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Abstract: Lower Urinary Tract Symptoms (LUTs) in men are usually associated to benign prostatic 12 

hyperplasia (BPH), a non-malignant prostate enlargement. Unfortunately, BPH etiology is still un- 13 

clear. Recent works highlighted a relevant inflammation role in BPH onset and development. Con- 14 

sequently, to complement the 5-α reductase (and α-adrenergic receptor agonists-based therapy, an 15 

anti-inflammatory therapy should be devised. To reduce multi-drug treatment potential adverse 16 

effects, plant extracts-based therapies are becoming increasingly common. Serenoa repens, the main 17 

phytotherapic treatment for BPH, is not sufficient to front the multi-faceted BPH etiology. In re- 18 

sponse to that, a novel, multiple phytotherapic agents-based formulation, LENILUTS®, was devel- 19 

oped. In the present work, we compared, with an in vitro approach, the prostatic safety and efficacy 20 

of LENILUTS® with a commercial formulation, based only on Serenoa repens, and a 5αR inhibitor, 21 

Dutasteride. Furthermore, preliminary in vitro experiments to investigate LENILUTS® active prin- 22 

ciples bioaccessibility and bioavailability were performed. Our results showed a better prostatic 23 

safety and therapeutic efficacy of LENILUTS®, compared to the commercial formulation and Dutas- 24 

teride, with an increased anti-inflammatory, and pro-apoptotic activity, and a stronger inhibitory 25 

effect on the key enzyme 5αR and Prostatic-Specific Antigen (PSA) release. Limited bioaccessibility 26 

and bioavailability of LENILUTS® active principles were highlighted. Considering the obtained re- 27 

sults, LENILUTS® formulation is more promising for BPH and LUTs therapy compared to Serenoa 28 

repens only-based formulations, but further efforts should be devised to improve active principles 29 

bioaccessibility and bioavailability. 30 
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 32 

1. Introduction 33 

Lower Urinary Tract Symptoms (LUTS) is a group of urinary symptoms triggered by an 34 

obstruction, abnormality, infection or irritation of the lower urinary tract (i.e. urethra, 35 

bladder, bladder neck, urinary sphincter and/or prostate (in men)), negatively affect aging 36 

men lifestyle [1]. LUTS can be categorized as being related to urine storage (urinary fre- 37 

quency, urinary urgency, etc.) or voiding (obstruction) (hesitancy, weak or intermittent 38 

stream, etc.) and present themselves as various voiding dysfunctions [2]. While both men 39 

and women could be affected, LUTS is most often diagnosed in men affected by a benign 40 

enlargement of the prostate, known as Benign Prostatic Hyperplasia (BPH). BPH is an 41 

enlargement of the prostate gland, typically in the central zone, which is the zone of the 42 

prostate surrounding the urethra. This enlargement, in turns, puts pressure on urethra, 43 

increasing outlet resistance, leading to LUTS as a consequence [3]. At present, it is 44 
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generally agreed that BPH, is a consequence of a androids-mediated cell proliferation [4], 45 

in particular of its smooth muscle component, which contraction is responsible for many 46 

BPH-related symptoms, such as LUTS [5,6]. However, as pointed out by the Medical Ther- 47 

apy of Prostatic Symptoms study [7], a prominent role for inflammation in BPH insur- 48 

gence and development was proposed [8,9]. Taken together, these evidences seem suggest 49 

a complex etiology for BPH, which treatment should require a multidrug-based approach. 50 

Accordingly, BPH-related LUTS is presently treated with a combination of 5αR inhibitors, 51 

which block conversion of testosterone to dihydrotestosterone, α-adrenergic receptor ag- 52 

onists that favor smooth muscle relaxation, and plant extracts or phytotherapic agents 53 

[10,11] that can adjuvate and amplify the mentioned activities. Indeed, formulations based 54 

on plant extracts are by far the most popular approach used in the medical management 55 

of BPH-induced LUTS [12,13]. Among them, Serenoa repens, extracted from saw palmetto 56 

tree berries, is the most popular one [14–16]. However, considering its multi-faceted origin 57 

[17,18], a formulation based on multiple active principles would be likely preferable in 58 

BPH-mediated LUTS treatment. To test this hypothesis, a novel formulation, LENILUTS®, 59 

in which anti-inflammatory (beta-sitosterol, BS [19,20], Curcuma longa CL [21,22] and ol- 60 

igomeric proanthocyanidins, OPC [23,24]) and anti-oxidant and antibacterial (BS [25,26], 61 

CL [27,28] and OPC [29,30]) active principles are blended, was compared to a commer- 62 

cially available, Serenoa repens oil mono-component based formulation. The effect of 63 

LENILUTS® and the commercial formulation on different prostatic parameters such as 64 

inflammation, 5αR inhibitory activity, prostate-specific antigen (PSA) release and smooth 65 

muscle activity were investigated with an in vitro approach, based on a prostate in vitro 66 

model. Finally, preliminary in vitro tests, based on an integrated system composed of an 67 

in vitro human digestive and an intestinal epithelium model, were performed to deter- 68 

mine LENILUTS® bioaccessibility and bioavailability. 69 

2. Materials and Methods 70 

2.1 Materials 71 

High glucose Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park Memorial 72 

Institute (RPMI) 1640 Medium, Hanks’ Balanced Salt Saline (HBSS), non-essential amino 73 

acids (NEAA), L-glutamine, Penicillin-Streptomycin mix, lipopolysaccharide (LPS), diclo- 74 

fenac, dihydrotestosterone (DHT), staurosporine (STS) and phorbol 12-myristate 13-ace- 75 

tate (PMA) were purchased from Sigma-Aldrich (St Louis, MO, USA). LNCaP androgen- 76 

sensitive human prostate adenocarcinoma cell line (ATCC® CRL-1740™), Caco-2 human 77 

colorectal adenocarcinoma cells (ATCC® HTB-37™) and THP-1 (ATCC® TIB-202™) were 78 

purchased from ATCC (Manassas, VA, USA). CellTiter 96® AQueous One Solution Cell 79 

Proliferation Assay (MTS) and Apo-ONE® Homogeneous Caspase-3/7 Assay were pur- 80 

chased from Promega (Madison, WI, USA). Oxygen Radical Antioxidant Capacity 81 

(ORAC) Assay kit was purchased from Cell Biolabs (San Diego, CA, USA). Transwell® 82 

insert were purchased from Millipore (Burlington, MA, USA). Fetal bovine serum (FBS) 83 

was purchased from Euroclone (Milan, IT). Interleukin 1β (IL-1β), Tumor Necrosis Factor 84 

α (TNF-α), PSA and DHT ELISA kit were purchased from R&D Systems, PeproTech (Lon- 85 

don, UK), Abcam (Cambridge, UK) and Cloud Clone (Katy, TX, USA) respectively. 86 

 87 

2.2 Formulation Composition 88 

The comparative efficacy evaluation on prostate and smooth muscle in vitro models 89 

was performed between LENILUTS® and commercially available formulation (CF), whose 90 

compositions are detailed in Supplementary Materials 1 (SM1), and Dutasteride. Both of 91 

formulations were resuspended in dimethyl sulfoxide (DMSO). 92 

 93 

2.3 Methods 94 

2.3.1 Cell cultures 95 
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LNCaP cell culture 96 

The LNCaP cells (human prostate cancer line) were kept at 37 °C in a humidified 97 

atmosphere with 5% CO2 in complete cell culture medium (RPMI-1640 medium supple- 98 

mented with 10% FBS and 1% Penicillin-Streptomycin mix) from passage 25 to 40. For 99 

propagation, cells were subcultivated by trypsinization every 7 d when 80–90% confluent, 100 

seeded at a density of 1 X 104 cell/cm2 and medium changed every other day. LNCaP cells 101 

were seeded at a density of 1 X 105 cells/cm2 in 96- and 6-well plates for vitality and anti- 102 

inflammatory experiments and allowed to adhere for 2 days prior to experiments. A lower 103 

cell density (5 X 104 cells/cm2) was used for prostate-specific antigen (PSA) experiments, 104 

performed in 24-well plates. 105 

 106 

THP-1 cell culture 107 

Human THP-1 monocytes were cultured at a density of 5 x 105 cells/mL and main- 108 

tained in cell culture complete medium (RPMI-1640 medium with glutamate supple- 109 

mented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin) in 5% CO2 hu- 110 

midified atmosphere. Cells were subcultured twice a week. A concentration of 500 nM of 111 

phorbol myristate acetate (PMA; Sig-ma-Aldrich, MO, USA) was applied for 24 h to in- 112 

duce macrophage differentiation. At the end of the exposure, the differentiation inducing- 113 

medium was replaced with complete cell culture medium and cells cultured for an addi- 114 

tional 24 h. Conditioned medium was prepared by seeding 6 X 106 cells in 75 cm2 flask, 115 

followed by macrophage differentiation and treatment with 1 ng/mL LPS for 6 h. At the 116 

end of the LPS treatment, medium was recovered and stored at -80 °C until use. 117 

 118 

Caco-2 cell culture 119 

The Caco-2 cells (human colon adenocarcinoma cells) were seeded in adhesion flask in 120 

cell complete medium (high glucose DMEM, 10% heat inactivated FBS, 1% Non-Essen- 121 

tial Amino Acids, 4 mM L-glutamine and 1% penicillin/streptomycin mix) at a density of 122 

2 X 103 cell/cm2 in and kept at 37 °C and 5% CO2 in a humidified incubator ((passage 32 123 

to 42). Cells were subcultivated by trypsinization every 7 d when 80–90% confluent and 124 

seeded at a density of 2000 cells/cm2. The medium was refreshed every other day. 125 

 126 

2.3.2 Evaluation of LENILUTS® antioxidant activity 127 

The antioxidant activity of LENILUTS® was evaluated using the ORAC test, follow- 128 

ing the indications provided on a commercial kit (Cell Biolabs). Briefly, the ORAC test for 129 

LENILUTS® was conducted in accordance with the protocol contemplated for food sam- 130 

ples, considering both the hydrosoluble and liposoluble components of the formula. In 131 

brief, a LENILUTS® tablet was crushed to a powder and the formula was weighed and 132 

resuspended in water. After centrifugation to precipitate the fraction not dissolved in the 133 

water, the supernatant composed of the water-soluble fraction (hydrophilic fraction) was 134 

removed. The pellet was once again resuspended in water, and, after centrifugation, the 135 

supernatant collected was added to the hydrophilic fraction. The pellet remaining after 136 

the aforementioned steps was resuspended in absolute acetone and shaken at room tem- 137 

perature for 30 minutes. After centrifugation, the supernatant (lipophilic fraction) was re- 138 

moved. The hydrophilic and lipophilic fractions were adequately diluted in the reaction 139 

buffer, and 25 µL of solution was used in each reaction to determine antioxidant activity. 140 

After a 30-minute pre-incubation phase at 37 °C, a free radical initiator is added, and the 141 

reaction is incubated at 37 °C for 60 minutes, during which fluorescence is monitored at 142 

one-minute intervals, using excitation and emission wavelengths of 480 and 520 nm re- 143 

spectively. For both hydrophilic and lipophilic fraction, the final result was calculated and 144 

expressed as μmol Trolox equivalents per gram of sample. Finally, the ORAC value re- 145 

sults is composed of from the sum of the ORAC values obtained from the hydrophilic and 146 

lipophilic fractions. 147 

 148 
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2.3.3 Evaluation of the impact of tested formulations, Dutasteride and Diclofenac on 149 

LNCaP cells 150 

To evaluate LENILUTS®, CF, Dutasteride and anti-inflammatory drug Diclofenac im- 151 

pact on human prostatic cellular model, and to determine their higher, non-toxic concen- 152 

tration, a dose-response curve experiment on LNCaP cells was performed. Briefly, LNCaP 153 

cells were treated with increasing concentrations of LENILUTS® (from 0 to 2000 µg/mL), 154 

CF (from 0 to 4000 µg/ml) and Dutasteride (from 0 to 372.5 µg/mL) for 6 and 24 h. Diclo- 155 

fenac treatment (from 0 to 1591 µg/mL) was limited to 6 h, corresponding to the duration 156 

of anti-inflammatory activity experiments. At the end of incubation time, LNCaP cells vi- 157 

tality was determined by MTS assay, according to the manufacturer’s instruction. Ob- 158 

tained dose-response curves were fitted with OriginLab software and half-maximal effec- 159 

tive concentration (EC50) calculated. 160 

 161 

2.3.4 Prostate-specific anti-inflammatory activity 162 

The prostate-specific anti-inflammatory activity of tested formulations and drugs 163 

was evaluated in a LNCaP cell-based prostatic epithelium in vitro model, with a two-step 164 

protocol: i) 2 h pre-treatment of the prostatic epithelium in vitro model with the highest, 165 

non-toxic concentrations of formulations and drugs and ii) a 4 h exposure to inflammatory 166 

stimulus in presence of formulations and drugs. In vitro prostatic model inflammation 167 

was achieved with the method described by Carmen and colleagues [31]. At the end of 168 

the treatment, LNCaP cells were washed with DPBS, scraped in ice-cold PBS, centrifu- 169 

gated and lysed by sonication in lysis buffer. Following centrifugation at 10000 g for 15 170 

min, the level of interleukin-1beta (IL-1β) and tumor necrosis factor-alpha (TNF-α) cyto- 171 

kines in obtained supernatants were quantified by commercial ELISA (Enzyme-Linked 172 

Immunosorbent Assay) kits, following the manufacturer’s instructions. 173 

 174 

2.3.5 LENILUTS® pro-apoptotic activity 175 

The pro-apoptotic activity of LENILUTS® pro-apoptotic activity was evaluated with 176 

a commercial fluorimetric assay, based on caspases 3/7 activation. The activated caspases 177 

selectively cleave a specific substrate, making it fluorescent (Ex: 499 nm, Em: 521 nm), 178 

linking the intensity of the produced fluorescence to the cell apoptotic process activation. 179 

To investigate the correlation between the anti-inflammatory and pro-apoptotic activity, 180 

the same experimental setup described above for the anti-inflammatory activity was ap- 181 

plied. The experiments were conducted following the manufacturer’s instructions. STS, a 182 

cell death inducer, was used as positive control for apoptosis at 1M. 183 

 184 

2.3.6 5α-R activity 185 

The formulations impact on 5αR activity was assessed following the protocol de- 186 

scribed by Assinder [32]. Briefly equal amounts of the same LNCaP cell lysate (i.e. same 187 

total protein content) were incubated for 16 h at 37 °C under agitation with LENILUTS® 188 

(750 μg/mL) and CF (100 μg/mL), in presence of 5αR cofactor NADPH (100 μM) and the 189 

substrate testosterone (100 µM). Dutasteride was used as a positive control (93.1 µg/mL), 190 

while no testosterone-incubated cell lysate was considered as negative control. At the end 191 

of the incubation period, the reactions were blocked with ice and the DHT content of the 192 

different lysate measured by ELISA assay, according to the manufacturer’s indications.  193 

 194 

2.3.7 Measurement of PSA secretion by LNCaP prostatic cells 195 

The effect of LENILUTS®, CF and Dutasteride on PSA secretion was evaluated in 196 

LNCaP prostatic cells, following the protocol described by Kampa and colleagues [33], in 197 

presence and absence of DHT (10 nM), an androgen known to increase PSA release. Se- 198 

creted PSA levels were measured with a commercial ELISA kit, following the 199 
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manufacturer’s instructions. Results were expressed as percentage of secreted PSA in cells 200 

treated with different formulations compared to control. 201 

 202 

2.3.8 In vitro digestion process 203 

A single dose of each formulation listed in SM1 was digested with an in vitro diges- 204 

tion system composed of three compartments (i.e. oral, gastric and intestinal compart- 205 

ment) and simulating the physiological human digestion. Briefly, the formulations were 206 

incubated in saliva-simulating fluid at 37 ± 1 °C for 5 min, rotating head-over-heels at 55 207 

rpm to simulate the peristaltic movements. Then, gastric juice-simulating fluid (pH 1.3 ± 208 

0.1) was added to the mixture and the pH adjusted to 2.5 ± 0.5 with NaOH (1 M) or HCl 209 

(37%). As for the oral compartment, the digesta was maintained under head-over-heel 210 

rotation at 37 °C for 2 h. Subsequently, duodenal juice (pH 8.1 ± 0.1), bile (pH 8.2 ± 0.1) 211 

and sodium bicarbonate were added and the pH adjusted to 6.5 ± 0.5. Head-over-hell ro- 212 

tation was kept for another 2 h. For simulated digestive fluids composition refer to [34]. 213 

Once completed the digestion process, beta-sitosterol and oligomeric proanthocyanidins 214 

(OPAs) bioaccessibility were determined by high pressure liquid chromatography 215 

(HPLC), while curcumin was quantified with a spectrophotometric approach. 216 

 217 

2.3.9 Curcumin determination 218 

Curcumin was determined spectrophotometrically. Briefly, when resuspended in the 219 

organic solvent dimethyl sulfoxide (DMSO), curcumin shows an absorption peak at 420- 220 

430 nm (SM2A), while, when excited at 420 nm, curcumin produces an emission peak 221 

comprised between 520 and 550 nm (SM2B). Considering its peculiar spectral properties, 222 

the concentration of curcumin was determined by exciting at 420 nm and measuring the 223 

fluorescence intensity at 545 nm. The resulting values were interpolated with a linear cal- 224 

ibration curve, obtained with different concentrations of a curcumin standard. Such ap- 225 

proach ensures a lower limit of detection (LOD) compared to the standard HPLC ap- 226 

proach (50 ng/mL compared to 0.05 mg/mL) and allows for the determination of curcumin 227 

in the intestinal epithelium. 228 

 229 

2.3.10 In vitro model of human intestinal epithelium 230 

Absorption and bioavailability of beta-sitosterol, curcuminoids and OPAs were de- 231 

termined using an in vitro model of human intestinal epithelium based on Caco-2 cells. 232 

Briefly, Caco-2 cells were seeded at a density of 1.5 X 105 cells/cm2 on 1 µm pore size 233 

Transwell® polytetrafluoroethylene inserts and left to mature and differentiate for 21 days. 234 

In this peculiar environment, characterized by the compartmentalization typical of the 235 

Transwell® system, Caco-2 cells acquire the morpho-functional features of the mature en- 236 

terocyte (presence of microvilli, tight junctions and P-glycoprotein). Absorption experi- 237 

ment were performed between 21- and 28-days post seeding. 238 

 239 

2.3.11 Digested formulations’ impact on the viability of the intestinal epithelium 240 

The impact of digested formulations on the viability of the intestinal epithelium was 241 

evaluated by adding serially-diluted digested formulations in digestive fluids in the api- 242 

cal compartment and incubating for 3 hours. In the basolateral compartment, HBSS was 243 

added and digestive fluids (without formulations) were added to the apical side as a neg- 244 

ative control. At the end of the exposure period, monolayers were washed with pre- 245 

warmed HBSS and viability of intestinal epithelia was evaluated with MTS assay, accord- 246 

ing to manufacturer’s instructions. The absorbance at 490 nm was determined with a mi- 247 

cro-plate reader (Synergy4, Biotek) and cell viability (%) was expressed as the ratio of the 248 

absorbance in the treated groups to that in the control (untreated) group. Active princi- 249 

ples’ bioavailability experiments were performed using non-toxic concentrations deter- 250 

mined by dose-response curves. 251 
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 252 

2.3.12 Evaluation of beta-sitosterol, curcumin and OPAs bioavailability 253 

Based on dose-response curve information and their posology, digested formulations 254 

were added to the apical side of the in vitro intestinal epithelium, while HBSS buffer sup- 255 

plemented with 1% BSA was placed in the basolateral compartment. Due to the lipophilic- 256 

ity of formulation active components, 1% BSA was added to the basolateral compartment 257 

for improving their bioavailability. According to the literature [35], the addition of BSA 258 

improves the correlation between absorption occurring in Caco-2 cell monolayer and hu- 259 

mans. In vitro intestinal epithelia were exposed to the digested formulations containing 260 

12.1 mg/mL of LENILUTS®  for 1 and 3 h solutions, and beta-sitosterol, curcuminoids 261 

and OPCs were measured in both apical (lumen) and baso-lateral (serosal) compartments 262 

by HPLC and spectrophotometric approach respectively. ,. Bioavailability was then cal- 263 

culated and expressed as percentage of absorption (%) compared to the active principles 264 

amount initially loaded in the apical (i.e. luminal) compartment, and concentration 265 

(ng/mL), derived from three independent experiments. 266 

 267 

2.3.13 Evaluation of post-intestinal absorption Caco-2 monolayer barrier integrity and 268 

viability 269 

After exposure to digested formulations, the Caco-2 monolayer viability and barrier 270 

integrity were evaluated. Briefly, once the incubation with the digested formulations was 271 

over, the Caco-2 monolayer were washed and equilibrated in pre-warmed HBSS for 30 272 

min. Then, Caco-2 monolayer barrier integrity was evaluated with an ERS2 Voltohmmeter 273 

(Millipore), equipped with a chopstick electrode, by measuring the trans-epithelial elec- 274 

trical resistance (TEER). TEER values are the average of three measurements taken at dif- 275 

ferent points in the well in order to have information as representative of the monolayer 276 

as possible. Lucifer Yellow, a fluorescent polar tracer unable to pass through intact tight 277 

junctions, was used to assess the paracellular permeability of Caco-2 monolayers. Paracel- 278 

lular permeability was measured by adding 100 µg/mL LY in HBSS in the apical compart- 279 

ment and 1.5 mL of HBSS in the basolateral compartment. Then, after 1 hour incubation, 280 

the basolateral fractions were collected and their fluorescence measured with a spectro- 281 

fluorometer (Synergy 4, Biotek). 282 

The following formula was used to calculate the apparent permeability coefficient 283 

(Papp, cm/s): 284 

 285 

𝑃𝑎𝑝𝑝=(Δ𝐶 𝑉)/(Δ𝑡 𝐴 𝐶0) 286 

 287 

where ΔC/Δt is the flow of the molecule being transported across the monolayer dur- 288 

ing the incubation time (mM/s), V is the volume of the basolateral compartment (cm3), A 289 

is the area of the membrane (cm2), C0 is the initial concentration of the molecule in the 290 

apical compartment. Finally, cell viability was evaluated by using MTS as-say as described 291 

above. 292 

 293 

2.3.14 Statistical analysis 294 

Experiments were performed in triplicate and results presented as average ± stand- 295 

ard deviation. Results were statistically analysed by t-test or one-way ANOVA test in case 296 

of 3 or more experimental groups, using OriginLab software (OriginLab Corporation, 297 

MA, US) and a p value of ≤0.05 was considered significant. 298 

3. Results 299 

3.1 Antioxidant activity 300 

The antioxidant action of the LENILUTS® was determined using an ORAC test. Table 301 

1 shows the hydrophilic, lipophilic and total ORAC values, expressed as µmol TE/g of 302 
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formula ± standard deviation (SD). The results show that the formula has an antioxidant 303 

action, mainly due to its liposoluble components. 304 

 305 

Table 1. Hydrophilic, lipophilic and total ORAC values of the product LENILUTS®, expressed as 306 
micromole Trolox equivalents per gram of formula (µmol TE/g) ± standard deviation (SD). 307 

Product 
Hydrophilic ORAC (µmol 

TE/g ± SD) 

Lipophilic ORAC 

(µmol TE/g ± SD) 

Total ORAC 

(µmol TE/g ± SD) 

LENILUTS® 32.5 ± 2.2 506.5 ± 61.2 539.0 ± 63.4 

 308 

3.2 Impact of LENILUTS®, CF, Dutasteride and diclofenac on the in vitro prostatic model 309 

Before comparing the efficacy of LENILUTS® with its commercial competitor CF and 310 

Dutasteride we investigated their safety on in vitro prostatic model through dose-re- 311 

sponse toxicological analysis, considering 6 and 24 h as relevant exposure times. In vitro 312 

prostatic model vitality is significantly reduced, following 6 and 24 h treatment, at 750 313 

µg/mL and 500 µg/mL of LENILUTS® respectively (Figure 1A and 1B), while CF com- 314 

pletely abrogates the prostatic model vitality at 250 µg/mL, independently of exposure 315 

time (Figure 1C and 1D). Concerning Dutasteride, no adverse effects on the LNCaP-based 316 

in vitro prostatic model were observed following 24 h at all tested concentrations. (Figure 317 

1E). However, since there are known cases in the literature of the depositing of crystals 318 

.with possible toxic effects for the cells at concentrations higher than 5.29 μg/Ml, this max- 319 

imum concentration was used for the subsequent assays on the in vitro prostate model. 320 

Finally, since diclofenac is used as a positive control in inflammation experiment, its im- 321 

pact on in vitro prostatic model was also evaluated (SM3). EC50 value are reported in 322 

SM4. Based on cytotoxicity results, 6 h exposure-efficacy tests were performed with 500 323 

µg/Ml of LENILUTS®, 100 µg/Ml of CF, 5,3 µg/Ml of Dutasteride and 32 µg/Ml of Diclo- 324 

fenac, while for 24 h exposure-efficacy a concentration of 250 µg/Ml, 100 µg/Ml and 5,3 325 

µg/Ml was applied for LENILUTS®, CF and Dutasteride respectively. To further investi- 326 

gate its efficacy, lower concentrations of LENILUTS® were considered (250 µg/Ml and 100 327 

µg/Ml at 6 and 24-hour respectively). 328 

 329 

6 h 24 h 

  

(A) (B) 
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Figure 1. Impact of LENILUTS® (A and B), CF (C and D) and DutasteriI(E) on in vitro prostatic 330 

model vitality, following 6 and 24 h exposure. * p<0.05 331 

 332 

3.3 Effect of LENILUTS®, CF and Dutasteride treatment on pro-inflammatory cytokine release 333 

from the in vitro prostatic model 334 

In recent years, a direct correlation between inflammation and BPH development 335 

was highlighted [8, 9, 10]. LENILUTS®, CF and Dutasteride anti-inflammatory activity 336 

was assessed by measuring pro-inflammatory cytokine (IL-1β and TNF-α) release. Diclo- 337 

fenac, an anti-inflammatory drug, was used as positive control. As shown in Figure 2A 338 

and SM5, a significant reduction in IL-1β release, compared to inflamed and untreated in 339 

vitro prostatic model (11.0 ± 0.0 fold-change), was observed for LENILUTS® at both tested 340 

concentrations (about 5 and 1 fold-change at 250 and 500 µg/mL respectively), CF (7.7 ± 341 

0.1 fold change) and diclofenac (9.7 ± 0.1 fold change) following 6 h treatment. LENI- 342 

LUTS®-induced IL-1β release reduction is significantly higher compared to CF, Dutaster- 343 

ide and diclofenac, with the latter being the less effective. LENILUTS® anti-inflammatory 344 

activity was further confirmed by TNF-α release (Figure 2B and SM5). Indeed, conversely 345 

to CF and diclofenac, LENILUTS®, compared to the inflamed, untreated control, reduced 346 

TNF-α release by 30 and 90 % at 250 and 500 µg/mL respectively. The higher LENILUTS® 347 

anti-inflammatory activity, compared to CF, is probably due to the synergic effect of the 348 
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phytotherapic agents contained in the formulation, such as Pinus spp. [19,20,23,24] and 349 

Curcuma longa [36,37]. 350 

 351 

  

(A) (B) 

Figure 2. IL-1β (A) and TNF-α (B) release variation in inflamed LNCaP-based in vitro prostatic 352 
model before and after treatment with LENILUTS®, CF and Diclofenac (positive control). compared 353 
to control (Ctrl; untreated LNCaP cells). *p<0.05 vs Control, @ p<0.05 vs LENILUTS 250, § p<0.05 vs 354 
LENILUTS 500.  355 

3.4 Pro-apoptotic activity of LENILUTS®, CF and Dutasteride 356 

As detailed in the previous paragraph, BPH is the most common cause of LUTS de- 357 

velopment. This prostate enlargement is mainly due to the uncontrolled proliferation of 358 

prostatic cells. As a consequence, a formulation able to contain such proliferation, via cell 359 

death mechanisms like apoptosis and/or necrosis, may slow down the BPH onset and de- 360 

velopment. Considering the underlying inflammatory processes, it is also fundamental 361 

for such formulation to affect cell proliferation in an inflamed environment. To this aim 362 

we investigated the ability of LENILUTS®, CF and Finasteride to induce apoptosis and 363 

necrosis in both non-inflamed and inflamed in vitro prostatic model. Furthermore, to in- 364 

vestigate the possible correlation between anti-inflammatory activity and cell death in- 365 

duction, the same inflammation protocol was maintained. The activation of key enzymes 366 

in the apoptotic signaling cascade (caspase 3 and 7) was used to assess pro-apoptotic ac- 367 

tivity induction by considered formulations and drugs.  368 

LNCaP prostatic cells treated with 250 and 500 µg/mL of LENILUTS® showed, re- 369 

spectively, a 1.7 ± 0.2 and 3.9 ± 0.0 fold-change in caspase 3/7 activation compared to con- 370 

trol while a lower, yet significant, increase was observed also for CF (1.9 ± 0.1 fold-change 371 

compared to control respectively) (Figure 3A and SM6). As shown in Figure 3B and SM6, 372 

the same trend was maintained in inflamed condition, even if with a milder caspase 3/7 373 

activation (9.4 ± 1.2, 3.6 ± 0.5 and 7.9 ± 0.6 fold-change compared to inflamed, untreated in 374 

vitro prostatic model for LENILUTS®, CF and Finasteride respectively). As expected, the 375 

positive control of pro-apoptotic activity, staurosporine (STS), effectively induces apopto- 376 

sis in both inflamed and non-inflamed condition. 377 

 378 
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Figure 2. Caspase 3/7 activation compared to non-inflamed, untreated LNCaP cells (A, Ctrl) and 379 
inflamed, untreated LNCaP cells (B, Ctrl) following 6 h treatment with LENILUTS®, CF, Finasteride 380 
and staurosporine (STS, positive control). *p<0.05 vs Control, @ p<0.05 vs LENILUTS 250, § p<0.05 381 
vs LENILUTS 500. 382 

The activation of the apoptotic process in LNCaP prostatic cells by LENILUTS®, in 383 

inflamed or non-inflamed condition, may be explained by the curcumin presence among 384 

the active principles of the formulation. Indeed, curcumin and its active principles (i.e. 385 

curcuminoids), are well-known to induce apoptosis in tumoral cells [37]. Similarly, the S. 386 

repens extract contained in CF formulation is endowed with pro-apoptotic properties [38]. 387 

 388 

3.5 Impact of LENILUTS®, CF and Dutasteride treatment on in vitro prostatic model 5αR 389 

activity 390 

The 5αR is fundamental in the insurgence and development of some prostatic pa- 391 

thologies (i.e. BPH). Indeed, it stimulates PSA production through dihydrotestosterone, a 392 

hormone characterized by a higher androgenic activity compared to testosterone itself 393 

[39]. As such, 5αR activity inhibition may be indicative of a positive effect at prostatic 394 

level. -As shown in Figure 4 and SM7, the addition of testosterone to 5αR, in presence of 395 

NADPH, stimulated the enzyme activity, leading to an increase in DHT synthesis com- 396 

pared to control. LENILUTS® showed to be more effective in reducing DHT production 397 

than CF (51.0 and 24.2 % reduction for LENILUTS® 250 µg/mL and CF respectively). 398 

 399 
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Figure 3. Percentage of DHT produceD by 5αR from testosterone reduction, calculated compared 401 
to control, in presence or absence of LENILUTS® and CF. *p<0.05 vs Testosterone  402 

3.6 Effect of LENILUTS®, CF and Dutasteride on the release of PSA. 403 

PSA is a protein released from the prostatic epithelium and its increase in the blood- 404 

stream is associated with the development of prostatic pathologies, like the BPH. As such, 405 

PSA is a useful marker to assess the potentially positive effect of a formulation at the pros- 406 

tatic level. Following stimulation with androgenic hormone DHT, a significative increase 407 

in PSA release (361.2 ± 11.9 % increase compared to untreated control) was observed in 408 

the prostatic in vitro model (Figure 5, SM8). Both LENILUTS® (500 µg/mL) and Dutaster- 409 

ide (5.9 µg/mL) significantly reduced PSA release, with LENILUTS® 500 µg/mL being the 410 

most effective (145.7 ± 12.5 % and 189.3 ± 19.7 % PSA release respectively, compared to 411 

465.4 ± 31.8 % PSA release of the DHT-stimulated control) (Figure 5, SM8). Conversely, no 412 

decrease in PSA release from DHT-stimulated LNCaP cells was observed for CF. Effect of 413 

LENILUTS®, CF and Dutasteride on non DHT-stimulated LNCaP cells PSA release is re- 414 

ported in SM9 and SM10. 415 

 416 
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 417 

Figure 4. Prostate specific antigen release in LNCaP prostatic cells following stimulation with DHT 418 
and treatment with LENILUTS®, CF and Dutasteride. *p<0.05 vs Control, @ p<0.05 vs Control + DHT, 419 
§ p<0.05 LENILUTS 100 + DHT, ^ p<0.05 vs LENILUTS 250 +DHT, $ p<0.05 vs CF + DHT. 5 420 

3.7 LENILUTS® active principles bioaccessibility 421 

The therapeutic application of active principles of plant origin, such as beta-sitosterol 422 

or curcumin, is hindered by their poor solubility in aqueous medium, like the digestive 423 

fluids. Even if their solubility during the digestive process is slightly improved by the 424 

emulsifying activity of bile salts, they are far from efficient. To investigate its active prin- 425 

ciple bioaccessibility, we exposed a single dose of LENILUTS® to in vitro digestion proce- 426 

dure mimicking human adulthood with the aim of evaluating the total amount of active 427 

principles and the apparent bioaccessible fraction (i.e. soluble part and released from its 428 

matrix), which includes the portion available for absorption. As shown in Table 2, the 429 

recovery of the active principles, calculated as the ratio between measured and expected 430 

active principles content, is 67.0 %, 4.6 % and 3.5 % for curcumin, beta-sitosterol and OPCs 431 

respectively, indicating that the active principles stability is affected by the digestive pro- 432 

cess. As a consequence of degradation and the lipophilic nature of the active principles, 433 

the bioaccessible fraction (i.e. supernatants) of the active principles is 5.1 % for curcumin 434 

(3.4 mg/dose), 17.1% for beta-sitosterol (0.7 mg/dose) and 26.6 % (0.2 mg/dose) for OPCs. 435 

Table 2. Bioaccessibility of the active principles contained in LENILUTS® formulation following in 436 
vitro digestion. Data are expressed as mean ± standard deviation. 437 

Active principle Recovery (%) Supernatant (%) 

CURCUMIN 67.0 ± 5.4 5.1 ± 0.1 

BETA-SITOSTEROL 4.6 ± 0.1 17.1 ± 1.0 

OPCs 3.5 ± 0.3 26.6 ±  

 438 

3.8 Impact of digested LENILUTS® on intestinal epithelium viability 439 

Other than efficacy, therapeutic formulation must respond to another requirement, 440 

safety. Indeed, taking into consideration their dose and posology, formulations should 441 

not negatively impact the organism. In particular, damages to the intestinal epithelium 442 

must be avoided since this may lead to a decrease in absorption efficiency. As such, before 443 
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measuring its active principles’ bioavailability, the impact of digested LENILUTS® on in- 444 

testinal epithelium viability and integrity was assessed. To this aim, intestinal monolayers 445 

were exposed to increasing concentrations of the formulation bioaccessibile fraction (i.e., 446 

supernatant), and dose-response curves were obtained (Figure 6). As emerged from the 447 

dose-responses curve, LENILUTS® shows adverse effect on the intestinal epithelium start- 448 

ing from a concentration of 18.2 mg/mL. The formulation highest non-toxic concentration, 449 

12.1 mg/mL, was considered for active principles bioavailability evaluation. 450 

 451 

 452 

Figure 5. Impact of increasing concentration of digested LENILUTS® on intestinal mucosa viability 453 
evaluated by MTS assay. * p5 454 

3.9 Active principles bioavailability 455 

Based on the impact of digested LENILUTS® on intestinal epithelium viability and 456 

posology, we set experiments for determining beta-sitosterol, curcuminoids and OPCs bi- 457 

oavailability.  458 

 459 

3.9.1 Curcumin 460 

In Table 3 are resumed the curcumin bioavailability data, obtained following intesti- 461 

nal epithelium exposure to digested LENILUTS® for 1 and 3 h. After 1 h exposure, no 462 

absorption of curcumin was detected while a 1.7 % absorption, corresponding to 2.8 ± 0.3 463 

ng/mL, was observed in the basolateral (serosal) compartment following 3 h treatment. 464 

Since one of the factors limiting curcumin bioavailability is its tendency to accumulate 465 

intracellularly before being released in the bloodstream [40], we measured the intracellu- 466 

lar accumulation of curcumin at the intestinal epithelium level. As expected, a time-de- 467 

pendent accumulation of curcumin was observed, with a 4 time increase from 1 to 3 h of 468 

treatment (9.8 % to 32.2 % respectively) (Table 3). 469 

 470 

Table 3. Curcumin bioavailability and cellular accumulation following intestinal epithelium expo- 471 
sure to LENILUTS® for 1 and 3 h. Results are expressed as percentage of absorption and concentra- 472 
tion (mean ± standard deviation). N.d.: not determined 473 

 1 h 3 h 
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Curcumin 
Absorption 

(%) 
Concentration (ng/mL) 

Absorption 

(%) 

Concentration 

(ng/mL) 

Serosal n.d. n.d. 1.7 ± 0.1 2.8 ± 0.3 

Intracellular 9.8 ± 3.8 1.9 ± 0.7 32.2 ± 4.0 35.0 ± 3.4 

Absorbed  1.9  37.8 

 474 

 475 

The overall absorption of curcumin from the bioaccessible fraction, considering both 476 

serosal compartment and intracellular concentration is 1.9 ng/mL and 37.8 ng/mL after 1 477 

and 3 h exposure respectively (Table 3). As highlighted in Table 3, both beta-sitosterol and 478 

OPCs degraded during the digestive process (4.6 % and 3.5 % recovery). However, despite 479 

its low bioaccessible fraction, absorption at the basolateral (serosal) compartment was ob- 480 

served for beta –sitosterol following 3 h exposure of the intestinal epithelium to the di- 481 

gested LENILUTS® formulation (Table 4). Conversely, the absorbed concentration of 482 

OPCs was lower than the HPLC limit of detection (LOD). As a consequence, no OPCs 483 

were detected at the basolateral (serosal) compartment at both exposure time (i.e. 1 and 3 484 

h). 485 

 486 

Table 4. Beta-sitosterol bioavailability and cellular accumulation following intestinal epithelium ex- 487 
posure to LENILUTS® for 1 and 3 h. results are expressed as percentage of absorption and concen- 488 
tration (mean ± standard deviation). N.d.: not determined 489 

 1 h 3 h 

Beta-sitosterol 
Absorption 

(%) 
Concentration (ng/mL) 

Absorption 

(%) 

Concentration 

(ng/mL) 

Serosal n.d. n.d. 62.0 ± 3.1 440.8 ± 66.2 

 490 

3.10 Impact of digested formulations on intestinal mucosa viability and integrity 491 

After exposure of intestinal epithelia to digested formulations, Caco-2 monolayer vi- 492 

ability and barrier integrity were analysed. As expected from the performed dose-re- 493 

sponse curve, no significant viability reduction was observed following treatment at both 494 

considered time (i.e. 1 and 3 h) with tested formulations. Following 1 h exposure, LENI- 495 

LUTS® slightly increases intestinal epithelium apparent permeability (Papp) (Figure 7A), 496 

while no significant effect was observed after 3 h of treatment (Figure 7B). 497 

 498 

  

(A) (B) 
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Figure 7. Apparent permeability (Papp) of intestinal epithelium exposed to digestive fluids (DF; 499 
control) and diluted digested formulation for 1 (A) and 3 h (B). *p<0.05 500 

As expected from its limited effect on the intestinal epithelium apparent permeabil- 501 

ity, digested LENILUTS® reduced TEER (trans-epithelial electrical potential) only tempo- 502 

rarily, and its values fully recover within 24 h (Figure 8). 503 

 504 

  

(A) (B) 

Figure 8. Trans-epithelial electrical resistance (TEER) trend following 1 and 3 h exposure to digested 505 
LENILUTS®. 506 

4. Conclusions 507 

Benign prostatic hyperplasia (BPH) is a term used to indicate benign growth of the pros- 508 

tate and it is histologically observed as new glandular or stromal growth. BPH is also used 509 

to describe a pathological condition associated with lower urinary tract symptoms 510 

(LUTS). The incidence of BPH-associated LUTS increases with each decade of life (beyond 511 

40 years of age) and it represents a significant burden in aging men and they may impair 512 

quality of life [1]. BPH etiology is complex, underlying different mechanisms such as per- 513 

sistent and chronic inflammation, circulating hormonal level deregulation, aberrant 514 

wound repair processes, and steroid-mediated cell proliferation [4,7–9]. The use of plants 515 

and herbs extract for medicinal purposes (phytotherapy) including treatment of BPH has 516 

been growing steadily in most countries. The most widely used phytotherapic agent for 517 

the treatment of BPH is the extract of the American saw palmetto or dwarf palm plant, 518 

Serenoa repens. Several studies demonstrated that Serenoa repens exerts its biological activ- 519 

ity through several mechanisms of actions including antiestrogenic and antiandrogenic 520 

effects, anti-inflammatory effects and a decrease in available sex hormone-binding globu- 521 

lin. Despite these plethora of cellular effects, Serenoa repens extract is able to mitigate only 522 

parts of BPH-related symptoms [14–16]. To improve BPH-related LUTS treatment, a new 523 

multi active principle-based formulation, LENILUTS®, have been proposed. Our in vitro 524 

approach, demonstrated, that the presence of multiple active principle improved the over- 525 

all efficacy of LENILUTS® formulation, by enhancing its anti-inflammatory, anti-andro- 526 

genic and pro-apoptotic activity. Indeed, our results clearly show that the association of 527 

multiple active principle decreases more efficiently the release of pro-inflammatory cyto- 528 

kine IL-1β and TNF-α, compared to Serenoa repens only-based formulations. Furthermore, 529 

compared to the Serenoa repens-based commercial formulation, LENILUTS® is more effec- 530 

tive in reducing some BPH-connected symptoms, such as PSA release, while retaining a 531 

better safety towards the prostate. However, at present, LENILUTS® effectiveness is lim- 532 

ited by its active principles’ poor bioaccessibility and bioavailability. Consequently, fur- 533 

ther improvements in LENILUT® delivery technology are needed. In conclusion, LENI- 534 

LUTS® formulation, once the delivery technology will be improved and perfectioned, 535 
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might be useful in BPH and LUTs treatment, in particular compared to Serenoa repens only- 536 

based formulations. 537 
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