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Abstract: Background: 6′-Sialyllactose (6SL) displays a wide range of the bioactive benefits, such 
as anti-proliferative and anti-angiogenic activities. However, the therapeutic effects of 6SL on 
benign prostatic hyperplasia (BPH) remain unknown. Methods: Six-week-old male Wistar rats (n = 
40) were used for in vivo experiments. All rats were castrated and experimental BPH was induced 
in castrated rats by intramuscular injection of testosterone, with the exception of those in the 
control group. Rats with BPH were administrated finasteride and 0.5 or 1.0 mg/kg 6SL. 
Furthermore, the inhibitory effects of 6SL on human epithelial BPH cell line (BPH-1) cells were 
determined in vitro. Results: Rats with BPH exhibited outstanding BPH manifestations, including 
prostate enlargement, histological alterations, and increased prostate-specific antigen (PSA) levels. 
Compared to those in the BPH group, rats in the 6SL group showed fewer pathological changes 
and normal androgen events, followed by restoration of retinoblastoma protein (pRb) and cell 
cycle-related proteins. In BPH-1 cells, treatment with 6SL significantly suppressed the effects on 
the androgen receptor (AR), PSA, and E2F transcription factor 1 (E2F1)-dependent cell cycle 
protein expression. Conclusions: 6SL demonstrated anti-proliferative effects in a testosterone-
induced BPH rat model and on BPH-1 cells by regulating the pRB/E2F1–AR pathway. According 
to our results, we suggest that 6SL may be considered a potential agent for the treatment of BPH. 

Keywords: benign prostatic hyperplasia (BPH); 6′-Sialyllactose (6SL); pRB; E2F1; androgen 
receptor (AR); BPH-1; testosterone-induced BPH rat model 

 

1. Introduction 

Human milk oligosaccharides (HMOs) are major components of human breast milk, consisting 
of a complex mixture. Up to now, more than 130 different HMOs have been identified [1]. Among 
these, sialylated HMOs are thought to be particularly important components of HMOs that increase 
the nutritional value of human milk and show beneficial effects [2,3]. Large amounts of sialylated 
HMOs are present in colostrum (1–3.3 g/L) and 6′-Sialyllactose (6SL) is the most abundant fraction 
in sialylated HMOs. [4]. A broad range of functions have been attributed to HMOs and recent 
studies have detailed the inhibitory effects of HMOs and sialylated HMOs on tumorigenesis [5,6]. 
In addition, our previous study reported that 6SL suggested the inhibitory effects of 6SL on cell 
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proliferation [7]. Although 6SL is thought to show anti-angiogenic and anti-proliferative activities, 
the therapeutic effects and underlying signaling mechanisms of 6SL on benign prostatic hyperplasia 
(BPH) remain unknown.  

BPH refers to age-related, noncancerous enlargement of the prostate. BPH is caused by the 
proliferation of epithelial and stromal cells within the transition zone of the prostate [8]. Patients 
with BPH develop lower urinary tract symptoms (LUTS), which may ultimately affect the overall 
quality of life [9]. The etiology of BPH has not yet been fully elucidated, although several factors 
have been identified. Age-related changes in the levels of testicular hormones are the main factors 
contributing to the genesis and development of BPH. This hypothesis has been clearly proved by 
many studies, in which testosterone replacement for patients with hypogonadism led to prostate 
enlargement [10]. Although the exact mechanism through which testosterone causes BPH is still 
unclear, the androgen/androgen receptor (AR) signaling and its downstream mechanisms in 
prostatic cells is thought to be involved [11].  

Transcriptionally, the E2F transcription factor 1 (E2F1)–retinoblastoma protein (pRb) pathway 
is involved in cell cycle regulation by controlling the expression of genes that are indispensable to 
entry into the DNA synthesis phase of the cell cycle, such as cyclin E and cyclin A [12]. pRb is a 
negative regulator of E2F1 that restrains DNA replication by preventing the G1/S transition in the 
cell division cycle [13]. Although the exact role of the E2F1–pRb pathway has not yet been 
elucidated in BPH, a previous study reported that loss of Rb, which is correlated with its 
phosphorylation, was observed in patients with BPH and early-stage prostatic tumorigenesis, 
suggesting that the E2F1/pRb signaling pathway is one of the underlying molecular mechanisms of 
prostatic diseases [14]. 

Treatment for BPH includes surgical management, transurethral microwave thermotherapy 
(TUMT), minimally invasive therapies, and medical therapy [15]. Among them, medical therapy 
remains the first choice for the treatment of BPH. The two principal drugs for this disease are α1-
adrenergic receptor blockers, including alfuzosin, and 5α-reductase inhibitors, including 
dutasteride and finasteride. Among them, 5α-reductase inhibitors work by blocking the conversion 
of testosterone to dihydrotestosterone (DHT), which then leads to prostate size reduction and 
improvement of symptoms. However, there is still a risk of side effects, such as fatigue, dizziness, 
and sexual problems, and a higher risk of developing prostate cancer [16,17]. Consequently, 
substitutional agents for BPH that are more effective and cause fewer side effects are being 
considered.  

In this study, we used a testosterone-induced BPH rat model and human BPH cell line (BPH-1) 
to assess the efficacy of 6SL as a candidate for the treatment of BPH. Here, we demonstrated the 
effects of 6SL on androgen-relative markers and investigated the molecular mechanisms that 
eventually lead to cell proliferation in BPH. 

2. Materials and Methods 

2.1. Animals 

Six-week-old male Wistar rats (n = 40) were obtained from Daehan Biolink Co. (Daejeon, 
Korea). All experimental procedures were carried out according to guidelines for the care and use 
of laboratory animals established by the National Institutes of Health and approved by the 
Institutional Animal Care and Use Committee (IACUC) of Sangji University (#2017-21). All rats 
were fed on NIH-41 open formula diet (Zeigler Bros., Inc., Gardners, PA, USA).  

2.2. Induction of BPH and Agent Administration 

BPH was induced with testosterone propionate (TP) in male Wistar rats via intramuscular 
injection, and this epithelial hyperplastic model has been used in numerous studies [18,19]. Briefly, 
rats were divided into five groups (n = 8): Group 1—control animals (Con, castrated rats with 
vehicle: intramuscular injection of ethanol with corn oil); Group 2—rats with BPH induction (BPH); 
Group 3—rats with BPH orally administrated 5 mg/kg finasteride (Fina); Group 4,5—rats with BPH 
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intraperitoneally administrated 0.5 or 1.0 mg/kg 6SL (6SL 0.5 and 1.0). Castration was performed by 
removing the testicles and epididymal fat in all rats. Rats were injected with 10 mg/kg testosterone 
propionate (TP; Wako Pure Chemicals, Tokyo, Japan) alone or along with finasteride or 6SL every 
day, except on weekends, for 4 weeks. All animals were sacrificed under anesthesis with Zoletil® 50 
(intraperitoneal, 20 mg/kg; Virbac, Carros, France) 28 days after the first testosterone injection. The 
ventral prostate (VP) and dorsolateral prostate (DLP) were excised, weighed, and stored at −80 °C.  

2.3. Serum Level of DHT Analysis 

Blood samples were collected from all experimental animals, and serum was separated using a 
Vacutainer tube (Becton Dickinson, Franklin Lakes, NJ, USA). The serum DHT levels were 
determined using a commercial enzyme-linked immunosorbent assay (ELISA) kit (CUSABIO; 
Houston, TX, USA). The assay was performed according to the manufacturer’s instructions. 

2.4. Histological Analysis and Immunohistochemistry  

Hematoxylin and eosin (H&E) for histological analysis and immunohistochemistry (IHC) were 
performed according to a method described previously [20]. Photomicrographs of stained slides 
were acquired using an ECLIPSE Ni-U microscope (Nikon, Tokyo, Japan). The thickness of the 
epithelium in the prostate tissue (TETP) was measured using the Leica Application Suite software 
(LAS ver. 3.3.0; Leica Microsystems, Inc., Buffalo Grove, IL, USA) in all the glands of each group. 

2.5. Western Blot Analysis 

Primary antibodies against AR (catalog number sc-816), pRb (sc-377528), E2F1 (sc-193), cyclin 
A (sc-751), cyclin-dependent kinase 2 (Cdk2, sc-748), cyclin D1 (sc-753), proliferating cell nuclear 
antigen (PCNA, sc-56), and β-actin (sc-81178) were purchased from Santa Cruz Biotechnology, Inc. 
(Dallas, TX, USA). Antibodies against PSA (PB9259) were obtained from BosterBio Technology 
(Pleasanton, CA, USA). Protein was lysed and extracted from homogenized rat prostatic tissues and 
harvested prostatic cells. Western blot analysis was performed according to a method described 
previously [20].  

2.6. Cell Culture and Sample Treatment 

Human BPH-1 cells were obtained from the American Type Culture Collection (Manassas, VA, 
USA). BPH-1 cells were cultured in RPMI 1640 medium (Gibco, Waltham, MA, USA) containing 
20% fetal bovine serum (FBS) and 100 mg/mL penicillin-streptomycin (Hyclone, Hyclone, UT, 
USA). BPH-1 cells were seeded (5 × 105 cells/well) and incubated for 24 h. The cells were treated 
with various concentrations of 6SL (12.5, 25, and 50 μM). 

2.7. MTT Assay 

To evaluate cell viability, BPH-1 cells were seeded in 96-well plates (1 × 105 cells/well). After 24 
h, cells were treated with various concentrations of 6SL. The following day, MTT solution was 
added to each well for 2 h, and medium were removed and replaced with dimethyl sulfoxide 
(DMSO) to measure the formazan concentration. Live cell viability was monitored by measuring 
absorbance at a wavelength of 540 nm using an Epoch microplate reader (Biotek, Winooski, VT, 
USA). 

2.8. Statistical Analyses 

The data are expressed as means ± standard deviations (SD) for triplicate experiments. 
Statistical significance was evaluated via one-way analysis of variance (ANOVA) and multiple-
comparison correction based on Tukey’s method, and p-values < 0.05 were regarded as statistically 
significant; p-values were calculated using the software GraphPad Prism 5 (GraphPad Software, La 
Jolla, CA, USA). 
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3. Results 

3.1. 6SL Attenuated Prostate Enlargement in a TP-induced BPH Rat Model 

After sacrifice, the VP and DLP were dissected and the macroscopic features of BPH were 
evaluated. Rats with BPH had notably enlarged prostates and showed hyperemia compared to rats 
in the Con group. However, the Fina, 6SL 0.5, and 6SL 1.0 groups reduced BPH-induced prostate 
enlargement (Figure 1A, Supplementary Data 1A). Prostate weight (PW) is commonly measured to 
predict the development of BPH. As shown in Figure 1B,C, Supplementary Data 1B,C, prostate 
weight and the ratio of PW to body weight (PW/BW index) in rats in the BPH group significantly 
increased compared to that in the Con group. In contrast to rats in the BPH group, those in the Fina, 
6SL 0.5, and 6SL 1.0 groups showed significantly reduced PW and PW/BW index. Abnormal levels 
of DHT, metabolite of testosterone, may associate with BPH in animal and human studies. Rats in 
the BPH group had a significantly increased level of DHT compared to rats in the control group. 
Administration of Fina, 6SL 0.5, and 6SL 1.0 clearly decreased the concentration of DHT in 
comparison to the BPH group (Figure 1D, Supplementary Data 1D). 

 
Figure 1. Effect of 6SL on enlarged prostate in a testosterone propionate (TP)-induced benign 
prostatic hyperplasia (BPH) rat model. (A) Representative images showing changes of prostatic 
tissues from each experimental group are detected. (B) Prostate weight (PW) and (C) prostate 
weight to body weight (PW/BW) ratio was measured and analyzed. Prostate weight to body weight 
(PW/BW) ratio = (Mean value of prostate weight from the experimental group / Mean value of body 
weight from the experimental group) × 1000. All data are mean ± SD (n = 8 per group). (D) The 
concentration of DHT was analyzed using ELISA kit. All data are mean ± SD (n = 4). Values with 
different letters indicate significant differences, p < 0.05. Con; control animals, BPH; rats with BPH 
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induction, Fina; rats with BPH orally administrated 5 mg/kg finasteride, 6SL 0.5 and 1.0; rats with 
BPH intraperitoneally administrated 0.5 or 1.0 mg/kg 6SL. 

3.2. 6SL Ameliorated Prostatic Hyperplasia by Regulating AR Signaling in a TP-induced BPH Rat Model 

To explore the effects of 6SL on histological changes in the prostate gland, H&E staining was 
performed. As can be seen from Figure 2A, Supplementary Data 2A rats in the BPH group 
displayed prostatic hyperplasia signs, including thickened muscle layer, multilayered epithelium, 
and reduced glandular luminal area in comparison to those in the Con group. However, 
administration with Fina, 6SL 0.5, and 6SL 1.0 notably attenuated TP-induced hyperplastic patterns. 
In addition, we measured TETP for objective assessment in histological analysis. The TETP index in 
BPH group rats was significantly increased (up to 4.77-fold higher) compared to that in rats in the 
Con group. TETP indexes in rats in the Fina, 6SL 0.5, and 6SL 1.0 groups were significantly lower 
than those in rats in the BPH group by 58.92, 62.15, and 47.65%, respectively (Figure 2B, 
Supplementary Data 2B). AR signaling is correlated with cell proliferation in prostatic epithelial 
cells, thus promoting BPH development. PSA, the downstream target gene of AR, is a 
representative biomarker for the progression of prostatic cancer and BPH [11]. Levels of AR and 
PSA were higher in the BPH group than those in the Con group, whereas Fina, 6SL 0.5, and 6SL 1.0 
administration significantly suppressed these levels. Expression of PCNA, which is mediated by 
androgens at the transcriptional level, was markedly increased in the BPH group compared to that 
in the Con group. However, Fina, 6SL 0.5, and 6SL 1.0 administration effectively suppressed PCNA 
protein expression (Figure 2C, Supplementary Data 2C). 

 
Figure 2. Effect of 6SL on histological change and androgen-relative protein expression in TP-
induced BPH rat model. (A) Prostatic tissue slides were stained by hematoxylin and eosin (H&E) 
and observed (magnification × 100). (B) Thickness of epithelium tissue from prostate (TETP) was 
measured and expressed as the mean ± SD of five rats per experimental group. (C) The protein 
expressions of androgen receptor (AR), prostate-specific antigen (PSA), and proliferating cell 
nuclear antigen (PCNA) in prostatic tissues were determined by immunoblotting. The densities of 
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protein were calculated using ImageJ Software and the relative protein level was normalized to 
internal control β-actin. Values with different letters indicate significant differences, p < 0.05. 

3.3. 6SL Suppressed E2F1–pRb Pathway Signaling and Induced Cell Cycle Arrest at the G1 and S Phases in 
a TP-induced BPH Rat Model 

Increased activity of the transcription factor E2F1 is thought to facilitate the development of 
benign and malignant disease through cellular proliferation. pRb expression in prostatic tissues 
taken from each experimental group was examined via IHC. pRb expression was higher in the BPH 
group than that in the Con group. However, administration of Fina, 6SL 0.5, and 6SL 1.0 decreased 
pRb expression (Figure 3A, Supplementary Data 3A). As shown in Figure 3B, Supplementary Data 
3B elevated pRb and E2F1 expression in the BPH group was also observed via Western blot 
analysis. Fina, 6SL 0.5, and 6SL 1.0 administration notably suppressed pRb and E2F1 protein 
expression. In addition, the inhibitory effects of 6SL on G1 and S phase cell cycle regulatory 
proteins were investigated. Elevated cyclin A, Cdk2, and cyclin D1 protein expression stimulated 
by testosterone treatment was significantly suppressed by Fina, 6SL 0.5, and 6SL 1.0 administration 
(Figure 3C, Supplementary Data 3C). 
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Figure 3. Effect of 6SL on E2F transcription factor 1 (E2F1)-relative and cell cycle protein expression 
in TP-induced BPH rat model. (A) The manifestation of retinoblastoma protein (pRb) in prostatic 
tissues from rats was shown by immunohistochemistry. The immunoblotting images and 
quantitative analysis show the protein expression of (B) pRb, E2F1, and (C) cyclin A, cdk2, cyclin 
D1, Cdk4. The densities of proteins were calculated using ImageJ Software. Relative protein level 
represents densitometric values of each protein as ratio to β-actin. Values with different letters 
indicate significant differences, p < 0.05.  
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3.4. 6SL Abrogated Androgen-Relative Protein Expression in Human BPH Epithelial Cells 

BPH-1 cells are derived from an elderly man with BPH and metabolize prostatic androgens. To 
evaluate the cytotoxicity of 6SL on BPH-1 cells, we performed an MTT assay. As shown in Figure 
4A, Supplementary Data 4A, treatment with 6SL (3.125–50 μM) showed no toxicity in BPH-1 cells. 
Considering that androgen/AR signaling plays a paramount role in the development and 
progression of BPH, we investigated whether 6SL inhibited the molecular target of BPH via 
androgen-dependent signaling. AR and PSA were overexpressed in BPH-1 cells. In contrast, 
treatment of BPH-1 cells with 6SL (12.5, 25, and 50 μM) for 24 h significantly suppressed the 
expression of AR and PSA, showing nonspecific cytotoxicity and the specific inhibitory effects of 
6SL on BPH-related key markers (Figure 4B, Supplementary Data 4B). 

 
Figure 4. The inhibitory effect of 6SL on BPH cell line (BPH-1) cells’ growth and androgen-relative 
protein expression. (A) BPH-1 cells were treated with various concentration of 6SL for 24 h to assay 
cell viability. (B) AR and PSA protein expression were determined by immunoblotting and relative 
protein level was analyzed. β-actin was used as an internal control gene. The densities of protein 
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were calculated using ImageJ Software. Values of three separate experiments are represented as 
mean ± SD. Different letters indicate significant differences, p < 0.05. DMSO; Dimethyl sulfoxide. 

3.5. 6SL Repressed E2F1/pRb Signaling by Regulating G1 and S Checkpoint Protein 

To investigate the molecular mechanism by which 6SL inhibited BPH-related protein 
expression, we investigated E2F1/pRb pathway regulation by 6SL. Previous studies reported that 
the expression of E2F1-related target genes directly involved in cellular proliferation and 
transcriptional expression was activated by androgens [21]. As shown in Figure 5A, Supplementary 
Data 5A, BPH-1 cells showed higher expression of E2F1 and pRb, and treatment with 12.5, 25, and 
50 μM 6SL led to decreased E2F1 and pRb expression. Cyclin A binding with Cdk2 is required for 
cell cycle S phase progression, and cyclin D is involved in regulating G1 and G1/S phase transitions 
[22]. 6SL treatments significantly inhibited cyclin A, Cdk2, and cyclin D protein expression 
compared to that in vehicle-treated cells (Figure 5B, Supplementary Data 5B). 

 
Figure 5. The depressant effect of 6SL on E2F1-dependent cell cycle protein expression in BPH-1 
cells. (A) pRb, E2F1, and (B) Cyclin A, Cdk2, Cyclin D1 protein levels were analyzed by 
immunoblotting. The densities of proteins were calculated using ImageJ Software. Relative protein 
level was normalized to β-actin and values of three separate experiments are represented as mean ± 
SD. Different letters indicate significant differences, p < 0.05. 

4. Discussion  

The androgen–AR axis is crucial in the development and function of the prostate and 
influences prostatic pathogenesis. Androgens, such as testosterone and DHT, act as ligands and 
bind to the AR. The androgen/AR complex undergoes dimerization, phosphorylation, and nucleus 
translocation, followed by regulation of gene expression through various mechanisms. Elevated AR 
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expression has been observed in benign and malignant prostate disease, showing both 
hyperproliferation and hyperplasia. Emerging evidence has indicated the role of AR in BPH 
development, and targeting androgen/AR signaling is considered an important therapeutic 
approach [11]. In the pharmaceutical fields, androgen deprivation therapy (ADT) that reduces 
androgen levels and/or blocks the action of AR forms the basis of current BPH treatment. Among 
such agents, 5α-reductase inhibitors have shown successful outcomes in the treatment of BPH. 
Tempany et al. [23] reported that patients with BPH treated with finasteride showed decreased 
prostate size, suggesting that suppression of androgen conversion was tightly linked to decreased 
prostatic volume. A great deal of previous research has ruled out the efficacy of synthetic 
androgens and these therapies also displayed considerable consequences, including sexual 
dysfunction, allergic reactions, increased cardiovascular risk, and prostatic disease progression [17]. 
Currently, as part of the efforts to develop alternatives and minimizes side effects, naturally 
occurring products such as saw palmetto, β-sitosterol, and cernilton have gained attention [24]. 
Considering that BPH is a chronic disease, patients desire dietary supplements as a long-term, 
effective, and safe strategy. However, as scientific evidence regarding the efficacy and safety of 
supplements is still limited, there is need to demonstrate the pharmacological functions and 
underlying molecular mechanisms of such agents.  

Sialylated HMOs have potential nutritional functions, such as benefits to the neonate, 
resistance to pathogens, immune action, and prebiotic effect [25–27]. Therefore, sialylated HMOs 
have received increasing attention for the study of functions and for the production that could 
mimic the nutritional value of sialylated HMOs. 6SL, a dominant sialylated HMO, has recently 
become mass-produced and commercially available. Many researchers have focused on anti-
proliferation effects of 6SL, as well as its effect on anti-inflammation. Previous studies have shown 
anti-carcinogenic and anti-angiogenic properties that might further act on inhibition of cell 
proliferation. 6SL has also exhibited anti-inflammatory and immunosuppressive effects on 
epithelial cells via inhibition of NF-κB [28]. With the potential involvement of inflammation in the 
etiology of androgen-induced BPH, many researchers seek to find an anti-BPH treatment. As 6SL 
has anti-inflammatory and anti-proliferative effects, additional experimental studies of 6SL are 
warranted to prove its possibility as a potential agent for treatment of BPH.  

In this study, we investigated the effects of 6SL and its action mechanism in a TP-induced BPH 
rat model and on human BPH-1 cells. Considering that BPH is characterized by hormonal 
disturbance and pathological proliferation, we established a TP-induced BPH rat model, which has 
been widely used for BPH research. In our study, rats with TP-induced BPH showed pathological 
alterations, including swollen and bloodshot prostates, and increased PW indexes and DHT level 
compared to normal rats. However, administration of 6SL and Fina inhibited prostate enlargement 
via controlling androgen (Figure 1). Using microscopic analysis, we confirmed the therapeutic 
effects of 6SL on pathologically-activated epithelial cell proliferation in the prostate tissue of rats 
with BPH (Figure 2). To understand how 6SL inhibits prostate enlargement, we elucidated the 
underlying mechanisms of 6SL in BPH. AR, PSA, and PCNA were overexpressed in rats with TP-
induced BPH, whereas Fina and 6SL administration suppressed protein expression, implying that 
the inhibitory effects of 6SL are associated with androgen/AR signaling-dependent 
hyperproliferation. Overexpression of PCNA, a cell proliferation marker and a key factor in DNA 
replication during the S phase of the cell cycle, correlates directly with prostate tissue proliferation 
[29]. 

Here, IHC revealed that 6SL administration notably reduced the effects of pRb expression 
compared to that in the TP-induced BPH group (Figure 3A). In accordance with this, 6SL 
significantly reduced the overexpression of pRb and E2F1, suggesting that the therapeutic effects of 
6SL on BPH may be dependent on AR-related E2F1 regulation inhibition (Figure 3B). Previous 
published reports suggested that AR activity was regulated by various coactivators, including 
cyclin D1, and that AR-medicated cell cycle activation precipitated the transcription of androgen-
sensitive genes [30]. A series of cell cycle activation steps during cell cycle phases, including the 
association of cyclin D1 with Cdk4 in the middle-to-late G1 phase, followed by the association of 
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cyclin E with Cdk2 in G1/S, allow progression to early S phase and phosphorylate Rb [31]. 
Meanwhile, cyclin A–Cdk2 complexes are required for entry into the S phase, and are critical factors 
for cell proliferation [32]. Data from rats with TP-induced BPH showed the upregulation of cyclin 
A, Cdk2, cyclin D1, and Cdk6 protein expression, whereas administration of Fina and 6SL reduced 
the expression of cyclin–Cdk complexes (Figure 3C). Inhibition of cell cycle progression by 6SL may 
be attributed to its anti-proliferative properties, displayed in rats with TP-induced BPH, and by its 
regulation of the pRB/E2F1–AR network. 

In our study, we established an in vitro experiment using the BPH-1 cell line, derived from 
human BPH epithelial cells. BPH-1 cells were used to investigate the roles of androgens in the 
pathogenesis of BPH, and to assess the effect of agents on the expression of androgen-sensitive 
genes. As shown in Figure 4, treatment with 6SL did not affect cell viability in human BPH-1 cells. 
However, as expected, treatment of BPH-1 cells with 6SL reduced the expression of androgen-
related proteins, AR, and PSA. Cell proliferation regulation by androgens is accompanied by major 
changes in E2F-regulated transcription [33]. Our results also revealed overexpression of pRb/E2F1, 
cyclin A, Cdk2, and cyclin D1 proteins in BPH-1 cells, whereas 6SL treatment downregulated the 
expression of cell cycle regulatory proteins, consistent with inhibition of pRb/E2F1 expression. 
Although 6SL did not inhibit prostatic cell growth, pRB/E2F1–AR protein expression was 
significantly inhibited, supporting the non-cytotoxic but specific inhibitory effects of 6SL on the 
pathological or abnormal expression of BPH-related genes. 

5. Conclusions 

In conclusion, 6SL displays protective properties in models of TP-induced BPH in rats and 
BPH-1 cells by regulating androgen-dependent proliferation responses. These inhibitory effects of 
6SL on BPH were associated with decreased expression of AR, PSA, and PCNA. The therapeutic 
effects of 6SL on BPH both in vitro and in vivo were exerted via suppression of the pRB/E2F1–AR 
network and regulation of the cell cycle (Figure 6). On the other hand, the suppression of prostate 
enlargement, achieved using the naturally occurring compound 6SL, is comparable to that achieved 
with finasteride treatment, which also suggests the possibility of combination to reduce side effects 
of Fina. To the best of our knowledge, this is the first attempt to understand the pharmacological 
effects of 6SL on androgen-dependent proliferation in a TP-induced BPH rat model and in BPH-1 
cells, suggesting that 6SL was able to alleviate the development of BPH. 

Figure 6. Proposed action mechanism of 6SL in TP-induced BPH rats and BPH-1 cells. 6SL 
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demonstrated anti-proliferative effects in a testosterone-induced BPH rat model and on BPH-1 cells 
by regulating the pRB/E2F1–AR pathway. 6SL inhibited prostate enlargement via controlling 
androgen/AR signaling-dependent hyperproliferation. AR influences E2F-regulated transcription 
that plays a paramount role in cell cycle progression and apoptosis signaling. Here, inhibition of 
E2F1/pRb and cell cycle progression by 6SL may be attributed to its anti-proliferative properties, 
supporting its regulation of the pRB/E2F1–AR network. 

Supplementary Materials: The following are available online at www.mdpi.com/link: Supplementary Data 1: 
(A) Prostate weight (mg), (B) PW/BW (mg/g), (C) concentration of DHT (ng/mL); Supplementary Data 2: (A) 
TETP (μm), (B) relative protein level of AR, PSA, and PCNA; Supplementary Data 3: (A) Relative protein level 
of pRb and E2F1, (B) relative protein level of Cyclin A, Cdk2, Cyclin D1, and Cdk6; Supplementary Data 4: (A) 
MTT assay, (B) relative protein level of AR and PSA; Supplementary Data 5: (A) Relative protein level of pRb 
and E2F1, (B) relative protein level of Cyclin A, Cdk2, and Cyclin D1. 
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Con, control animals;  
DHT, dihydrotestosterone; 
DLP, dorsolateral prostate;  
E2F1, E2F transcription factor 1;  
HMOs, Human milk oligosaccharides;  
Fina, rats with BPH orally administrated 5 mg/kg finasteride;  
PCNA, proliferating cell nuclear antigen;  
PSA, prostate-specific antigen;  
Rb, retinoblastoma protein;  
6SL 0.5 and 6SL 1.0, rats with BPH intraperitoneally administrated 0.5 or 1.0 mg/kg 6SL;  
TP, testosterone propionate;  
TUMT, transurethral microwave thermotherapy;  
VP, ventral prostate;  
6SL, 6′-Sialyllactose;  
TETP, the epithelium tissue from prostate.  

Reference 

1. Bode, L. Recent advances on structure, metabolism, and function of human milk oligosaccharides. J. Nutr. 
2006, 136, 2127–2130. 

2. Bode, L.; Kunz, C.; Muhly-Reinholz, M.; Mayer, K.; Seeger, W.; Rudloff, S. Inhibition of monocyte, 
lymphocyte, and neutrophil adhesion to endothelial cells by human milk oligosaccharides. Thromb. 
Haemost. 2004, 92, 1402–1410. 

3. Oliveros, E.; Vazquez, E.; Barranco, A.; Ramirez, M.; Gruart, A.; Delgado-Garcia, J.M.; Buck, R.; Rueda, R.; 
Martin, M.J. Sialic acid and sialylated oligosaccharide supplementation during lactation improves 
learning and memory in rats. Nutrients 2018, 10, 1519. 

4. Ten Bruggencate, S.J.; Bovee-Oudenhoven, I.M.; Feitsma, A.L.; van Hoffen, E.; Schoterman, M.H. 
Functional role and mechanisms of sialyllactose and other sialylated milk oligosaccharides. Nutr. Rev. 
2014, 72, 377–389. 



Nutrients 2019, 11, 2203 13 of 14 

5. Burns, A.J.; Rowland, I.R. Anti-carcinogenicity of probiotics and prebiotics. Curr. Issues Intest. Microbiol. 
2000, 1, 13–24. 

6. Kuntz, S.; Rudloff, S.; Kunz, C. Oligosaccharides from human milk influence growth-related 
characteristics of intestinally transformed and non-transformed intestinal cells. Br. J. Nutr. 2008, 99, 462–
471. 

7. Chung, T.W.; Kim, E.Y.; Kim, S.J.; Choi, H.J.; Jang, S.B.; Kim, K.J.; Ha, S.H.; Abekura, F.; Kwak, C.H.; Kim, 
C.H.; et al. Sialyllactose suppresses angiogenesis by inhibiting vegfr-2 activation, and tumor progression. 
Oncotarget 2017, 8, 58152–58162. 

8. Patel, N.D.; Parsons, J.K. Epidemiology and etiology of benign prostatic hyperplasia and bladder outlet 
obstruction. Indian J. Urol. IJU J. Urol. Soc. India 2014, 30, 170–176. 

9. Donnell, R.F. Benign prostate hyperplasia: A review of the year’s progress from bench to clinic. Curr. Opin. 
Urol. 2011, 21, 22–26. 

10. Sasagawa, I.; Nakada, T.; Kazama, T.; Satomi, S.; Terada, T.; Katayama, T. Volume change of the prostate 
and seminal vesicles in male hypogonadism after androgen replacement therapy. Int. Urol. Nephrol. 1990, 
22, 279–284. 

11. Izumi, K.; Mizokami, A.; Lin, W.J.; Lai, K.P.; Chang, C. Androgen receptor roles in the development of 
benign prostate hyperplasia. Am. J. Pathol. 2013, 182, 1942–1949. 

12. DeGregori, J. The genetics of the e2f family of transcription factors: Shared functions and unique roles. 
Biochim. Biophys. Acta 2002, 1602, 131–150. 

13. Goodrich, D.W.; Wang, N.P.; Qian, Y.W.; Lee, E.Y.; Lee, W.H. The retinoblastoma gene product regulates 
progression through the g1 phase of the cell cycle. Cell 1991, 67, 293–302. 

14. Phillips, S.M.; Barton, C.M.; Lee, S.J.; Morton, D.G.; Wallace, D.M.; Lemoine, N.R.; Neoptolemos, J.P. Loss 
of the retinoblastoma susceptibility gene (rb1) is a frequent and early event in prostatic tumorigenesis. Br. 
J. Cancer 1994, 70, 1252–1257. 

15. Oelke, M.; Bachmann, A.; Descazeaud, A.; Emberton, M.; Gravas, S.; Michel, M.C.; N’Dow, J.; Nordling, J.; 
de la Rosette, J.J.; European Association of Urology. EAU guidelines on the treatment and follow-up of 
non-neurogenic male lower urinary tract symptoms including benign prostatic obstruction. Eur. Urol. 
2013, 64, 118–140. 

16. Greco, K.A.; McVary, K.T. The role of combination medical therapy in benign prostatic hyperplasia. Int. J. 
Impot. Res. 2008, 20 (Suppl. 3), S33–S43. 

17. Thompson, I.M.; Goodman, P.J.; Tangen, C.M.; Lucia, M.S.; Miller, G.J.; Ford, L.G.; Lieber, M.M.; Cespedes, 
R.D.; Atkins, J.N.; Lippman, S.M.; et al. The influence of finasteride on the development of prostate cancer. 
N. Engl. J. Med. 2003, 349, 215–224. 

18. Li, J.; Tian, Y.; Guo, S.; Gu, H.; Yuan, Q.; Xie, X. Testosterone-induced benign prostatic hyperplasia rat and 
dog as facile models to assess drugs targeting lower urinary tract symptoms. PLoS ONE 2018, 13, 
e0191469. 

19. Lee, M.Y.; Shin, I.S.; Seo, C.S.; Lee, N.H.; Ha, H.K.; Son, J.K.; Shin, H.K. Effects of Melandrium firmum 
methanolic extract on testosterone-induced benign prostatic hyperplasia in Wistar rats. Asian J. Androl. 
2012, 14, 320–324. 

20. Jin, B.R.; Chung, K.S.; Kim, H.J.; An, H.J. Chinese skullcap (scutellaria baicalensis georgi) inhibits 
inflammation and proliferation on benign prostatic hyperplasia in rats. J. Ethnopharmacol. 2019, 235, 481–
488. 

21. Altintas, D.M.; Shukla, M.S.; Goutte-Gattat, D.; Angelov, D.; Rouault, J.P.; Dimitrov, S.; Samarut, J. Direct 
cooperation between androgen receptor and e2f1 reveals a common regulation mechanism for androgen-
responsive genes in prostate cells. Mol. Endocrinol. 2012, 26, 1531–1541. 

22. Bendris, N.; Lemmers, B.; Blanchard, J.M.; Arsic, N. Cyclin a2 mutagenesis analysis: A new insight into 
cdk activation and cellular localization requirements. PLoS ONE 2011, 6, e22879. 

23. Tempany, C.M.; Partin, A.W.; Zerhouni, E.A.; Zinreich, S.J.; Walsh, P.C. The influence of finasteride on the 
volume of the peripheral and periurethral zones of the prostate in men with benign prostatic hyperplasia. 
Prostate 1993, 22, 39–42. 

24. Kim, T.H.; Lim, H.J.; Kim, M.S.; Lee, M.S. Dietary supplements for benign prostatic hyperplasia: An 
overview of systematic reviews. Maturitas 2012, 73, 180–185. 

25. Chen, X. Human milk oligosaccharides (HMOS): Structure, function, and enzyme-catalyzed synthesis. 
Adv. Carbohydr. Chem. Biochem. 2015, 72, 113–190. 



Nutrients 2019, 11, 2203 14 of 14 

26. Kunz, C.; Rudloff, S. Potential anti-inflammatory and anti-infectious effects of human milk 
oligosaccharides. Adv. Exp. Med. Biol. 2008, 606, 455–465. 

27. Boquien, C.Y. Human milk: An ideal food for nutrition of preterm newborn. Front. Pediatr. 2018, 6, 295. 
28. Zehra, S. Direct Effects of Milk Oligosaccharides on the Inflammatory Response in Relation to Allergy. 

Master’s Thesis, McMaster University, Hamilton, ON, Canada, 21 November 2015. 
29. Zhong, W.; Peng, J.; He, H.; Wu, D.; Han, Z.; Bi, X.; Dai, Q. Ki-67 and pcna expression in prostate cancer 

and benign prostatic hyperplasia. Clin. Investig. Med. 2008, 31, E8–E15. 
30. Mallik, I.; Davila, M.; Tapia, T.; Schanen, B.; Chakrabarti, R. Androgen regulates cdc6 transcription 

through interactions between androgen receptor and e2f transcription factor in prostate cancer cells. 
Biochim. Biophys. Acta 2008, 1783, 1737–1744. 

31. Buchkovich, K.; Duffy, L.A.; Harlow, E. The retinoblastoma protein is phosphorylated during specific 
phases of the cell cycle. Cell 1989, 58, 1097–1105. 

32. Gopinathan, L.; Tan, S.L.; Padmakumar, V.C.; Coppola, V.; Tessarollo, L.; Kaldis, P. Loss of cdk2 and cyclin 
a2 impairs cell proliferation and tumorigenesis. Cancer Res. 2014, 74, 3870–3879. 

33. Hofman, K.; Swinnen, J.V.; Claessens, F.; Verhoeven, G.; Heyns, W. The retinoblastoma protein-associated 
transcription repressor rbak interacts with the androgen receptor and enhances its transcriptional activity. 
J. Mol. Endocrinol. 2003, 31, 583–596. 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


