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Abstract: Type 2 diabetes (T2D) is associated with worse prognosis of prostate cancer (PCa).
The molecular mechanisms behind this association are still not fully understood. The aim of this
study was to identify key factors, which contribute to the more aggressive PCa phenotype in patients
with concurrent T2D. Therefore, we investigated benign and PCa tissue of PCa patients with and
without diabetes using real time qPCR. Compared to patients without diabetes, patients with T2D
showed a decreased E-cadherin/N-cadherin (CDH1/CDH2) ratio in prostate tissue, indicating a switch
of epithelial-mesenchymal transition (EMT), which is a pivotal process in carcinogenesis. In addition,
the gene expression levels of matrix metalloproteinases (MMPs) and CC chemokine ligands (CCLs)
were higher in prostate samples of T2D patients. Next, prostate adenocarcinoma PC3 cells were
treated with increasing glucose concentrations to replicate hyperglycemia in vitro. In these cells,
high glucose induced expressions of MMPs and CCLs, which showed significant positive associations
with the proliferation marker proliferating cell nuclear antigen (PCNA). These results indicate that
in prostate tissue of men with T2D, hyperglycemia may induce EMT, increase MMP and CCL gene
expressions, which in turn activate invasion and inflammatory processes accelerating the progression
of PCa.
Keywords: prostate cancer; diabetes; epithelial-mesenchymal transition; matrix metalloproteinase;
CC chemokine ligand
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1. Introduction
The association between prostate cancer (PCa) and type 2 diabetes (T2D) is complex [1].
Many studies suggest that patients with T2D may have a reduced risk for developing PCa [2,3],
however the underlying molecular mechanisms are not fully understood. One possible explanation is
proposed by the reduced PCa detection in patients with diabetes due to lower prostate-specific antigen
(PSA) levels compared to patients without diabetes [4]. Nevertheless, when patients with T2D are
diagnosed with PCa, they are characterized by activated carcinogenic pathways [5] and suffer from
more aggressive PCa [6,7] with a markedly poorer prognosis compared to patients without T2D [8,9].
Both high insulin and glucose levels are postulated to drive PCa carcinogenesis in patients with
T2D [10], however the exact underlying molecular mechanisms for the accelerated PCa progression in
case of coexistent T2D is not determined yet.
In this study, we aimed to identify key pathways and their regulators including
epithelial-mesenchymal transition (EMT), inflammation, and invasion, which could accelerate PCa
progression in patients with T2D. One of the crucial carcinogenic processes in PCa is EMT, which is
defined as a switch from epithelial characteristics to mesenchymal features [11]. EMT is characterized
by decreased expression of epithelial E-cadherin (encoded by the CDH1 gene) and increased level
of mesenchymal N-cadherin (encoded by the CDH2 gene), which consequently leads to a reduced
CDH1/CDH2 ratio. Several studies showed that EMT promotes metastasis in PCa [12]. In PCa,
CC chemokine ligands (CCLs) are central regulators for inflammatory pathways [13,14]. The chemokine
CCL2 was described to induce proliferation and migration of PCa cells [15]. Angiogenesis and
invasion are two major carcinogenic processes, which are both controlled by matrix metalloproteinases
(MMPs) [16,17]. Increased production of MMP7 and MMP9 was associated with malignant progression
of PCa [18].
To study the effect of diabetes on the progression of PCa, we examined benign prostate (BEN)
and PCa tissues of PCa patients with and without T2D. Furthermore, to replicate hyperglycemia
in vitro, PC3 prostate adenocarcinoma cells were treated with increasing glucose concentrations.
The expressions of candidate genes involved in EMT (CDH1 and CDH2), inflammatory pathways
(CCL2 and CCL5) and invasion (MMP7, MMP9 and MMP14), were measured using real time qPCR
both in human prostate tissues and PC3 cells.
2. Experimental Section
2.1. Human Samples
Newly diagnosed PCa patients without prior anti-cancer therapy were recruited prior to radical
prostatectomy. Tissue sampling was performed by an experienced uropathologist (M.S.) and all
prostate cancers were classified as adenocarcinoma. PCa as well as benign tissues were immediately
snap-frozen in liquid nitrogen and stored at −80 ◦ C. For histological confirmation, hematoxylin and
eosin staining was performed on paraffinized samples. Patient cohorts were age- and BMI-matched
and n = 17–17 benign and n = 11–11 tumor tissue samples from patients with and without type 2
diabetes were included (Figure 1), as recently described [5]. Most of the patients with T2D received
anti-diabetic medication (Table 1). To analyze PCa at similar tumor stages, all PCa samples had a
Gleason score of 7a and 7b. Informed written consent was obtained from all participants, and the
Ethics Committee of the University of Tübingen (575/2018BO2) approved the protocol in accordance
with the Declaration of Helsinki. Total RNA was isolated using Allprep RNA/DNA/protein kit (Qiagen,
Hilden, Germany) in accordance with the manufacturer’s description.
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Figure 1. Benign prostate (BEN) (n = 17–17) and prostate cancer (PCa) (n = 11–11) tissues of PCa
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nr: 27), MMP14 50 -CAGGAATGAGGATCTGAATGG and 30 -CCGAGGGGTCACTGGAAT (probe
nr: 45), CCL2 50 -AGTCTCTGCCGCCCTTCT and 30 -GTGACTGGGGCATTGATTG (probe nr: 40),
CCL5 50 -CCTCATTGCTACTGCCCTCT and 30 -GGTGTGGTGTCCGAGGAATA (probe nr: 16), cJUN
50 -AGGATAGTGCGATGTTTCAGG and 30 -GACTTCTCAGTGGGCTGTCC (probe nr: 65), UBC
50 -GGAAGGCATTCCTCCTGAT and 30 -CCCACCTCTGAGACGGAGTA (probe nr: 11), PCNA
50 -TGGAGAACTTGGAAATGGAAA and 30 -GAACTGGTTCATTCATCTCTATGG (probe nr: 69),
Vimentin 50 -AGATGGCCCTTGACATTGAG and 30 -CAGGGAGGAAAAGTTTGGAA (probe nr: 11).
2.4. Statistical Analysis
For the gene expression analysis of PC3 data, paired Friedman test with Dunn’s correction for
multiple comparisons were calculated using GraphPad Prism 8.4 (San Diego, CA, USA). For the gene
expression analysis of human data, Mann–Whitney tests were applied using GraphPad Prism. Prior to
regression analyses, data were logarithmic transformed to approximate normal distribution. Multiple
linear regression models were built using JMP 14.2 (SAS, Cary, NC, USA). For human data, linear
regression models were performed with adjustment for age and BMI. Statistical significance was
considered as p < 0.05.
3. Results
To investigate the impact of diabetes on the progression of PCa, we analyzed benign prostate (BEN)
and PCa tissues of age and BMI matched PCa patients with and without T2D (Figure 1). The following
four groups were studied: BEN, noT2D (n = 17); BEN, T2D (n = 17); PCa, noT2D (n = 11) and PCa,
T2D (n = 11).
Since epithelial-mesenchymal transition (EMT), invasion, and inflammation are major drivers
of PCa carcinogenesis, we measured the transcript levels of the major factors regulating EMT
(E-cadherin (CDH1) and N-cadherin (CDH2)), invasion (MMPs), and inflammation (CCLs). The gene
expression level of CDH1 was not significantly different among the analyzed groups (Figure 2A).
Even though patients with T2D displayed higher CDH2 mRNA levels in both BEN and PCa groups,
the CDH1/CDH2 ratio was only decreased in PCa tissue of the T2D group when compared to patients
without T2D (Figure 2B,C). An activated EMT is reflected by a reduced CDH1/CDH2 ratio [12].
EMT in PCa is additionally characterized by increased mesenchymal markers including vimentin [11].
By linear regression analyses we also found a significant negative association between the transcript
level of vimentin and CDH1/CDH2 ratio in human prostate tissues (standardized beta = −0.4049;
p-value = 0.0039), highlighting the switch in EMT in these samples. The transcript levels of MMP7
and MMP14 were significantly elevated in PCa tissue of patients with T2D, and in this group we also
found a tendency for increased MMP9 levels (p = 0.0557) (Figure 2D–F). In BEN tissue of patients with
T2D, we observed higher transcript levels of CCL2 and CCL5 (Figure 2G,H). The higher expression
of MMP genes in PCa samples of patients with T2D and the increased CCL mRNA levels in BEN
tissue of patients with T2D suggest that these genes could be induced by hyperglycemia. The mRNA
level of cJUN, which is a key transcription factor driving carcinogenesis in PCa [22], was elevated
in PCa samples of patients with T2D (Figure 2I). This result indicates that in PCa patients with T2D,
the diabetes status could elevate the transcript of cJUN.
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Figure 2. Gene expression levels of indicated genes were quantified in benign prostate (BEN) (n = 17–17)
Figure 2. Gene expression levels of indicated genes were quantified in benign prostate (BEN) (n = 17–
and prostate cancer (PCa) (n = 11–11) tissues of PCa patients with (T2D) and patients without (noT2D)
17) and prostate cancer (PCa) (n = 11–11) tissues of PCa patients with (T2D) and patients without
type 2 diabetes. (A) CDH1, (B) CDH2, (C) CDH1/CDH2 ratio, (D) MMP7, (E) MMP9, (F) MMP14,
(noT2D) type 2 diabetes. (A) CDH1, (B) CDH2, (C) CDH1/CDH2 ratio, (D) MMP7, (E) MMP9, (F)
(G) CCL2, (H) CCL5, (I) cJUN. Data are shown as Tukey box plots. White and grey dots denote
MMP14, (G) CCL2, (H) CCL5, (I) cJUN. Data are shown as Tukey box plots. White and grey dots
individual values, which were higher than the sum of the 75th percentile plus 1.5-times inter-quartile
denote individual values, which were higher than the sum of the 75th percentile plus 1.5-times
range. Statistical significance was calculated using Mann–Whitney tests and considered as p < 0.05.
inter-quartile range. Statistical significance was calculated using Mann–Whitney tests and
* p < 0.05, ** p < 0.01. p-value for MMP9 PCa data is indicated.
considered as p < 0.05. * p < 0.05, ** p < 0.01. p-value for MMP9 PCa data is indicated.
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To assess whether hyperglycemia per se is able to modify the gene expression levels of EMT,
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Figure 4. The gene expression level of PCNA was associated with the expression of (A) MMP7,
Figure 4. The gene expression level of PCNA was associated with the genes indicated using multiple
(B) MMP9, (C) MMP14, (D) CCL2, (E) CCL5 and (F) cJUN using multiple linear regression models
linear regression models in 5.5, 11.25 and 17.5 mM glucose-treated PC3 cells (n = 15) and shown as
in 5.5, 11.25 and 17.5 mM glucose-treated PC3 cells (n = 15) and shown as leverage plots. Statistical
leverage plots. Statistical significance was considered as p < 0.05. p-values are indicated in the figures.
significance was considered as p < 0.05. p-values are indicated in the figures.
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In
streptozotocin-treated
rodent model for insulin deficient type 1 diabetes [36], high glucose increased the expression of renal
mice, and
which
is a which
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model
for insulin
deficient
type 1 of
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[36],
high glucose
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CCL5,
associated
with
the induction
diabetic
nephropathy
[37].
In diabetic
expression
of
renal
CCL2
and
CCL5,
which
was
associated
with
the
induction
of
diabetic
NOD (nonobese diabetes) mice, another type 1 diabetes rodent model, Aaron-Brooks and colleagues
nephropathy [37]. In diabetic NOD (nonobese diabetes) mice, another type 1 diabetes rodent model,
Aaron-Brooks and colleagues reported elevated MMP and CCL expressions in the prostate

Biomedicines 2020, 8, 507

8 of 13

Biomedicines 2020, 8, x FOR PEER REVIEW
of 13
reported
elevated MMP and CCL expressions in the prostate compared with non-diabetic animals8 [38].
These results indicate that the hyperglycemic condition could be the missing underlying mechanism for
compared with non-diabetic animals [38]. These results indicate that the hyperglycemic condition
the increased expression of MMP and CCL genes. In line, poorer prognosis was reported in men with
could be the missing underlying mechanism for the increased expression of MMP and CCL genes. In
PCa and elevated blood glucose [39,40]. The analyzed patients with T2D received various anti-diabetes
line, poorer prognosis was reported in men with PCa and elevated blood glucose [39,40]. The
drugs before prostatectomy (Table 1). Therefore, the observed prostatic gene expression pattern in T2D
analyzed patients with T2D received various anti-diabetes drugs before prostatectomy (Table 1).
patients could eventually be influenced by anti-diabetic therapy, which we could not specifically test in
Therefore, the observed prostatic gene expression pattern in T2D patients could eventually be
our study.
influenced by anti-diabetic therapy, which we could not specifically test in our study.
In addition to their role in diabetes, MMPs and CCLs are known to drive carcinogenesis. Although
In addition to their role in diabetes, MMPs and CCLs are known to drive carcinogenesis.
some authors observed that specific MMPs may have protective roles in cancer progression, many
Although some authors observed that specific MMPs may have protective roles in cancer
reports described the importance of MMP activation in carcinogenesis [41]. For PCa, several studies
progression, many reports described the importance of MMP activation in carcinogenesis [41]. For
demonstrated an association of increased production of MMPs including MMP7, MMP9 and MMP14
PCa, several studies demonstrated an association of increased production of MMPs including
with malignant progression of PCa [18]. MMPs are involved in various carcinogenic processes including
MMP7, MMP9 and MMP14 with malignant progression of PCa [18]. MMPs are involved in various
angiogenesis, differentiation, proliferation and apoptosis [16,42]. The most prominent carcinogenic
carcinogenic processes including angiogenesis, differentiation, proliferation and apoptosis [16,42].
effect of MMPs is the degradation of the extracellular matrix components of the basement membrane,
The most prominent carcinogenic effect of MMPs is the degradation of the extracellular matrix
which is crucial for invasion and a consecutive metastatic process [18,42]. Therefore, it is conceivable
components of the basement membrane, which is crucial for invasion and a consecutive metastatic
that hyperglycemia accelerates carcinogenesis and worsens prognosis of PCa patients with T2D.
process [18,42]. Therefore, it is conceivable that hyperglycemia accelerates carcinogenesis and
The higher expression of MMP transcripts in PCa samples of patients with T2D indicates that MMPs
worsens prognosis of PCa patients with T2D. The higher expression of MMP transcripts in PCa
could induce the invasive capacity of PCa and in turn may drive metastasis in patients with diabetes
samples of patients with T2D indicates that MMPs could induce the invasive capacity of PCa and in
(Figure 5).
turn may drive metastasis in patients with diabetes (Figure 5).
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the role
of CCLs
in the increased
inflammation
PCa, theseour
data
suggest
the higher transcript
levels of
of
T2D
we did
not observe
CCL of
expressions,
data
point that
to a potentially
relevant impact
CCLs
contribute
to
the
inflammation
of
the
prostate
in
patients
with
T2D
(Figure
5).
Since
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(CDH2) levels demonstrated by a reduced CDH1/CDH2 ratio [12]. In PCa samples of patients with
progression
PCa, epithelial-mesenchymal
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a crucial
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In
PCa
samples
of
patients
with
level of cJUN in PCa tissues of patients with T2D suggests that this transcription factor may activate
T2D, we found a lower CDH1/CDH2 ratio suggesting an activated EMT. The transcription factor
cJUN has been shown to initiate EMT migration and invasion of PCa cells [12]. The elevated mRNA
level of cJUN in PCa tissues of patients with T2D suggests that this transcription factor may activate
EMT in these samples. In addition, in PC3 cells, high glucose treatment enhanced insulin-driven
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EMT in these samples. In addition, in PC3 cells, high glucose treatment enhanced insulin-driven
EMT [50], suggesting an additional role of hyperglycemia in the activation of EMT in patients with
T2D. Furthermore, the secretion of chemokines and EMT are interconnected, since the activation of
CCL2 was reported to induce EMT [47]. Here we observed a decreased CDH1/CDH2 ratio in PCa
samples of patients with T2D suggesting that EMT is induced in these samples, which may contribute
to the more aggressive PCa phenotype of patients with diabetes (Figure 5).
Recent studies indicate that at least a part of the used pharmacotherapy for diabetes treatment
may have unrecognized potential also for the treatment of cancer [51]. The most commonly prescribed
anti-diabetic drug for type 2 diabetes, metformin, is believed to have anti-cancer effects in several cancer
types including PCa [51]. Metformin use was also associated with improved survival for patients
with advanced PCa on androgen deprivation therapy [52]. Furthermore, Taussky and colleagues
analyzed 48 months survival in patients with or without diabetes and found that metformin users
had a better survival ratio than patients with diabetes not taking metformin [53]. The beneficial
anti-cancer effects of metformin could be at least partly attributed to the fact that metformin inhibits
EMT of PCa in preclinical studies [49]. These results underline that patients who suffer from both
T2D and PCa may benefit from metformin treatment. Although most reports observed anti-cancer
potential for metformin, several randomized trials did not find beneficial effects of metformin for
important clinical parameters of cancer, including progression-free survival and overall survival [54–56].
Some studies even reported pro-tumorigenic activity for metformin and suggested that metformin
might induce pro-tumorigenic macrophage phenotype, and increase angiogenesis and tumor growth
acceleration [57–59]. In July 2020, the potential carcinogenic N-nitrosodimethyl amine, was measured
at higher than allowed concentrations in some commercial metformin preparations [60]. Therefore,
several pharmaceutical companies voluntary recalled metformin products (https://www.fda.gov/drugs/
drug-safety-and-availability/fda-updates-and-press-announcements-ndma-metformin, accessed on
6 November 2020). Hence, the impact of metformin on PCa needs to be clarified in future studies.
They should address the entirety of the effects of metformin on cancer progression and test the clinical
benefit of metformin in the appropriate randomized trials.
5. Conclusions
In prostate tissue of patients with T2D, we observed a decreased CDH1/CDH2 ratio, and higher
CCL and MMP transcripts. Furthermore, high glucose treatment of PC3 cells led to increased expression
of CCL and MMP genes. These results therefore indicate (Figure 5) that hyperglycemia may induce
EMT, inflammatory processes, and enhance invasive capacity leading to accelerated PCa carcinogenesis
in patients with T2D.
Author Contributions: Conceptualization, A.S. and H.-U.H.; methodology, A.F., L.B., J.H., S.R., and S.Z.L.; formal
analysis, A.F., J.H., and S.Z.L.; resources, M.O.S., M.H.d.A., A.S., A.L.B., A.P., and H.-U.H.; writing—original draft
preparation, A.F.; writing—review and editing, L.B., J.H., S.R., M.O.S., M.H.d.A., A.S., A.P., A.L.B., S.Z.L., H.-U.H.,
and M.H. All authors have read and agreed to the published version of the manuscript.
Funding: This work was supported by a grant from the German Federal Ministry of Education and Research
(BMBF) to the German Center for Diabetes Research (DZD e.V.).
Acknowledgments: We gratefully acknowledge Alke Guirguis for her technical assistance (Institute for Clinical
Chemistry and Pathobiochemistry, University Hospital Tübingen, Tübingen, Germany).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

Crawley, D.; Chamberlain, F.; Garmo, H.; Rudman, S.; Zethelius, B.; Holmberg, L.; Adolfsson, J.; Stattin, P.;
Carroll, P.; Van Hemelrijck, M. A systematic review of the literature exploring the interplay between prostate
cancer and type two diabetes mellitus. Ecancermedicalscience 2018, 12, 802. [CrossRef]
Kasper, J.S.; Liu, Y.; Giovannucci, E. Diabetes mellitus and risk of prostate cancer in the health professionals
follow-up study. Int. J. Cancer 2009, 124, 1398–1403. [CrossRef]

Biomedicines 2020, 8, 507

3.
4.

5.

6.

7.

8.
9.

10.

11.

12.
13.
14.
15.
16.

17.

18.
19.

20.

21.

10 of 13

Bansal, D.; Bhansali, A.; Kapil, G.; Undela, K.; Tiwari, P. Type 2 diabetes and risk of prostate cancer: A
meta-analysis of observational studies. Prostate Cancer Prostatic Dis. 2013, 16, 151–158. [CrossRef] [PubMed]
Bernal-Soriano, M.C.; Lumbreras, B.; Hernández-Aguado, I.; Pastor-Valero, M.; López-Garrigos, M.;
Parker, L.A. Untangling the association between prostate-specific antigen and diabetes: A systematic
review and meta-analysis. Clin. Chem. Lab. Med. 2020. [CrossRef] [PubMed]
Franko, A.; Berti, L.; Hennenlotter, J.; Rausch, S.; Scharpf, M.O.; de Angelis, M.H.; Stenzl, A.; Birkenfeld, A.L.;
Peter, A.; Lutz, S.Z.; et al. Transcript Levels of Aldo-Keto Reductase Family 1 Subfamily C (AKR1C) Are
Increased in Prostate Tissue of Patients with Type 2 Diabetes. J. Pers. Med. 2020, 10, 124. [CrossRef] [PubMed]
Lutz, S.Z.; Todenhofer, T.; Wagner, R.; Hennenlotter, J.; Ferchl, J.M.; Scharpf, M.O.; Martus, P.; Staiger, H.;
Fritsche, A.; Stenzl, A.; et al. Higher prevalence of lymph node metastasis in prostate cancer in patients with
diabetes. Endocr. Relat. Cancer 2018, 25, L19–L22. [CrossRef]
Hu, M.B.; Bai, P.D.; Wu, Y.S.; Zhang, L.M.; Zhu, W.H.; Hu, J.M.; Yang, T.; Jiang, H.W.; Ding, Q. Effects of
diabetes mellitus and Metformin administration on prostate cancer detection at biopsy among Chinese men:
A case-control study. J. BUON 2019, 24, 227–232. [PubMed]
Bensimon, L.; Yin, H.; Suissa, S.; Pollak, M.N.; Azoulay, L. Type 2 diabetes and the risk of mortality among
patients with prostate cancer. Cancer Causes Control 2014, 25, 329–338. [CrossRef] [PubMed]
Chen, Y.; Wu, F.; Saito, E.; Lin, Y.; Song, M.; Luu, H.N.; Gupta, P.C.; Sawada, N.; Tamakoshi, A.; Shu, X.O.;
et al. Association between type 2 diabetes and risk of cancer mortality: A pooled analysis of over 771,000
individuals in the Asia Cohort Consortium. Diabetologia 2017, 60, 1022–1032. [CrossRef] [PubMed]
Di Sebastiano, K.M.; Pinthus, J.H.; Duivenvoorden, W.C.M.; Mourtzakis, M. Glucose impairments and insulin
resistance in prostate cancer: The role of obesity, nutrition and exercise. Obes. Rev. 2018, 19, 1008–1016.
[CrossRef]
Montanari, M.; Rossetti, S.; Cavaliere, C.; D’Aniello, C.; Malzone, M.G.; Vanacore, D.; Di Franco, R.; La
Mantia, E.; Iovane, G.; Piscitelli, R.; et al. Epithelial-mesenchymal transition in prostate cancer: An overview.
Oncotarget 2017, 8, 35376–35389. [CrossRef]
Odero-Marah, V.; Hawsawi, O.; Henderson, V.; Sweeney, J. Epithelial-Mesenchymal Transition (EMT) and
Prostate Cancer. Adv. Exp. Med. Biol. 2018, 1095, 101–110. [CrossRef] [PubMed]
Adekoya, T.O.; Richardson, R.M. Cytokines and Chemokines as Mediators of Prostate Cancer Metastasis.
Int. J. Mol. Sci. 2020, 21, 4449. [CrossRef] [PubMed]
Hao, Q.; Vadgama, J.V.; Wang, P. CCL2/CCR2 signaling in cancer pathogenesis. Cell Commun. Signal. 2020,
18, 82. [CrossRef] [PubMed]
Zhang, J.; Patel, L.; Pienta, K.J. CC chemokine ligand 2 (CCL2) promotes prostate cancer tumorigenesis and
metastasis. Cytokine Growth Factor Rev. 2010, 21, 41–48. [CrossRef]
Krishnan, A.V.; Feldman, D. Molecular pathways mediating the anti-inflammatory effects of calcitriol:
Implications for prostate cancer chemoprevention and treatment. Endocr. Relat. Cancer 2010, 17, R19–R38.
[CrossRef]
Jiang, W.G.; Sanders, A.J.; Katoh, M.; Ungefroren, H.; Gieseler, F.; Prince, M.; Thompson, S.K.; Zollo, M.;
Spano, D.; Dhawan, P.; et al. Tissue invasion and metastasis: Molecular, biological and clinical perspectives.
Semin. Cancer Biol. 2015, 35, S244–S275. [CrossRef]
Lokeshwar, B.L. MMP inhibition in prostate cancer. Ann. N. Y. Acad. Sci. 1999, 878, 271–289. [CrossRef]
Franko, A.; Berti, L.; Guirguis, A.; Hennenlotter, J.; Wagner, R.; Scharpf, M.O.; de Angelis, M.H.; Wißmiller, K.;
Lickert, H.; Stenzl, A.; et al. Characterization of Hormone-Dependent Pathways in Six Human Prostate-Cancer
Cell Lines: A Gene-Expression Study. Genes 2020, 11, 1174. [CrossRef]
Franko, A.; Kovarova, M.; Feil, S.; Feil, R.; Wagner, R.; Heni, M.; Königsrainer, A.; Ruoss, M.; Nüssler, A.K.;
Weigert, C.; et al. cGMP-dependent protein kinase I (cGKI) modulates human hepatic stellate cell activation.
Metabolism 2018, 88, 22–30. [CrossRef]
Franko, A.; Shao, Y.; Heni, M.; Hennenlotter, J.; Hoene, M.; Hu, C.; Liu, X.; Zhao, X.; Wang, Q.; Birkenfeld, A.L.;
et al. Human Prostate Cancer is Characterized by an Increase in Urea Cycle Metabolites. Cancers 2020, 12,
1814. [CrossRef] [PubMed]

Biomedicines 2020, 8, 507

22.
23.

24.

25.

26.

27.
28.

29.
30.
31.

32.

33.
34.
35.
36.

37.

38.

39.

11 of 13

Edwards, J.; Krishna, N.S.; Mukherjee, R.; Bartlett, J.M. The role of c-Jun and c-Fos expression in
androgen-independent prostate cancer. J. Pathol. 2004, 204, 153–158. [CrossRef] [PubMed]
Bostwick, D.G.; Burke, H.B.; Wheeler, T.M.; Chung, L.W.; Bookstein, R.; Pretlow, T.G.; Nagle, R.B.;
Montironi, R.; Lieber, M.M.; Veltri, R.W.; et al. The most promising surrogate endpoint biomarkers
for screening candidate chemopreventive compounds for prostatic adenocarcinoma in short-term phase II
clinical trials. J. Cell. Biochem. Suppl. 1994, 19, 283–289. [PubMed]
Kim, H.S.; Presti, J.C., Jr.; Aronson, W.J.; Terris, M.K.; Kane, C.J.; Amling, C.L.; Freedland, S.J. Glycemic
control and prostate cancer progression: Results from the SEARCH database. Prostate 2010, 70, 1540–1546.
[CrossRef] [PubMed]
Nik-Ahd, F.; Howard, L.E.; Eisenberg, A.T.; Aronson, W.J.; Terris, M.K.; Cooperberg, M.R.; Amling, C.L.;
Kane, C.J.; Freedland, S.J. Poorly controlled diabetes increases the risk of metastases and castration-resistant
prostate cancer in men undergoing radical prostatectomy: Results from the SEARCH database. Cancer 2019,
125, 2861–2867. [CrossRef]
Cai, H.; Xu, Z.; Xu, T.; Yu, B.; Zou, Q. Diabetes mellitus is associated with elevated risk of mortality amongst
patients with prostate cancer: A meta-analysis of 11 cohort studies. Diabetes Metab. Res. Rev. 2015, 31,
336–343. [CrossRef]
Mehtälä, J.; Zong, J.; Vassilev, Z.; Brobert, G.; Gabarró, M.S.; Stattin, P.; Khanfir, H. Overall survival and second
primary malignancies in men with metastatic prostate cancer. PLoS ONE 2020, 15, e0227552. [CrossRef]
Tao, H.; O’Neil, A.; Choi, Y.; Wang, W.; Wang, J.; Wang, Y.; Jia, Y.; Chen, X. Pre- and Post-diagnosis Diabetes
as a Risk Factor for All-Cause and Cancer-Specific Mortality in Breast, Prostate, and Colorectal Cancer
Survivors: A Prospective Cohort Study. Front. Endocrinol. (Lausanne) 2020, 11, 60. [CrossRef]
Gerst, F.; Wagner, R.; Oquendo, M.B.; Siegel-Axel, D.; Fritsche, A.; Heni, M.; Staiger, H.; Häring, H.U.;
Ullrich, S. What role do fat cells play in pancreatic tissue? Mol. Metab. 2019, 25, 1–10. [CrossRef]
Nosalski, R.; Guzik, T.J. Perivascular adipose tissue inflammation in vascular disease. Br. J. Pharmacol. 2017,
174, 3496–3513. [CrossRef]
Simeoni, E.; Hoffmann, M.M.; Winkelmann, B.R.; Ruiz, J.; Fleury, S.; Boehm, B.O.; März, W.; Vassalli, G.
Association between the A-2518G polymorphism in the monocyte chemoattractant protein-1 gene and insulin
resistance and Type 2 diabetes mellitus. Diabetologia 2004, 47, 1574–1580. [CrossRef] [PubMed]
Adela, R.; Reddy, P.N.C.; Ghosh, T.S.; Aggarwal, S.; Yadav, A.K.; Das, B.; Banerjee, S.K. Serum protein
signature of coronary artery disease in type 2 diabetes mellitus. J. Transl. Med. 2019, 17, 17. [CrossRef]
[PubMed]
Abreu, B.J.; de Brito Vieira, W.H. Metalloproteinase Changes in Diabetes. Adv. Exp. Med. Biol. 2016, 920,
185–190. [CrossRef] [PubMed]
Opdenakker, G.; Abu El-Asrar, A. Metalloproteinases mediate diabetes-induced retinal neuropathy and
vasculopathy. Cell. Mol. Life Sci. 2019, 76, 3157–3166. [CrossRef]
Meisel, J.E.; Chang, M. Selective small-molecule inhibitors as chemical tools to define the roles of matrix
metalloproteinases in disease. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 2001–2014. [CrossRef]
Franko, A.; Huypens, P.; Neschen, S.; Irmler, M.; Rozman, J.; Rathkolb, B.; Neff, F.; Prehn, C.; Dubois, G.;
Baumann, M.; et al. Bezafibrate Improves Insulin Sensitivity and Metabolic Flexibility in STZ-Induced
Diabetic Mice. Diabetes 2016, 65, 2540–2552. [CrossRef]
Lee, C.P.; Nithiyanantham, S.; Hsu, H.T.; Yeh, K.T.; Kuo, T.M.; Ko, Y.C. ALPK1 regulates
streptozotocin-induced nephropathy through CCL2 and CCL5 expressions. J. Cell. Mol. Med. 2019,
23, 7699–7708. [CrossRef]
Aaron-Brooks, L.M.; Sasaki, T.; Vickman, R.E.; Wei, L.; Franco, O.E.; Ji, Y.; Crawford, S.E.; Hayward, S.W.
Hyperglycemia and T Cell infiltration are associated with stromal and epithelial prostatic hyperplasia in the
nonobese diabetic mouse. Prostate 2019, 79, 980–993. [CrossRef]
Murtola, T.J.; Sälli, S.M.; Talala, K.; Taari, K.; Tammela, T.L.J.; Auvinen, A. Blood glucose, glucose balance,
and disease-specific survival after prostate cancer diagnosis in the Finnish Randomized Study of Screening
for Prostate Cancer. Prostate Cancer Prostatic Dis. 2019, 22, 453–460. [CrossRef]

Biomedicines 2020, 8, 507

40.

41.
42.

43.

44.
45.

46.
47.
48.
49.
50.

51.
52.

53.

54.

55.

56.

57.
58.

12 of 13

Marrone, M.T.; Selvin, E.; Barber, J.R.; Platz, E.A.; Joshu, C.E. Hyperglycemia, Classified with Multiple
Biomarkers Simultaneously in Men without Diabetes, and Risk of Fatal Prostate Cancer. Cancer Prev. Res.
2019, 12, 103–112. [CrossRef]
Dufour, A.; Overall, C.M. Missing the target: Matrix metalloproteinase antitargets in inflammation and
cancer. Trends Pharmacol. Sci. 2013, 34, 233–242. [CrossRef] [PubMed]
Katiyar, S.K. Matrix metalloproteinases in cancer metastasis: Molecular targets for prostate cancer prevention
by green tea polyphenols and grape seed proanthocyanidins. Endocr. Metab. Immune Disord. Drug Targets
2006, 6, 17–24. [CrossRef] [PubMed]
McQuibban, G.A.; Gong, J.H.; Wong, J.P.; Wallace, J.L.; Clark-Lewis, I.; Overall, C.M. Matrix metalloproteinase
processing of monocyte chemoattractant proteins generates CC chemokine receptor antagonists with
anti-inflammatory properties in vivo. Blood 2002, 100, 1160–1167. [CrossRef] [PubMed]
Van Lint, P.; Libert, C. Chemokine and cytokine processing by matrix metalloproteinases and its effect on
leukocyte migration and inflammation. J. Leukoc. Biol. 2007, 82, 1375–1381. [CrossRef] [PubMed]
Starr, A.E.; Dufour, A.; Maier, J.; Overall, C.M. Biochemical analysis of matrix metalloproteinase activation of
chemokines CCL15 and CCL23 and increased glycosaminoglycan binding of CCL16. J. Biol. Chem. 2012, 287,
5848–5860. [CrossRef]
Young, D.; Das, N.; Anowai, A.; Dufour, A. Matrix Metalloproteases as Influencers of the Cells’ Social Media.
Int. J. Mol. Sci. 2019, 20, 3847. [CrossRef]
Rani, A.; Dasgupta, P.; Murphy, J.J. Prostate Cancer: The Role of Inflammation and Chemokines. Am. J. Pathol.
2019, 189, 2119–2137. [CrossRef]
Izumi, K.; Mizokami, A. Suppressive Role of Androgen/Androgen Receptor Signaling via Chemokines on
Prostate Cancer Cells. J. Clin. Med. 2019, 8, 354. [CrossRef]
Culig, Z. Epithelial mesenchymal transition and resistance in endocrine-related cancers. Biochim. Biophys.
Acta Mol. Cell Res. 2019, 1866, 1368–1375. [CrossRef]
Yang, T.; Zhou, Y.; Wang, H.; Chen, S.; Shen, M.; Hu, Y.; Wang, T.; Liu, J.; Jiang, Z.; Wang, Z.; et al. Insulin
exacerbated high glucose-induced epithelial-mesenchymal transition in prostatic epithelial cells BPH-1 and
prostate cancer cells PC-3 via MEK/ERK signaling pathway. Exp. Cell Res. 2020, 112145. [CrossRef]
Zaidi, S.; Gandhi, J.; Joshi, G.; Smith, N.L.; Khan, S.A. The anticancer potential of metformin on prostate
cancer. Prostate Cancer Prostatic Dis. 2019, 22, 351–361. [CrossRef] [PubMed]
Richards, K.A.; Liou, J.I.; Cryns, V.L.; Downs, T.M.; Abel, E.J.; Jarrard, D.F. Metformin Use is Associated with
Improved Survival for Patients with Advanced Prostate Cancer on Androgen Deprivation Therapy. J. Urol.
2018, 200, 1256–1263. [CrossRef] [PubMed]
Taussky, D.; Preisser, F.; Karakiewicz, P.I.; Tilki, D.; Lambert, C.; Bahary, J.P.; Delouya, G.; Wistaff, R.;
Laskine, M.; Nguyen, P.V.; et al. Impact of diabetes and metformin use on prostate cancer outcome of patients
treated with radiation therapy: Results from a large institutional database. Can. J. Urol. 2018, 25, 9509–9515.
[PubMed]
Kim, H.S.; Kim, J.H.; Jang, H.J.; Lee, J. The addition of metformin to systemic anticancer therapy in advanced
or metastatic cancers: A meta-analysis of randomized controlled trials. Int. J. Med. Sci. 2020, 17, 2551–2560.
[CrossRef] [PubMed]
Pimentel, I.; Lohmann, A.E.; Ennis, M.; Dowling, R.J.O.; Cescon, D.; Elser, C.; Potvin, K.R.; Haq, R.; Hamm, C.;
Chang, M.C.; et al. A phase II randomized clinical trial of the effect of metformin versus placebo on
progression-free survival in women with metastatic breast cancer receiving standard chemotherapy. Breast
2019, 48, 17–23. [CrossRef] [PubMed]
Seliger, C.; Genbrugge, E.; Gorlia, T.; Chinot, O.; Stupp, R.; Nabors, B.; Weller, M.; Hau, P. Use of metformin
and outcome of patients with newly diagnosed glioblastoma: Pooled analysis. Int. J. Cancer 2020, 146,
803–809. [CrossRef]
Martin, M.J.; Hayward, R.; Viros, A.; Marais, R. Metformin accelerates the growth of BRAF V600E-driven
melanoma by upregulating VEGF-A. Cancer Discov. 2012, 2, 344–355. [CrossRef]
Phoenix, K.N.; Vumbaca, F.; Claffey, K.P. Therapeutic metformin/AMPK activation promotes the angiogenic
phenotype in the ERalpha negative MDA-MB-435 breast cancer model. Breast Cancer Res. Treat. 2009, 113,
101–111. [CrossRef]

Biomedicines 2020, 8, 507

59.
60.

13 of 13

Kurelac, I.; Umesh Ganesh, N.; Iorio, M.; Porcelli, A.M.; Gasparre, G. The multifaceted effects of metformin
on tumor microenvironment. Semin. Cell Dev. Biol. 2020, 98, 90–97. [CrossRef]
Yang, J.; Marzan, T.A.; Ye, W.; Sommers, C.D.; Rodriguez, J.D.; Keire, D.A. A Cautionary Tale: Quantitative
LC-HRMS Analytical Procedures for the Analysis of N-Nitrosodimethylamine in Metformin. AAPS J. 2020,
22, 89. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 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/).

