful to urologic research in humans. Hence, we characterized age-related androgen signaling changes in 
young (2 months) and aged (24 months) mice.

Previously, manual segmenting of mouse prostatic tissue proved to be challenging as mice show less stroma 
as compared to human prostate. With the help of cutting-edge software, we were able to segment tissues and 
cells in an automated manner. Here, we determined epithelial and stromal areas in mouse prostate, as well as the 
cell counts in each compartment. About 60% of the tissue was epithelium in all three lobes in young and aged 
mice. An increased percentage of stromal area with age was observed in the dorsal-lateral prostate (DLP). No 
significant difference was found in cell density in the anterior prostate (AP), ventral prostate (VP), or DLP. These 
characteristics provide insight into morphometric changes that occur with age in the mouse prostate.

Androgen receptor (AR) has been widely acknowledged to play an important role in prostate development 
and maintenance, sexual function, and prostatic diseases22,34,35. Age-related alterations in AR expression have 

Prostate lobe Anterior prostate Ventral prostate Dorsal-lateral prostate

Age 2 months 24 months 2 months 24 months 2 months 24 months

A. Area (mm2)

Total 218.47 (45.24) 283.06 (81.45) 61.24(22.55)* 106.41 (41.57)* 166.40 (33.22) 167.46 (33.97)

Epithelium 147.75 (32.07) 199.65 (86.92) 38.76 (13.32)* 58.67 (23.52)* 109.17 (22.27) 90.39 (20.68)

Stroma 70.72 (19.26) 83.41 (22.03) 22.48 (11.92)* 47.74 (31.19)* 57.22 (12.63)* 77.07 (16.22)*

B. Area (%)

Total 1 1 1 1 1 1

Epithelium 67.69 (4.74) 69.09 (10.14) 64.26 (9.48) 57.13 (14.07) 65.61 (2.88)**** 46.34 (5.64)****

Stroma 32.31 (4.74) 30.91 (10.14) 35.74 (9.48) 42.87 (14.07) 34.39 (2.88)**** 53.66 (5.64)****

C. Cell number

Total 1,411 (268) 1,643 (204) 560 (178)* 783 (208)* 1,024 (245)* 747 (183)*

Epithelium 1,232 (223) 1,442 (200) 432 (126) 568 (177) 867 (134)** 635 (126)**

Stroma 179 (85) 201 (67) 128 (71)* 215 (60)* 157 (128) 113 (77)

D. Cell density (per mm2)

Total 7,294 (535) 6,995 (1243) 6,687 (447) 6,008 (1256) 7,817 (952) 7,891 (1875)

Epithelium 8,435 (624) 8,551 (1605) 11,058 (1357) 9,936 (2171) 8,231 (1033) 7,448 (2155)

Stroma 2,720 (1183) 2,698 (810) 8,246 (2749) 6,222 (2185) 3,329 (2094) 2,276 (1177)

E. Nuclear size (µm2)

Epithelium 24.65 (2.14) 25.55 (1.28) 26.55 (1.92) 25.21 (2.80) 25.55 (1.41) 24.78 (0.90)

Stroma 22.18 (4.11) 18.49 (3.18) 12.08 (1.51)** 16.09 (2.64)** 21.03 (3.24) 21.52 (1.65)

Table 1. Tissue compartment, areas, cell counts, cell density, and nuclear size in young (2 months, n = 8) 
and aged (24 months, n = 9) prostates. Values are mean (SD). Bold values have statistical significance in 
young vs. aged by Student’s t-test (equal variances)/Welch’s t-test (unequal variances). *p < 0.05, **p < 0.01, 
****p < 0.0001.
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been observed in multiple organs and tissues of mice, including the brain, bone, and skeletal muscle36–38. 
However, it is unclear whether AR expression is altered in mouse prostate and whether it is associated with 
prostatic hyperplasia. We demonstrate here that in the aged prostate, a lobe-specific alteration of AR expression 
exists. Traditionally, researchers have used optical density (OD) as a measurement of the intensity of protein 
expression39. We found that the overall OD of AR in AP and DLP did not change with age, while aged VP had 
less intense AR expression than young VP. Because OD averages the intensity by pixels, it does not necessarily 
stratify the cell groups that have different intensities of AR39. To better understand the pattern of AR expression, 
we used 4-bin scoring based on OD thresholds. More cells with strong AR expression were observed in AP and 
VP, but not in DLP in young mice. Tissue segmentation revealed that the reduction of AR primarily existed 
in the stroma of AP and the epithelium of VP. To further assess the effects of aging on AR signaling, we next 
examined the expression of NKX3.1, a transcription factor whose expression is under the regulation of AR40. 
NKX3.1 declined with age in AP and VP, while no significant difference was observed in DLP. Our findings 
suggest that prostatic AR signaling decreases along with serum testosterone (T) reduction and age in a lobe-
specific manner in the mouse. The prostate weights were not taken into consideration while analyzing the data, 
since the age-related prostate enlargement has been published previously21. In addition, our analysis raises the 
question of how the expression of AR is regulated during aging. Earlier work in double-negative prostate cancer 
demonstrated that the RNA helicase, DEAD (Asp-Glu-Ala-Asp)-box helicase 3 (DDX3), inhibited AR mRNA 
translation under stress conditions26,41. As oxidative stress accumulates with age, DDX3 may translationally 
regulate AR expression in the prostate. However, we found the expression of DDX3 protein was not different 
between young and aged prostates, suggesting DDX3 might not be involved in AR protein reduction in aged 
non-malignant tissues. Studies have shown other mechanisms that may regulate AR expression, including 

Fig. 2. The age-related expression of androgen receptor (AR) shows lobe-specific changes in the mouse 
prostate. (a) AR immuno-staining in young (2 months, n = 8) and aged (24 months, n = 9) prostates. AP, 
anterior prostate; VP, ventral prostate; DLP, dorsal-lateral prostate. (b) The intensity of AR expression in total, 
epithelial, and stromal AP. (c) The intensity of AR expression in total, epithelial, and stromal VP. (d) The 
intensity of AR expression in total, epithelial, and stromal DLP. *p < 0.05, **p < 0.01.
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promoter methylation and microRNA-mediated regulation42,43. The roles of these mechanisms in prostatic AR 
expression during aging are yet to be demonstrated.

The clinical use of 5-alpha reductase inhibitors as a BPH treatment suggests that AR signaling could be 
involved in prostatic hyperplasia19,20. Thus, we determined the expression of proliferation maker Ki-67 in young 
and aged prostates. We found that compared to young mice, aged mice had less expression of Ki-67 protein in 

Fig. 3. The expression of NKX3.1 decreases with age in mouse anterior prostate and ventral prostate. (a) 
Pictures of NKX3.1 staining from immunohistochemistry in young (2 months, n = 9) and aged (24 months, 
n = 9) mice. AP, anterior prostate; VP, ventral prostate; DLP, dorsal-lateral prostate. (b) The intensity of NKX3.1 
expression in total, epithelial, and stromal AP, VP, and DLP. *p < 0.05, **p < 0.01.

 

Prostate lobe Anterior prostate Ventral prostate Dorsal-lateral prostate

Age 2 months 24 months 2 months 24 months 2 months 24 months

A. Total (%)

0 16.12 (7.19) 21.02 (10.39) 9.35 (5.02) 15.15 (10.27) 19.17 (9.59) 23.74 (5.95)

1 38.36 (10.91) 43.16 (9.98) 21.42 (8.53)** 39.55 (13.09)** 36.04 (10.54) 36.72 (6.07)

2 41.77 (14.98) 34.39 (16.90) 41.55 (7.75)* 32.57 (9.51)* 35.24 (10.72) 31.37 (8.53)

3 3.75 (2.27)* 1.43 (1.56)* 27.69 (14.21)* 12.73 (12.73)* 9.55 (9.10) 8.17 (8.26)

B. Epithelium (%)

0 11.41 (5.43) 17.42 (13.64) 8.19 (2.76)* 16.79 (8.62)* 15.25 (7.50) 16.78 (6.92)

1 41.20 (12.38) 43.45 (11.55) 18.07 (8.92)*** 40.66 (14.47)*** 35.84 (11.32) 31.99 (8.95)

2 44.51 (15.06) 37.78 (19.87) 44.07 (8.20)* 32.63 (11.95)* 39.35 (8.69) 39.74 (8.01)

3 2.87 (2.10) 1.34 (1.65) 29.67 (15.52)** 9.92 (11.48)** 9.56 (9.84) 11.50 (10.48)

C. Stroma (%)

0 13.53 (5.09)** 33.15 (14.06)** 39.03 (11.88) 57.82 (28.17) 23.61 (5.88) 29.09 (13.62)

1 27.06 (10.73)* 38.15 (5.04)* 49.68 (12.60) 32.71 (19.29) 27.83 (6.36) 29.67 (9.31)

2 41.65 (8.92)** 25.07 (13.51)** 12.46 (6.13) 8.20 (9.93) 36.26 (5.23) 33.49 (16.46)

3 17.76 (9.12)*** 3.64 (3.17)*** 0.84 (1.15) 1.27 (2.27) 12.30 (9.39) 8.75 (6.16)

Table 2. 4-bin scoring of androgen receptor (AR) positivity in young (2 months, n = 8) and aged (24 months, 
n = 9) prostates. Values are percentages (%) of AR-negative (0) and mild- (1), moderate- (2), and strong- (3) 
AR-positive cells. Values are presented as mean (SD). Bold values have statistical significance in young vs. aged 
by Student’s t-test (equal variances)/Welch’s t-test (unequal variances). *p < 0.05, **p < 0.01, ***p < 0.001.
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AP, VP, and DLP. It should be noted that although AR did not change with age in DLP, Ki-67 level was higher in 
young mice than in aged mice. These results are consistent with our published results using bromodeoxyuridine 
(BrdU) staining to determine proliferation in the mouse21. Additionally, we observed nuclear enlargement in 
the stroma of aged VP. Studies have shown that a decreased Ki-67 expression and enlarged nuclei could be 
signs of cellular senescence, which in recent years has been considered to accelerate the progression of prostatic 
diseases25,44. We emphasize that the enlargement of mouse prostate lobes may be a result of accumulated 
proliferation over the years as the proliferation rate decreases with age. Meanwhile, we do not mean to rule out 
the possibility that other factors, such as inflammation and fibrosis, are playing roles in prostate enlargement. In 
fact, BPH has been considered as a stromal disease, and stroma is the primary site where fibrosis occurs45. We 
also noticed an increased stromal area in VP and DLP in this study, supporting that claim.

A limitation of our study is that we do not determine the specific cell types that show different AR expressions 
with age. A normal mouse prostate is composed of multiple cell types, including luminal cells, basal cells, smooth 
muscle cells, endothelial cells, fibroblasts, immune cells, and others46,47. Co-staining the target proteins with cell 
markers would further clarify the effects of aging on different cells. In addition to AR, researchers argue that the 
estrogen receptor (ER) is involved in the pathology of prostatic diseases, and it is believed that an imbalanced 
AR/ER signaling contributes to the transition of cells from normal state to disease state48. As mentioned earlier, 
endogenous T production in males declines with age in humans and mice, while the level of estrogen remains 
stable14,21,23,49. This change can lead to a hormonal imbalance that favors estrogenic signaling to become the 
dominant hormone signaling in the prostate. Our previous study indicated that ERα could be pathogenic, as 
knockdown of ERα ameliorated hormone treatment-induced urinary dysfunctions in male mice48. Additionally, 
a study implicating estrogen and G protein-coupled estrogen receptors induced fibrosis and promoted BPH50. 
Future studies combining estrogenic signaling with androgenic signaling would provide a more complete 
understanding of how aging is associated with prostatic diseases. Moreover, the site of the tissue section may 
affect the results, which has been a concern of histological studies for years. In this regard, we ensured that the 
prostate lobes were embedded in the same direction and used sections in similar positions to reduce possible 
bias.

Taken together, our analysis shows that aging alters prostatic AR signaling in a lobe-specific manner in the 
mouse, associated with reduced proliferation. Our findings provide insight into the expression pattern of AR in 
benign tissues and may impact the usage of mice as a model of BPH. Further validation is needed to confirm 
whether humans have a similar change in AR expression during natural aging.

Prostate lobe Anterior prostate Ventral prostate Dorsal-lateral prostate

Age 2 months 24 months 2 months 24 months 2 months 24 months

Epithelial (%)

0 19.12 (6.72)* 27.19 (5.60)* 30.10 (12.18)* 54.37 (26.43)* 27.91 (6.86) 30.72 (10.41)

1 38.05 (12.09) 41.73 (13.09) 29.25 (11.12) 30.85 (17.86) 42.33 (10.38) 42.99 (8.46)

2 29.30 (10.35) 24.73 (8.88) 33.06 (13.51)*** 10.31 (7.03)*** 23.78 (7.37) 21.28 (6.98)

3 13.53 (9.62) 6.35 (5.60) 7.58 (7.22) 4.47 (5.08) 5.97 (6.96) 5.01 (6.22)

Table 3. 4-bin scoring of NKX3.1 positivity in young (2 months, n = 9) and aged (24 months, n = 9) prostates. 
Values are percentages (%) of NKX3.1-negative (0) and mild- (1), moderate- (2), and strong- (3) NKX3.1-
positive cells. Values are presented as mean (SD). Bold values have statistical significance in young vs. aged by 
Student’s t-test (equal variances)/Welch’s t-test (unequal variances). *p < 0.05, ***p < 0.001.
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Fig. 4. Total proliferation decreases with age with no change in apoptosis in mouse prostate (a) Pictures of 
prostatic Ki-67 staining from immunohistochemistry in young (2 months, n = 9) and aged (24 months, n = 9) 
mice. (b) The percentages of Ki-67-positive cells and the intensity of Ki-67 protein expression in young and 
aged anterior prostate (AP), ventral prostate (VP), and dorsal-lateral prostate (DLP). *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. (c) Pictures of TUNEL assay in young (2 months, n = 9) and aged (24 months, 
n = 8) prostates. (d) The percentages of apoptotic cells in young and aged AP, VP, and DLP.
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Data availability
The data that support the findings of this study are available within the article.
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