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Objective. The aim of this study was to investigate whether tissue kallikrein (KLK1) can protect the prostate from inflammatory
damage and the mechanism involved in it. Methods. A total of 50 male Wistar rats were used in this study. Initially, 20 rats were
sacrificed to obtain the prostate antigen to induce experimental autoimmune prostatitis (EAP), and the remaining 30 rats were
randomly divided into 5 experimental groups (normal control group (NC group), NC+KLK1 group (NCK group), EAP group,
EAP+KLK1 group (EAPK group), and EAP+KLK1+HOE140 group (EAPKH group); n = 6). It should be explained that KLK1
mainly exerts its biological effects through bradykinin, and HOE140 is a potent and selective bradykinin receptor B2
(BDKRB2) antagonist. EAP was induced by intradermal injection of 15mg/ml prostate antigen and complete Freund’s
adjuvant on days 0, 14, and 28. KLK1 was injected via tail vein at a dose of 1:5 × 10−3 PAN U/kg once a day, and HOE140 was
administered by intraperitoneal injection at 20μg/kg once every two days. Rats were sacrificed on day 42. The RNA and
protein of the rat prostate were extracted to analyze the expression differences of KLK1, as well as the inflammation-, fibrosis-,
and oxidative stress-related genes. The inflammatory cell infiltration and microvessel density of the prostate were also analyzed
by pathological examination. In addition, pathological analysis was performed on prostate samples from patients undergoing
benign prostate hyperplasia (BPH) surgery. Results. The expression of KLK1 in the prostate decreased in the EAP group as
well as BPH patients with obvious inflammation. KLK1 administration significantly inhibited inflammatory cell infiltration and
reduced the production of inflammatory cytokines in the EAPK group. Prostate samples from the EAP group showed
increased infiltration of T cells and macrophages, as well as gland atrophy, hypoxia, fibrosis, and angiogenesis. KLK1
administration upregulated endothelial nitric oxide synthase (eNOS) expression and suppressed oxidative stress, as well as
transforming growth factor β1 (TGF-β) signaling pathways and the proangiogenic vascular endothelial growth factor (VEGF)
in the EAPK group. However, in the EAPKH group in which HOE140 blocked BDKRB2, the beneficial effects of KLK1 were
all cancelled. In addition, KLK1 intervention in normal rats had no obvious side effects. Conclusion. The KLK1 expression is
inhibited in the inflamed prostates of humans and rats. Exogenous KLK1 restored endothelial function via a BDKRB2-
dependent way and then played a role in improving microcirculation and exerted anti-inflammatory, antifibrotic, and
antioxidative stress effects in the rat chronic-inflamed prostate.
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1. Introduction

BPH is a common and bothersome benign proliferative dis-
ease and has a significant impact on the quality of life for
middle-aged and older men. The prevalence of BPH rises
with age. Approximately 40% of 50-year-old men and 90%
of 90-year-old men suffer BPH [1]. With age, a variety of
pathogenic factors have jointly caused the progressive hyper-
plasia of prostatic glandular epithelial and stromal cells and
other pathological changes, which further leads to prostate
enlargement and bladder outflow obstruction and eventually
leads to LUTS, such as urinary hesitancy, frequency inconti-
nence, pain, and nocturia. We have previously reported the
protective effect of KLK1 on the rodent aging prostate [2].
Inflammation is one of the important mechanisms of BPH
progression discovered in recent years. Studies have shown
that inflammation is not just an occasional concomitant,
but instead, plays a key role in its etiology [3–7]. In this arti-
cle, we will report the effect of KLK1 on the inflammation
mechanism in BPH/LUTS by using an EAP rat model.

Evidence from clinical research shows that prostatic
inflammation is more common in men with BPH/LUTS
and correlates with symptom severity and risk for progres-
sion [8, 9]. A study with pathological analysis of surgical
samples from prostate cancer patients shows that chronic
prostatitis tissues have a larger stromal volume than normal
prostate tissues [10]. In laboratory research, a variety of
inflammatory mediators that promote local angiogenesis
and the proliferation of prostate epithelial or stromal cells
have been discovered [3, 11],, and BPH-related pathological
manifestations have also been observed in an EAP rat model
[12]. The administration of anti-inflammatory drugs in
chronic prostatitis rats induced by estradiol prevents inflam-
mation infiltration and decreases the stroma-to-epithelium
ratio [7, 13]. Additionally, many animal experiments show
that inflammation also induces chronic pelvic pain, oxida-
tive stress, angiogenesis, stroma remodeling, and collagen
deposition in the prostate [12, 14–18]. In conclusion, inflam-
mation may drive nociceptive signaling, hypoxia, and hyper-
plastic growth and fibrosis in BPH/LUTS.

The kallikrein-kinin system is composed of kininogens,
kallikrein, kinin peptides, kinin-degrading enzymes, and
kinin receptors, and its biological function is primarily
mediated by kinin peptides and subsequent kinin receptor
activation [19]. The system is an endogenous multiprotein
metabolic cascade that is implicated in a plethora of biolog-
ical processes and homeostasis [20]. KLK1, a key component
of the system, participates in the regulation of microcircula-
tion, blood pressure, and blood flow via processing LMWK
to release the BK [21]. BK binds to the bradykinin receptors
B1 and B2 to activate several downstream targets such as
NO, cGMP, prostacyclin, and cAMP [20]. The B2 receptor
is a constitutively expressed G protein-coupled receptor
and has been proved to exhibit a wide spectrum of beneficial
effects, whereas the B1 receptor is expressed at very low
levels under normal conditions [19]. Many studies have
proved that the KLK1 replenishment therapy is beneficial
to many diseases involving poor microcirculation and could
exhibit anti-inflammatory, antifibrotic, and antioxidative

effects to ameliorate end-organ dysfunction [19, 21]. Previ-
ously, we suggested that KLK1 could attenuate age-related
prostate and penile damage in aged transgenic rats harbor-
ing the human KLK1 gene by reducing fibrosis and oxidative
stress via regulation of related signaling pathways [2, 22, 23].
And we also found the protective effect of KLK1 on the cor-
pus cavernosum endothelial cells in a rat model of hyperho-
mocysteinemia [24]. However, whether KLK1 can protect
the prostate from inflammatory damage and thus help
inhibit the progression of BPH/LUTS remains unclear.

2. Materials and Methods

2.1. Experimental Animals. Animal experiments of this study
were approved by the Ethics Committee and Academic
Administration Committee of Tongji Hospital, Tongji Med-
ical College, Huazhong University of Science and Technol-
ogy (Wuhan, China), with ethics number TJH-202101005.
All experiment procedures were in strict accordance with
the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health. A total of 50
male 8-week-old Wistar rats were purchased from the Vital
River Laboratory Animal Technology Co. Ltd. (Beijing,
China). All rats were individually housed in a SPF facility
with laminar flow, maintained at 20°C ± 1°C and 50% ± 10
% relative humidity with a 12 h light/12 h dark photoperiod,
and bred by professional breeders.

2.2. Analysis of Samples from BPH Patients. All retrospective
clinical data analyses and prostate specimen collection were
performed after obtaining informed consent from all
patients and approval of the Ethics Committee and Aca-
demic Administration Committee of Tongji Hospital (ethics
number: TJ-IRB20211113). The H&E-stained sections,
Masson-stained sections, and KLK1 IHC sections involved
in this current research were properly preserved sections
that were made and used in our previous research [2]. The
specific experimental process has been described in the pre-
vious article. Formalin-fixed paraffin-embedded prostate tis-
sue blocks were obtained from 47 patients who were
diagnosed with BPH pathologically and underwent transure-
thral prostatectomy in the Tongji Hospital from 2018 to
2019, aged from 48 to 92 years. Patients suspected of having
malignant pathological features were excluded.

By examining the H&E sections, we found 6 samples
with obvious inflammation infiltration. It should be noted
that samples infiltrated with only a single mild inflammatory
focus or a small number of scattered inflammatory cells were
excluded. We compared the difference in the Masson-
positive area ratio and the expression level of KLK1 protein
between the 6 samples with obvious inflammation and the
remaining 41 samples without obvious inflammation.

2.3. Animal Grouping and Drug Administration. All rats
were untreated until sexual maturity at 12 weeks old. Then,
they were randomly divided into 6 groups, including 5
experimental groups with 6 rats in each group and another
group of 20 rats sacrificed to obtain the prostate antigen.
According to different interventions, the 5 experimental
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groups were named as the normal control group (NC
group), NC+KLK1 group (NCK group), experimental auto-
immune prostatitis group (EAP group), EAP+KLK1 group
(EAPK group), and EAP+KLK1+HOE140 group (EAPKH
group).

The method of inducing EAP was based on previous
studies [12, 16]. In our current research, 20 rats were sacri-
ficed by cervical dislocation, and the prostate tissues were
obtained and homogenized in 0.5% Triton X-100 (catalog
no. 20107ES76, Yeasen Biotechnology, China); the homoge-
nates were maintained in an ice water bath. They were then
centrifuged at 10,000g for 30min at 4°C, and the superna-
tants were separated. The protein concentrations in the
supernatants were assayed by the BCA protein quantifica-
tion assay kit (catalog no. AR1189A, Boster Biological Tech-
nology, China) and diluted to concentrations of 15mg/ml
with 0.1mol/l PBS buffer. Equal volumes of rat prostate pro-
tein extract and complete Freund’s adjuvant (catalog no.
F5881, Sigma-Aldrich, USA) were emulsified for immuniza-
tion. The rats in the EAP group, EAPK group, and EAPKH
group were anesthetized by the intraperitoneal injection of
pentobarbital (40mg/kg). Then, each rat was intradermally
immunized in the hind footpad and the base of the tail with
a total of 1.0ml of emulsion. The rats in the NC group and
NCK group were immunized with NS emulsified in com-
plete Freund’s adjuvant. All rats received immunization on
days 0, 14, and 28 of the experimental schedule and were
sacrificed on day 42. The ventral lobes of the prostate were
quickly removed, 1/3 of the bilateral ventral lobes were fixed
with 4% paraformaldehyde for 24h and then embedded in
paraffin for histologic studies, and the remaining tissues
were frozen at -80°C. The specific experimental process is
shown in Figure 1.

The KLK1 used in this study was a drug that had been
approved by the Chinese regulatory drug agency called Kai-
likang® (Techpool Bio-Pharma, China), which was com-
posed of human urinary KLK1 and adjuvants. Kailikang®
was dissolved in NS at 1:5 × 10−3 PAN U/ml. The rats in
the NCK group, EAPK group, and EAPKH group were
injected with KLK1 via tail vein at a dose of 1:5 × 10−3
PAN U/kg once a day. HOE140 (catalog no. 3014, R&D Sys-
tems, USA) is a potent and specific peptide antagonist of
bradykinin B2 receptor [25]. HOE140 was first dissolved in
sterile distilled water and stored in aliquots at -80°C and
then diluted with normal saline before administration to rats
of the EAPKH group at a dose of 20μg/kg once every two
days. All rats were given drugs or an equal volume of the
vehicle in the same way.

2.4. RNA Isolation and QRT-PCR. Total RNA was extracted
from frozen tissues with the TRIzol reagent (catalog no.
15596018, Invitrogen, USA) and quantitated at 260/280 nm
using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, USA). 1μg of each total RNA sample was
reverse transcribed into cDNA using a PrimeScript™ RT
Master Mix (catalog no. RR036A, TaKaRa, China). QRT-
PCR was performed to determine the mRNA levels of genes
of interest based on TB Green® Premix Ex Taq™ II (catalog
no. RR82LR, TaKaRa, China) using a QuantStudio™ 6 Flex

Real-Time PCR System (Thermo Fisher, USA). Primers
were provided by the Tsingke Biotechnology (China). The
mRNA expression levels of the examined genes were nor-
malized to that of β-actin; the relative mRNA expression
levels were calculated using the 2−ΔΔCt method. All samples
were independently repeated for analysis three times.

2.5. Western Blot Analysis. Rat prostate tissue was lysed with
RIPA protein extraction buffer (catalog no. AR0105, Boster
Biological Technology, China) containing phosphatase and
protease inhibitors (catalog no. AR1182-1, Boster Biological
Technology, China). Equal quantities of protein were
resolved by electrophoresis on SOD SDS polyacrylamide gels
and transferred onto PVDF membranes (Millipore, USA) by
a voltage gradient. After being blocked with 5% BSA for 1
hour at room temperature, the membranes were incubated
overnight at 4°C with primary antibodies and then incubated
with HRP-conjugated secondary antibodies for 1 h. After
washing three times, the bands were analyzed using an
enhanced chemiluminescence detection system (Pierce,
Thermo Fisher Scientific). The primary antibodies against
KLK1 (catalog no. 32443) and β-actin (catalog no. 21800)
were purchased from the Signalway Antibody (USA). The
primary antibodies against Collagen Type I (catalog no.
14695-1-AP), Collagen Type III (catalog no. 22734-1-AP),
TGF-β (catalog no. 21898-1-AP), RhoA (catalog no.
10749-1-AP), ROCK1 (catalog no. 21850-1-AP), HIF-1α
(catalog no. 20960-1-AP), VEGF (catalog no. 19003-1-AP),
and eNOS (catalog no. 27120-1-AP) were purchased from
the Proteintech (China). The optical density of the band
was analyzed by ImageJ software (NIH, USA). The data were
normalized using β-actin as an internal control. All samples
were analyzed independently via three repetitions, and the
mean values were determined.

2.6. Histological Examinations

2.6.1. H&E and Masson’s Trichrome Staining. The 4%
paraformaldehyde-fixed prostate tissue samples were sub-
jected to paraffin embedding and sectioned at a thickness
of 5μm. The tissue sections were stained with H&E Staining
Kit (catalog No. G1120, Solarbio, China) and Masson’s Tri-
chrome Stain Kit (catalog no. G1340, Solarbio, China) using
standard procedures, respectively, and imaged under a light
microscope (Olympus, Japan). The severity of inflammation
of the rat prostates was assessed by determining the histolog-
ical score according to the H&E photos. As previously
described [26], the pathologic grade was evaluated in 5 ran-
dom fields at 100x magnification of each section in a double-
blind manner. The degree of inflammation was assessed
using a score of 0~3: 0, no inflammation; 1, mild but definite
perivascular cuffing with mononuclear cells; 2, moderate
perivascular cuffing with mononuclear cells; and 3, marked
perivascular cuffing, hemorrhage, and numerous mononu-
clear cells in the parenchyma. In Masson photos, the blue-
stained area was mainly composed of collagen components,
which was considered to be the positive area of Masson
staining in our current research. The Masson-positive area
ratio was quantitatively analyzed using ImagePro Plus 6.0
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software (Media Cybernetics) in 5 random fields at 100x
magnification of each section.

2.6.2. IHC. Sections were incubated overnight at 4°C with
antibodies against KLK1, CD3 (catalog no. 17617-1-AP,
Proteintech), CD68 (catalog no. 28058-1-AP, Proteintech),
and CD34 (catalog no. 14486-1-AP, Proteintech). Sections
were then washed three times and incubated with a biotinyl-
ated secondary antibody. Finally, antigen-antibody reactions
were detected by staining with diaminobenzidine (Beyotime,
China). Quantitative analysis was performed to evaluate the
AOD of KLK1-positive area using ImagePro Plus 6.0 soft-
ware. CD3-positive T cells, CD68-positive macrophages,
and CD34-positive microvessels were visually counted by
the researchers in a double-blind manner. Five random
fields at 200x magnification of each section were evaluated.

2.6.3. IF. The sections were washed and incubated with anti-
bodies specific for α-SMA (catalog no. 14395-1-AP, Protein-

tech) overnight at 4°C and then with a secondary antibody
for 1 h in the dark at room temperature. The sections were
mounted by adding DAPI (Southern Biotech) and examined
using a fluorescence microscope (Olympus, Japan). The
fluorescence intensity of 5 random fields at 200x magnifica-
tion of each section was analyzed using ImageJ software.

2.7. Analysis of Rat Prostate Cytokine Protein Profile. One rat
prostate sample was randomly selected from each of the NC
group, EAP group, EAPK group, and EAPKH group, respec-
tively. An equal amount of frozen prostate tissue was pow-
dered under liquid nitrogen and homogenized in PBS with
protease inhibitors. The protein concentration of the tissue
homogenate was detected by the BCA protein quantification
assay kit. Prostate cytokine protein levels were analyzed using
Rat Cytokine Array Panel A (catalog no. ARY008, R&D Sys-
tems, USA) according to themanufacturer’s instructions. Pixel
densities of 13 cytokines with visible differences on the 4
developed X-ray films were analyzed using ImageJ software.
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Figure 1: Animal grouping and flowchart.
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2.8. Assessment of MDA, SOD, and ROS. The MDA detec-
tion kit (catalog no. A003-1-2) and SOD detection kit (cata-
log no. A001-3-2) were purchased from the Nanjing
Jiancheng Bioengineering Institute (China). The assays were
performed according to the manufacturer’s instructions. All
samples were analyzed independently via three repetitions,
and the total protein concentrations were detected to nor-
malize the data. The ROS generated in situ in the prostate
tissues was assessed using dihydroethidium (catalog no.
D7008, Sigma-Aldrich, China), according to the manufac-

turer’s instructions. DAPI was used for staining the nuclei
to facilitate cell counting. The stained tissues were visualized
using a fluorescence microscope. Relative ROS content =
ROS fluorescence intensity/number of cells. Five random
fields at 200x magnification of each section were analyzed
using ImageJ software.

2.9. Statistical Analysis. The results were analyzed using
GraphPad Prism 9.0 software (GraphPad Software, USA)
and expressed as mean ± SD. Differences between 2 groups
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Figure 2: Suppressed expression of KLK1 in the prostate with inflammation and the conventional pathological manifestations of rat
prostates. (a) The relative mRNA expression level of KLK1 to β-actin by QRT-PCR. (b) Representative western blot results of KLK1
protein expression. β-Actin served as an internal control. (c) The relative optical density quantification of KLK1 according to western
blot. (d) KLK1 protein expression and location in the prostate by IHC (magnification ×200). (e) The AOD quantification of KLK1
according to IHC. Each bar in (c), (d), and (e) represents the mean ± SD. ∗∗∗P < 0:001; ∗∗∗∗P < 0:0001. (f) Representative H&E photos of
the prostate samples of the rats (upper, magnification ×100; lower, magnification ×200).
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were analyzed by two-tailed Student’s t-test. One-way
ANOVA followed by Tukey’s multiple comparison test was
used to identify differences among multiple groups. In par-
ticular, when comparing the data of the 2 types of BPH sam-
ples with different levels of inflammation, the medians were
displayed, and the Mann-Whitney test was used to identify
whether the differences were significant. Statistical differ-
ences were regarded as significant when P < 0:05 (ns, P >
0:05; ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001; and ∗∗∗∗P <
0:0001).

3. Results

3.1. Downregulation of KLK1 during the Development of
Chronic Prostatitis. Through the results of H&E sections,
we confirmed that the EAP group was successfully induced
with chronic prostatitis, which manifested as gland atrophy,
thickened smooth muscle, and diffuse infiltration of inflam-
matory cells (Figure 2(f)). Moreover, compared with the NC
group, the mRNA and protein expression levels of KLK1 in
the prostates of the EAP group were significantly reduced
(Figures 2(a)–2(c)). It could be seen from the IHC photos
that the expression of KLK1 in prostate epithelial cells in
the EAP group was lower than that in the NC group
(Figures 2(d) and 2(e)). These results suggested that the
expression of KLK1 in the prostate was inhibited during
the development of chronic prostatitis. However, injection
of KLK1 could reduce inflammatory damage, which mani-
fested as normal glandular epithelium and glandular cavity,
and significantly reduced inflammatory cell infiltration in
the prostates of the EAPK group (Figure 2(f)). Notably,
KLK1 administration to normal rats (NCK group) did not

affect their prostate pathological performance and that
HOE140 blocking the KLK1/BK signaling pathway (EAPKH
group) made the anti-inflammatory effect of KLK1 on pros-
tatitis be canceled (Figure 2(f)).

3.2. KLK1 Administration Significantly Suppressed
Inflammation of the Prostate. Through ICH photos and cell
counts, we found that CD3-positive T cells and CD68-
positive macrophages in the EAP group were significantly
increased compared to the NC group, but CD3-positive
T cells and CD68-positive macrophages in the EAPK
group were significantly reduced compared to the EAP
group (Figures 3(a)–3(d)). Assessment of inflammation
degree also showed that KLK1 administration (EAPK
group) significantly reduced the severity of prostatitis
(Figure 3(e)). Meanwhile, comparing the NC group with
the NCK group, KLK1 administration to normal rats did
not cause inflammatory cell infiltration in the prostate.
The results of the Rat Cytokine Array Panel showed that
CINC-1, CNTF, CX3CL1, ICAM1, IL-1β, IL-1ra, CXCL10,
LIX, LECAM-1, CCL5, CXCL7, TIMP-1, and VEGF were
upregulated in the EAP group (Figures 3(f) and 3(g)). In
particular, the increase in IL-1ra, LECAM-1, and CXCL7
of the EAP group exceeded 10 times than the NC group.
However, KLK1 administration could reduce the upregula-
tion of all 13 cytokines except TIMP-1. On the other
hand, Bcl-2/BAX results showed decreased apoptosis in
the EAP group, but the EAPK group had a similar level
of apoptosis as the NC group (Figure 3(h)). From the
comparison between the EAPKH group and the EAPK
group, it could be seen that the effects of KLK1 on reduc-
ing inflammatory cell infiltration, inhibiting the
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Figure 3: KLK1 inhibited inflammatory damage of the prostate, but HOE140 canceled the beneficial effects of KLK1. (a, b) The
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expression level of Bcl-2 to BAX by QRT-PCR. Each bar in (c), (d), (e), and (h) represents the mean ± SD. ∗∗∗∗P < 0:0001.
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Figure 4: Fibrosis manifestations of the rat prostate and the signal pathway of fibroblasts transdifferentiation into myofibroblasts. (a)
Representative Masson photos of the prostate samples of the rats (upper, magnification ×100; lower, magnification ×200). (b) The
positive area ratio of Masson staining. (c) Relative mRNA expression levels of COL1A1, COL3A1, α-SMA, and TGF-β to β-actin by
QRT-PCR. (d) Representative western blot results of Collagen Type I, Collagen Type III, TGF-β, RhoA, and ROCK1 protein expressions.
β-Actin served as an internal control. (e) The relative optical density quantification of the proteins mentioned above according to
western blot. (f) The fluorescence intensity of α-SMA. (g) Representative IF photos of α-SMA of the prostate samples of the rats (upper,
green, simple α-SMA staining, magnification ×200; lower, merge of α-SMA and DAPI, magnification ×200). Each bar in (b), (c), (e), and
(f) represents the mean ± SD. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001.
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Figure 5: Continued.
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production of cytokines, and restoring normal levels of
apoptosis were all canceled by HOE140 (Figures 3(a)–
3(h)).

3.3. KLK1 Administration Inhibited Prostatic Stroma Fibrosis
in Chronic Prostatitis. By Masson’s trichrome staining, the
area ratio of collagen in the EAP group and EAPKH group
was higher than that in the NC group and EAPK group
(Figures 4(a) and 4(b)). By QRT-PCR and western blot,
the expression levels of Collagen Type I and Collagen Type
III in the EAP group and EAPKH group were higher than
that in the NC group and EAPK group (Figures 4(c)–4(e)).
These results indicated that inflammation induced signifi-
cant prostate extracellular matrix deposition, but KLK1
administration inhibited this process. Furthermore, by
detecting the TGF-β/RhoA/ROCK1/α-SMA signaling path-
way, we found that there was an upregulated process of
transdifferentiation from fibroblasts to myofibroblasts in
the EAP group (Figures 4(c)–4(g)), but KLK1 administration
inhibited this signaling pathway. Labeled by α-SMA, myofi-
broblasts and smooth muscle cells in the EAP group and
EAPKH increased significantly (Figures 4(f) and 4(g)). In
addition, from all the results (Figures 4(a)–4(g)), comparing
the NC group and NCK group, we could find that the
administration of KLK1 to normal rats did not lead to pros-
tate fibrosis. And comparing the EAPK group and EAPKH
group, HOE140 canceled the effects of KLK1 on antifibrosis
and antitransdifferentiation.

3.4. KLK1 Ameliorated Prostate Hypoxia, Angiogenesis, and
Oxidative Stress Caused by Inflammation. The microvessels
were labeled by CD34. After excluding the false positive area
of staining around the glands, the counting result showed
that the MVD of the EAP group was significantly higher
than that of the NC group and the MVD of the EAPK group
was significantly lower than that of the EAP group
(Figures 5(a) and 5(b)). By QRT-PCR and western blot,
the upregulated HIF-1α indicated that there was hypoxia
in the rat prostates in the EAP group, and the downregulated

HIF-1α in the EAPK group indicated that the administration
of KLK1 significantly ameliorated the hypoxia induced by
inflammation (Figures 5(c)–5(e)). Different from the Rat
Cytokine Array Panel experiment which only detected one
sample in each group, we further detected VEGF expression
in all rats by QRT-PCR and western blot. The significantly
upregulated VEGF expression level explained the increased
MVD in the EAP group; however, KLK1 administration sig-
nificantly inhibited the expression of VEGF and thus also
inhibited angiogenesis (Figures 5(c)–5(e)). Furthermore,
inflammation induced rat prostate microvascular dysfunc-
tion in the EAP group; however, in the EAPK group,
KLK1 administration upregulated eNOS which exerted a
protective effect of microvessel (Figures 5(c)–5(e)). ROS in
situ fluorescence photos showed that inflammation caused
the increase of ROS in the rat prostates of the EAP group,
and KLK1 administration could inhibit the production of
ROS induced by inflammation (Figures 5(f) and 5(g)). Fur-
thermore, the EAP group showed a significant decrease in
SOD activity and a significant increase in MDA content,
which meant that inflammation had destroyed the
oxidation-antioxidant balance in the prostate and has caused
oxidative damage to the prostate (Figures 5(h) and 5(i)).
KLK1 administration significantly ameliorated
inflammation-induced oxidative stress in the EAPK group,
but the results of the EAPKH group showed that HOE140
abolished this effect (Figures 5(h) and 5(i)).

3.5. Inflammation Suppressed KLK1 Expression in BPH
Patients. By examining the HE-stained sections one by one,
we found 6 samples with obvious inflammatory infiltration,
which had multiple severe inflammatory foci (dense, large-
area accumulation of inflammatory cells, as shown in. The
samples infiltrated with only a single mild inflammatory
focus or a small number of scattered inflammatory cells were
assigned to samples without obvious inflammation group.
The KLK1 expression level of samples with obvious inflam-
mation was significantly lower than that of samples without
obvious inflammation (Figures 6(a) and 6(c)). The level of
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Figure 5: Manifestations of hypoxia, angiogenesis, and oxidative stress in the rat prostate. (a) Representative IHC photos of CD34 of the rat
prostate samples (upper, magnification ×100; lower, magnification ×200). (b) The counting result of MVD. (c) Representative western blot
results of HIF-1α, VEGF, and eNOS protein expressions. β-Actin served as an internal control. (d) The relative optical density quantification
of the proteins mentioned above according to western blot. (e) Relative mRNA expression levels of HIF-1α, VEGF, and eNOS to β-actin by
QRT-PCR. (f) Representative fluorescence photos of ROS in situ of the prostate samples of the rats (upper, red, simple ROS staining,
magnification ×200; lower, merge of ROS and DAPI, magnification ×200). (g) The fluorescence intensity of ROS. (h) SOD activity of the
rat prostates. (i) MDA content of the rat prostates. Each bar in (b), (d), (e), (g), (h), and (i) represents the mean ± SD. ∗P < 0:05, ∗∗P <
0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001.
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fibrosis in samples with obvious inflammatory seemed to be
higher than that of samples without obvious inflammation,
but the results were not statistically significant.

4. Discussion

Following the previous study that found the potential pro-
tective effect of KLK1 on aged prostate [2], we further
explored the role of KLK1 in inflammatory prostate damage
in this research. We found that the expression of KLK1
decreased in the inflamed prostate of rats, and KLK1 admin-
istration significantly inhibited inflammatory cell infiltration
and reduced the production of inflammatory cytokines.
Prostate samples from the chronic prostatitis rat model
showed increased infiltration of T cells and macrophages,
as well as pathological manifestations of inflammatory dam-
age such as gland atrophy, stroma remodeling, collagen
deposition, and angiogenesis. KLK1 administration inhib-
ited TGF-β-related fibrosis signaling pathways, increased

the expression of eNOS as well as ameliorated hypoxia and
oxidative stress, and suppressed the proangiogenic VEGF
in prostatitis rats. However, after HOE140 blocked
BDKRB2, the beneficial effects of KLK1 were all canceled.
In addition, KLK1 intervention in normal rats had no obvi-
ous side effects. Experimental results on surgical samples of
human BPH showed that the expression of KLK1 in the
prostate was decreased when BPH was accompanied by
obviously serious inflammation. These results suggest that
KLK1 or the dysregulation of the kallikrein-kinin system
may play an important role in which prostatic inflammation
persists and even progresses to BPH.

Ever since it was reported that inflammation was a com-
mon finding in histologic prostate specimens, many studies
on the pathogenesis of BPH have suggested a role of inflam-
mation in the development of histologic BPH [27, 28]. There
might be an autoimmune component in BPH, whereby anti-
genic stimuli could result in the development of a chronic
inflammatory response leading to tissue rebuilding and
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Figure 6: The effect of inflammation on the expression of KLK1 and fibrosis in the prostate of BPH patients. (a) Representative H&E
photos, Masson photos, and KLK1 IHC photos of the prostate tissue from patients undergoing BPH surgery (upper, H&E, magnification
×100; middle, Masson, magnification ×100; and lower, IHC, magnification ×100). (b) Statistical analysis of the positive area ratio of
Masson staining. ns, P > 0:05. (c) Statistical analysis of the AOD quantification of KLK1 according to IHC. ∗∗P < 0:01.
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stromal growth in the prostate [29]. We previously reported
that mild chronic autoimmune prostatitis would evolve into
BPH assessed by a cumulative pathology score in a rat model
[12]. In our current study, we have chosen a serious autoim-
mune inflammation induction program in order to show the
effect of KLK1 on inflammation more obviously. It should be
pointed out that in addition to this model, there are other
induction methods of chronic prostatitis, such as the method
of intraprostatic injection of 3% λ-carrageenan, and usually,
they have similar cytokine profiles, such as elevated IL-1 and
IL-6 [30, 31]. In this study, we utilized a commercial Rat
Cytokine Array Panel. We reported significantly upregulated
IL-1 in the experimental result section, but not IL-6. The dif-
ference in IL-6 is only clearly visible after the gamma value
of the original photo has been adjusted, and we are con-
cerned about the deviations magnified in the adjusted photo,
so no differences in IL-6 were reported. However, in our and
others’ previous similar studies [12, 32], IL-6 was upregu-
lated in the EAP model, so we believe that in this study,
the induction of the EAP model was successful, but some
inflammatory factors may require more appropriate detec-
tion methods to show the significant differences. In this rat
EAP model, the subcutaneously injected prostatic antigen
continued stimulating the immune system against their
own prostate, and infiltrating inflammatory cells chronically
damaged the resident cells and vessels of the prostate. The
efficiency of oxygen supply to the prostate was poor due to
the highly dysregulated peripheral microvasculature. More-
over, this was along with the increased oxygen demands of
activated infiltrating inflammatory cells and prostatic cells,
promoting a hypoxic microenvironment and mitochondrial
dysfunction. Local hypoxia is a further stimulus for the pro-
duction of inflammatory mediators and growth factors,
which forms a vicious circle. By detecting increased HIF-
1α and ROS, we proved that there were obvious hypoxia
and oxidative stress in the rat prostate with inflammation.
In addition, the downregulated SOD and the increased
MDA indicate that the oxidation-antioxidant balance in this
severe prostatitis model has been completely out of balance.
Just like that hypoxia and angiogenesis are common findings
in human BPH tissue [33, 34], our EAP model successfully
simulated BPH-related pathological conditions such as
chronic inflammatory cell infiltration, hypoxia, and angio-
genesis. On the other hand, it has been reported that reduced
apoptosis often occurs in inflamed atrophic lesions [35, 36],
which may involve the potential carcinogenic effects of
chronic or recurrent inflammation [18]. Although there is
no evidence that human BPH will progress to prostate can-
cer, a reduction in apoptosis in the EAP rat prostates of this
study was observed, and KLK1 administration restored the
level of apoptosis of them. In fact, due to many factors such
as anatomical characteristics and disease course, it is impos-
sible for the rat EAP model to completely simulate the prog-
ress of human BPH, but in this study, that KLK1 improved
the various inflammatory damages including reduced apo-
ptosis of the EAP model is indeed gratifying. However, only
using the EAP model is also one of the limitations of this
study. The EAP model can only simulate chronic nonbacte-
rial prostatitis. It is still unknown whether other common

types of prostatitis, such as acute prostatitis or bacterial
prostatitis, will develop like the above process or be amelio-
rated by KLK1. Based on the gratifying experimental results
in the EAP model, the effect of KLK1 on other prostate
models seems to be anticipated. However, different inflam-
mations develop differently, and the anti-inflammatory
effect of KLK1 is not directly affecting the inflammatory
cells; therefore, the question needs to be answered by
another systematic research.

Endothelial dysfunction, which is a common pathophys-
iological process of aging, hypertension, diabetes, hyperlip-
idemia, and other clinical risk factors for BPH/LUTS, leads
to a vicious cycle of hypoxia, vasoconstriction, altered
smooth muscle contractility, and degeneration of autonomic
neurons and ganglia [37]. Endothelial dysfunction stems pri-
marily from impaired NO bioavailability and is character-
ized by a reduced vasodilatory response to endothelial
stimuli [37]. Impaired bioavailability of NO can result from
reduced eNOS activity or increased breakdown of NO by
ROS [37]. Endothelial dysfunction as a critical and common
initial step in the pathogenesis of BPH/LUTS could be an
excellent therapeutic target. Studies on PDE5I have shown
that the upregulated NO/cGMP signaling pathway via inhi-
bition of PDE5 effectively improves endothelial function,
resulting in an anti-inflammatory effect on endothelial cells
and improvement of prostatic ischemia and fibrosis
[38–40]. Considering that KLK1 upregulated the eNOS
expression via a BDKRB2-dependent mechanism, we believe
that in a similar way to PDE5I, with long-term administra-
tion of KLK1, the eNOS/NO/cGMP signal pathway of the
prostatic microcirculation could be restored, and then, the
endothelial dysfunction and inflammation progression are
controlled.

It has been demonstrated that KLK1 through the
BDKRB2 signaling pathway exhibits a wide spectrum of
beneficial effects [19]. Specifically, KLK1 is expressed in var-
ious organs, such as the pancreas, salivary gland, kidney,
heart, and prostate, and KLK1 is synthesized as a precursor
and converted into the active form by the cleavage of an
amino-terminal peptide [41]. BK, the easily degraded vaso-
active kinins produced by KLK1 processing LMWK, can
bind to BDKRB2 on vascular endothelial cells and activate
the eNOS/NO pathway. BDKRB2 is a highly selective, G
protein-coupled receptor constitutively expressed in a wide
variety of tissues and mediates most of the biological actions
of BK [42]. In detail, activation of BDKRB2 stimulates the
membrane phospholipid metabolism by activating PLC
and promotes the release of NO through an eNOS-
dependent mechanism [41]. NO rapidly diffuses across the
cell membrane to the cytoplasm of adjacent vascular smooth
muscle cells, where it binds and activates sGC which acts on
GTP to produce cGMP [43]. Ultimately, PKG phosphory-
lated by cGMP performs various physiological functions
[43]. It has been reported that the expressions of eNOS
and cGMP levels in the corpus cavernosum of EAP rats were
significantly downregulated [44], and a case-control study
demonstrated that men with chronic prostatitis had evi-
dence of increased arterial stiffness and vascular endothelial
dysfunction [45]. Through increased production of
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inflammatory cytokines and cellular adhesion molecules, the
dysfunctional endothelium promotes inflammation within
the vascular wall, forming a vicious circle [46]. However,
in our study, the KLK1 administration blocked this vicious
circle. Amplified NO/cGMP pathway could cause the relax-
ation of vascular smooth muscle via downregulation of
intracellular Ca2+ level by PKG and, finally, increase the
blood supply of the prostate. In this study, we found that
KLK1 administration could upregulate eNOS and downreg-
ulate HIF-1α and VEGF expressions in EAP rats, which
meant that prostate endothelial function was restored and
hypoxia and angiogenesis were suppressed. After prostate
hypoxia and endothelial dysfunction were ameliorated by
KLK1, the inflammation-hypoxia vicious cycle was
interrupted.

Prostate fibrosis is one of the obvious damages to the
prostate caused by chronic inflammation. By the stereologi-
cal analysis, the patients with symptomatic BPH have a
higher stroma-to-epithelium ratio than asymptomatic
patients [47]. Prostatic tissue from chronic prostatitis and
chronic pelvic ischemic rats showed an increased expression
of α-SMA and increased deposition of collagen [12, 38].
Infiltrating inflammatory cells and prostate stromal cells
affected by inflammation or hypoxia could upregulate the
secretion of cytokines which promote the growth and
remodeling of prostate stromal [18, 48]. Myofibroblasts
transdifferentiated from fibroblasts can secrete a large
amount of extracellular matrix, which is an important cause
of prostate fibrosis [49]. Increased ROS generated by NOX4
in inflammatory and hypoxic prostate promotes TGF-β
expression [49], which upregulates the activation of the
RhoA/ROCK1 pathway to promote cytoskeletal rearrange-
ment inducing the pathological process characterized by
fibroblast-to-myofibroblast transdifferentiation [50]. Our
experimental results showed that KLK1 administration
downregulated the ROS and TGF-β/RhoA/ROCK1 signal-
ing pathways in the EAP rat prostate, thus inhibiting the for-
mation of myofibroblasts and collagen deposition. In our
previous research, we found that BK could inhibit the
expression of TGF-β in prostate stromal cells in vitro [2],
but in the current study, we believe the main reason for anti-
fibrosis is that KLK1 improved the microcirculation to
inhibit hypoxia and the subsequent activation of the TGF-
β/RhoA/ROCK1 signaling pathway. However, in the long
duration of human BPH development, the progression of
fibrosis is very complex, and inflammation cannot be the
only induction factor. From the experimental results of
human specimens, it can be found that the level of fibrosis
is higher in the samples with obvious inflammatory than
the samples without obvious inflammatory, but there is no
statistically significant difference. In our previous study, we
also found that the expression level of KLK1 was negatively
correlated with the level of prostate fibrosis in human BPH
specimens, but there was also no statistically significant dif-
ference [2]. Therefore, our current experimental results
indeed suggest that KLK1 can alleviate inflammation and
thereby reduce prostate fibrosis, but in the complex process
of human BPH development, this kind of help is limited,
and other mechanisms need to be combined to treat BPH.

Although in this research KLK1 significantly inhibited
inflammatory damages in rat prostate, there still seems to
be a puzzling relationship between KLK1 and inflammation.
Previously, it was generally thought that BK was linked with
the pathophysiological processes accompanied with tissue
damage and inflammation, because BK and its receptors
participate in increasing vascular permeability, venocon-
striction, and arterial dilatation; moreover, BK is a potent
endogenous algogenic substance [51–53]. Even BK has been
experimentally proven to elicit contractile responses in iso-
lated canine prostate tissue and promote the proliferation
of primary cultures of normal human prostate stromal cells
[54, 55]. In our current study, BK, the downstream active
substance of KLK1, played an anti-inflammatory rather than
proinflammatory effect after activating BDKRB2. This might
be because BDKRB2 was activated mainly in vascular endo-
thelial cells rather than glandular epithelial or stromal cells
of the prostate. KLK1 was administered by tail vein injec-
tion, and normally, only LMWK in the blood was lysed to
produce BK, which is bound to BDKRB2 on the vascular
endothelium locally. Importantly, the normal rats injected
with KLK1 did not develop prostatic inflammation, indicat-
ing that KLK1 is not a potential proinflammatory factor in
our study. And whether in BPH patients or EAP rats, the
expression of KLK1 in the inflamed prostate is reduced,
which also implies that supplementing KLK1 may be exactly
what is needed to fight inflammation. In addition, it has
been demonstrated that the prostate has a high level of
ACE activity, which catalyzes the enzymatic degradation of
BK [56, 57]. Therefore, we believe that in this study, exoge-
nous KLK1 and activated BK mainly played a role in the
microcirculation of the rat prostate but did not significantly
affect the prostate cells directly. On the other hand, we also
conducted a preexperiment to study the effect of KLK1
administration at different periods on chronic prostatitis
(the experimental design and specific results of the preexper-
iment are shown in Supplemental File 1). In the preexperi-
ment, we compared the results of KLK1 administration at
the same time as the EAP model building and KLK1 admin-
istration after the EAP model was completed. The KLK1
administration at the same time as the model building could
better exert the therapeutic effect of KLK1, which was specif-
ically manifested in less inflammatory cell infiltration and
fewer inflamed atrophic lesions. This means that the anti-
inflammatory mechanism of KLK1 is mainly in the early
stage of inflammation, and if the inflammation has become
chronic, the therapeutic effect of KLK1 would be diluted.
Based on this, we have further conjectures about the role
of KLK1 against autoimmune prostatitis. In the process of
autoimmune inflammation induction, the antigen injected
subcutaneously first triggers an immune response to the
prostate. After inflammatory cells attack and destroy pros-
tate cells, more prostate antigens would be exposed to aggra-
vate the immune response. If KLK1 administration and
improvement of microcirculation dysfunction occurred at
the beginning of the induction process, the local prostatic
inflammatory damage could be controlled by some homeo-
static mechanisms, so that there would be no more genera-
tion of prostate antigen to reinforce the immune response
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later. On the contrary, if the inflammatory cells have caused
significant damage to the prostate parenchyma, even if
KLK1 restored the prostate’s microcirculation function, it
is difficult for the body to completely stop the chronic
inflammatory damage through self-regulation.

Finally, although we analyzed that KLK1 mainly played a
protective effect on inflamed prostate by improving micro-
circulation dysfunction, we did not conduct more detailed
cell experiments to prove it. The experiments to prove the
mechanism may involve the construction of a more compli-
cated system of vascular endothelial cells, inflammatory
cells, and prostate cells in vitro. The subsequent in-depth
study of inflamed prostate should analyze the specific types
of inflammatory cells regulated by KLK1/BK/BDKRB2/
eNOS/NO and their roles in microcirculation dysfunction,
as well as the unclear homeostatic self-regulation mecha-
nism. On the other hand, the results of this study also show
us some prospects. The RhoA/ROCK1 signaling pathway,
which has been proven to be affected by KLK1 in the pros-
tate, is also closely related to the contraction and tone regu-
lation of the bladder [58]. And autonomic/sensory nerve
dysfunction caused by endothelial dysfunction is also
involved in the abnormal sensation and activity of the blad-
der [37]. Therefore, the effect of KLK1 on the bladder suffer-
ing from BPH/LUTS is also worth exploring.

5. Conclusions

The KLK1 expression is reduced in the inflamed prostate.
Intravenous administration of exogenous KLK1 can reduce
the inflammatory infiltration of the rat prostate and inhibit
chronic inflammatory damage, including hypoxia, oxidative
stress, angiogenesis, and fibrosis via ameliorating endothelial
dysfunction. The BDKRB2-dependent endothelial protec-
tion mechanism plays an important role in the prostate
and deserves further study.
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SOD: Superoxide dismutase
SPF: Specific pathogen free
TGF-β: Transforming growth factor β1
VEGF: Vascular endothelial growth factor.
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