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Oxidative stress is a common aetiological factor in aging,
metabolic diseases, and degenerative disorders. The body
contains an endogenous antioxidant system to help neutralize reactive oxygen species and mitigate oxidative damage.
Every living cell survives when there is a balance between
the oxidative stress generated and the counter antioxidant
system present. Once this harmony is disrupted, the generated stress loads on the cell and starts to exert pathological,
metabolic, and degenerative eﬀects. Antioxidants have been
proven to ameliorate drug toxicity [1], carcinogenesis [2],
and neurodegenerative processes [3, 4]. In this special issue,
several articles have proposed diﬀerent molecular mechanisms to mitigate oxidative stress and prevent aging, metabolic, and degenerative disorders.
For example, S. M. Ahmed et al. searched and analyzed
previous animal studies to develop a conclusive systematic
review discussing the use of diﬀerent types of mesenchymal
stromal cells (MSCs) for the treatment of acute and chronic
pancreatitis and pancreatic ﬁbrosis. They concluded that
bone marrow and umbilical cord MSCs were the most frequently administered cell types. In addition, they did not
recommend clinical trials to investigate the use of MSCs

as therapy for pancreatitis due to the insuﬃciency of published data.
In cardiovascular research, S. I. Khan et al. evaluated
the eﬀects of febuxostat and allopurinol on a rat model
of ischemia-reperfusion (IR) injury and concluded that
febuxostat had more potent protective activities than allopurinol against IR injury by inhibiting apoptosis (MAPK)
and inﬂammation (NF-κBp65/TNF-α) pathways. In another
study, N. M. Al-Rasheed et al. investigated the potential
cardioprotective eﬀect of simvastatin on a diabetic cardiomyopathy (DCM) rat model and suggested that simvastatin ameliorates DCM by attenuating inﬂammation,
oxidative stress, and apoptosis, induced by hyperglycemia
and hyperlipidemia.
In the ﬁeld of diabetes research, B. Assefa et al. investigated the mechanisms underlying insulin-like growth factor binding protein-2- (IGFBP-2-) stimulated glucose uptake
in adipocytes and concluded that the potentiating eﬀects of
IGFBP-2 on 3T3-L1 adipocyte GU are independent of its
binding to IGF-1 and might occur, which was mediated
through the activation of PI3K/Akt, AMPK/TBC1D1, and
PI3K/PKCζ/λ/GLUT-4 signaling. In addition, H. M. A.

2

Oxidative Medicine and Cellular Longevity

Abdelrazek et al. evaluated the protective role of black seed
oil (NSO) active constituent in streptozotocin-induced
diabetic rats and showed that NSO improved oxidative
stress, hepatic glycogen storage, and pancreatic islet insulin secretion.
Another study in oncology, performed by E. A. Toraih
et al., examined the expression of miR-34a and miR-11 of
its bioinformatically selected target genes and proteins to test
their potential dysregulation in renal cell carcinoma tumorigenesis and cancer progression. Moreover, Z. You et al.
evaluated the alleviating role of fermented papaya extracts
(FPEs) in estrogen- and progestogen-induced mammary
gland hyperplasia via their antioxidant activities and inhibition of DNA damage.
T.-Y. Song et al. showed the possible protective eﬀects of
ergothioneine and hispidin on methylglyoxal-induced neuronal cell hyperglycemic damage in rat pheochromocytoma
cells through inhibition of oxidative stress and the NF-κB
transcription pathway, which adds to the rich neuroscience
literature. Further, B. Pietrucha et al. compared the antioxidant status and major lipophilic antioxidants in patients with
ataxia-telangiectasia (AT) and Nijmegen breakage syndrome
(NBS) and conﬁrmed the irregularities in redox homeostasis,
and reduction of coenzyme Q10 in AT and NBS patients
could be used as potential diagnostic tools in these diseases.
In addition, M. S. Fawzy et al. examined the expression of
longevity-related transcriptional factors (SOX2, OCT3/4,
and NANOG) to evaluate them as diagnostic tools as well
as to treat glioblastoma multiforme.
Finally, A. B. Abdel-Naim et al. isolated rutin isolated
from Chrozophora tinctoria along with other ﬁve ﬂavonoids
and found that rutin enhanced bone cell proliferation and
ossiﬁcation markers using human osteosarcoma cell lines
(SAOS-2 and MG-63). We hope that the readers of this special issue will ﬁnd it enlightening about the potential beneﬁts
of antioxidants, which may help them ﬁll the knowledge gaps
in the prevention and treatment of aging, metabolic, and
degenerative disorders.
Mohamed M. Abdel-Daim
Nadia I. Zakhary
Lotﬁ Aleya
Simona G. Bungǎu
Raghvendra A. Bohara
Nikhat J. Siddiqi

References
[1] K. I. Block, A. C. Koch, M. N. Mead, P. K. Tothy, R. A. Newman,
and C. Gyllenhaal, “Impact of antioxidant supplementation on
chemotherapeutic toxicity: a systematic review of the evidence
from randomized controlled trials,” International Journal of
Cancer, vol. 123, no. 6, pp. 1227–1239, 2008.
[2] L. Milkovic, W. Siems, R. Siems, and N. Zarkovic, “Oxidative
stress and antioxidants in carcinogenesis and integrative therapy of cancer,” Current Pharmaceutical Design, vol. 20, no. 42,
pp. 6529–6542, 2014.

[3] M. S. Uddin, A. Stachowiak, A. A. Mamun et al., “Autophagy
and Alzheimer’s disease: from molecular mechanisms to therapeutic implications,” Frontiers in Aging Neuroscience, vol. 10,
p. 4, 2018.
[4] J. K. Candlish and N. P. Das, “Antioxidants in food and chronic
degenerative diseases,” Biomedical and Environmental Sciences,
vol. 9, no. 2-3, pp. 117–123, 1996.

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 8753063, 12 pages
https://doi.org/10.1155/2018/8753063

Research Article
Longevity-Related Gene Transcriptomic Signature in
Glioblastoma Multiforme
Manal S. Fawzy ,1,2 Dahlia I. Badran ,1,3 Essam Al Ageeli,4 Saeed Awad M. Al-Qahtani,5
Saleh Ali Alghamdi,6 Ghada M. Helal,7 and Eman A. Toraih 3,8
1

Department of Medical Biochemistry, Faculty of Medicine, Suez Canal University, Ismailia 41522, Egypt
Department of Medical Biochemistry, Faculty of Medicine, Northern Border University, Arar, Saudi Arabia
3
Center of excellence in Molecular and Cellular Medicine, Faculty of Medicine, Suez Canal University, Ismailia, Egypt
4
Department of Clinical Biochemistry (Medical Genetics), Faculty of Medicine, Jazan University, Jazan, Saudi Arabia
5
Department of Physiology, Faculty of Medicine, Taibah University, Almadinah Almunawwarah, Saudi Arabia
6
Medical Genetics, Clinical Laboratory Department, College of Applied Medical Sciences, Taif University, Taif, Saudi Arabia
7
Department of Medical Biochemistry, Faculty of Medicine, Mansoura University, Mansoura, Egypt
8
Genetics Unit, Histology and Cell Biology Department, Faculty of Medicine, Suez Canal University, Ismailia, Egypt
2

Correspondence should be addressed to Manal S. Fawzy; manal2_khashana@ymail.com
and Eman A. Toraih; emantoraih@gmail.com
Received 2 October 2017; Accepted 11 December 2017; Published 21 March 2018
Academic Editor: Simona G. Bungǎu
Copyright © 2018 Manal S. Fawzy et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
Glioblastoma multiforme (GBM) (grade IV astrocytoma) has been assumed to be the most fatal type of glioma with low survival
and high recurrence rates, even after prompt surgical removal and aggressive courses of treatment. Transcriptional
reprogramming to stem cell-like state could explain some of the deregulated molecular signatures in GBM disease. The present
study aimed to quantify the expression proﬁling of longevity-related transcriptional factors SOX2, OCT3/4, and NANOG to
evaluate their diagnostic and performance values in high-grade gliomas. Forty-four specimens were obtained from glioblastoma
patients (10 females and 34 males). Quantitative real-time polymerase chain reaction was applied for relative gene expression
quantiﬁcation. In silico network analysis was executed. NANOG and OCT3/4 mRNA expression levels were signiﬁcantly
downregulated while that of SOX2 was upregulated in cancer compared to noncancer tissues. Receiver operating characteristic
curve analysis showed high diagnostic performance of NANOG and OCT3/4 than SOX2. However, the aberrant expressions of
the genes studied were not associated with the prognostic variables in the current population. In conclusion, the current study
highlighted the aberrant expression of certain longevity-associated transcription factors in glioblastoma multiforme which may
direct the attention towards new strategies in the treatment of such lethal disease.

1. Introduction
Tumors of the brain were considered one of the ten most
common causes of cancer-related mortality [1]. According
to the World Health Organization (WHO) classiﬁcation,
the primary brain tumors are categorized into glial tumors
(e.g., glioblastoma, astrocytomas, oligodendroglial tumors,
and ependymal tumors), embryonic tumors (e.g., medulloblastomas), tumors of the meninges, tumors of the hematopoietic system, and tumors of the sellar region [2]. The

most fatal type of glioma has been reported to be the glioblastoma multiforme (GBM) [3] which represents up to 50% of
almost all primary brain gliomas [4] with poor prognosis
[5] and median survival rate of nearly 25 months after treatment [6]. The recurrence of the tumor after prompt surgical
removal despite the aggressive courses of radio- and chemotherapy denotes the limited understanding of the disease
biology [7]. Dell’Albani has stated that “new insights into
the causes and the potential treatment of CNS tumors have
come from disclosing relations with genes that regulate cell
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growth, proliferation, diﬀerentiation, and death during normal development” [7]. These genes may represent a new target for GBM treatment by ameliorating the survival rate and
preventing or minimizing disease recurrence.
Several emerging evidences support the reactivation of
pluripotent transcription factors in many types of cancer
[8–12]. As a normal biological phenomenon, these factors
are expressed in embryonic stem cells (ESCs) and somatic
cells where they imply the self-renewal [13] and the pluripotency characteristics [14]. As cancer development is a multistep process in which diﬀerentiated cells transform into
immature ones, these factors could participate in cancer
biogenesis and/or progress.
Among these pluripotent transcription factors overexpressed in high-grade gliomas are “sex-determining region
Y-Box (SOX2), octamer-binding transcription factor 4
(OCT 4), and Nanog homeobox (NANOG)” [13, 15].
SOX2 gene encodes a transcriptional factor (TF) of 317
amino acids which contains a high-mobility group DNAbinding domain (Figure 1(a)) [16]. It implicated in embryonic development regulation, cell fate determination, and
embryonic stem cell pluripotency. More speciﬁcally, it was
reported to control the neural stem cell proliferation and
diﬀerentiation into neurons, astrocytes, or oligodendrocytes
[17]. SOX2 is expressed in stem cells of endoderm-derived
organs such as the liver, pancreas, and stomach [18], and
its aberrant expression has been found to support selfrenewal and inhibit neuronal diﬀerentiation [19]. Additionally, SOX2 knockout in glioblastoma stem cells isolated from
human glioma tumor inhibits cell proliferation and tumorigenicity in immunodeﬁcient mice [20].
OCT3/4 is a member of a transcription POU family
(Figure 1(b)) which has to react with other TFs in order
to stimulate or inhibit gene expression [21] in ESCs
through heterodimerization with SOX2. It was implicated
in embryonic development regulation, cell fate determination, and embryonic stem cell pluripotency [22]. Finally,
NANOG (Figure 1(c)) is involved in gene regulation with
the aforementioned two transcription factors through their
binding to the promoters of several genes which mediates
the pluripotency, inhibits embryonic stem cell diﬀerentiation, and autorepresses its own expression in diﬀerentiating
cells [22]. It has been found to be localized mainly in the
nuclei of high-grade glioma cells than lower grades [15].
Despite the fact that OCT3/4 and NANOG have shown a
direct relationship with the tumor grade, their oncogenic
nature in brain tumorigenesis has not been established
yet [23].
Up to our knowledge, there were no previous studies
that relate the expression of the aforementioned longevityrelated transcription factors in GBM patients among the
Arab population. Hence, the present study for the ﬁrst time
aimed to quantify the expression levels of these markers in
GBM sample of Egyptian patients and to correlate their
expressions with the available clincopathological features.
A thorough understanding of the relevance of each biomarker in GBM will be in need not only for reliable diagnosis of the disease but also to participate in future drug design
for this fetal tumor.
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2. Materials and Methods
2.1. Study Participants and Tissue Samples. The current study
included 44 glioblastoma patients (10 females and 34 males,
aged 38 to 62 years) assessed retrospectively from archived
formalin-ﬁxed paraﬃn-embedded section (FFPE) specimens
of the Pathology Department, Mansoura University Hospitals, Egypt, from 2010 to 2013. They had glioblastoma
multiforme grade 4, subjected to surgical removal and postoperative irradiation, and followed up for more than 36
months. Specimens were collected before receiving chemotherapy or radiotherapy prior to surgery. They were compared to 10 FFPE noncancerous brain specimens obtained
from patients undergoing brain tissue resection for other
reasons collected from the same hospital. Guidelines in the
Declaration of Helsinki were followed, and an approval by
the Medical Research Ethics Committee of Faculty of Medicine, Suez Canal University, was obtained before taking part.
Written informed consent was obtained from all participants
before providing the archived tissue samples as part of their
routine register in our University Teaching Hospitals.
2.2. RNA Extraction. Extraction of total RNA from FFPE
specimens was done using RNeasy FFPE Kit (Qiagen,
52304) according to the protocol of the manufacturer.
RNA concentration and purity were assessed with NanoDrop ND-1000 spectrophotometer (NanoDrop Tech. Inc.,
Wilmington, DE, USA), followed by agarose gel electrophoresis (1%) check for RNA integrity.
2.3. Reverse Transcription (RT). Complementary DNA
(cDNA) was obtained by total RNA conversion using the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, P/N 4368814) with RT random primers on
T-Professional Basic, Biometra PCR System (Biometra,
Goettingen, Germany), as previously described [12]. Appropriate negative and positive controls were included in
each experiment.
2.4. Gene Expression Proﬁling. The Minimum Information
for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines were followed for the real-time
PCR reactions. Pluripotent gene relative expressions were
assessed using “Universal PCR master mix II, No UNG
(2×)” (TaqMan®, Applied Biosystems, P/N 4440043), TaqMan assay (Applied Biosystems, assay ID Hs02387400_g1
for NANOG, Hs01053049_s1 for SOX2, and Hs03005111_g
for OCT3/4) and compared to the endogenous control
TATA box binding protein (TBP) (Hs00427620_m1) which
has been proved in our previous work [24] to be uniformly
and stably expressed with no signiﬁcant diﬀerence between
GBM and noncancer tissues for gene expression normalization. PCRs were done in 20 μl total volume using “StepOne™
Real-Time PCR System (Applied Biosystems)” as previously
described in details [25].
2.5. Statistical Analysis. Data analysis was done using PCORD ver. 5 software package and Statistical Package for the
Social Sciences (SPSS) for windows software (version 22.0).
Two-tailed statistical tests were used for continuous and
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Figure 1: Structural analysis of the studied longevity-related genes. (a) SOX2 gene (OMIM 184429) location in chromosome 3q26.33. The
complete gene spans 2513 bases of genomic DNA (NC_000003.12; Chr 3: 181,711,924 to 181,714,436, plus strand; human genome
assembly GRCh38). This intronless gene encodes a member of the SRY-related HMG-box family of transcription factors (translation
length: 317 amino acids). SOX2 refers to the primary and predominant transcript of the SOX2 gene. The high-mobility group box domain
amino acid sequence in the SOX2 transcription factor is highlighted by green color and the DNA-binding domain sequences are brown
colored. (b) NANOG gene (OMIM: 607937) location in chromosome 12p13.31. The complete gene spans 11,348 bases of genomic DNA
(NC_000012.12; Chr 12: 7,787,794 to 7,799,141, plus strand). The encoded protein (305 amino acids). (c) OCT3/4 gene (OMIM: 164177)
location in chromosome 6p21.33. The gene spans 1420 bases of genomic DNA (NC_00006.12; genomic coordinates (GRCh38):
6: 31,164,337-31,170,693, minus strand). The gene encodes a transcription factor (360 amino acids) containing a POU-speciﬁc
homeodomain (blue amino acid sequences) and DNA-binding domain (brown amino acid sequences). MW: molecular weight;
Da: Dalton; aa: amino acids (data source: http://Genecards.org, http://Ensembl.org and UniProtKB).

categorical variables. Correlation analysis between the variables was performed via Pearson’s correlation coeﬃcient.
p value < 0.05 was considered signiﬁcant. The fold change
of mRNA expression in each patient cancer tissue relative
to the mean of controls was calculated using Livak method
that depends on the quantitation cycle (Cq) value with the
following equation: relative quantity = 2−ΔΔCq [26]. The diagnostic performance of pluripotent genes was evaluated by
receiver operating characteristic (ROC) analysis. Kaplan–
Meier estimator was generated for survival analysis, and
log-rank test was applied for diﬀerent Kaplan–Meier curve
(stratiﬁed by clinicopathological features) comparisons.
Linear regression analysis using ENTER method was performed to evaluate potential factors aﬀecting the overall
survival of patients. Two-way Hierarchical cluster analysis
was run for exploratory multivariate analysis. Ward’s
method and Euclidean (Pythagorean) were adjusted for

linkage method and distance measure, respectively, with a
beta value of −0.75 to reach the minimum % of chaining.
Principal Component Ordination analysis was used to visualize clustering of patients according to their clinicopathological characteristics [27].

3. Results
3.1. Expression Proﬁle of Pluripotent Genes. Baseline clinical features of the study participants are illustrated in
Table 1. Relative expression analyses of pluripotent genes
in brain cancer specimens were compared to TBP. Our
results revealed that the expression levels of NANOG
and OCT3/4 were signiﬁcantly downregulated (p < 0 001
and = 0.001, resp.) while that of SOX2 was signiﬁcantly
upregulated (p = 0 0027) in tumor specimens compared to
noncancer tissues (Figures 2(a) and 2(b)). Both NANOG
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Table 1: Characteristics of GBM patients.

P = 0.001

P = 0.027

OCT3/4

SOX2

Number (%) or mean ± SE
51.4 ± 0.97
18 (40.9)
26 (59.1)
10 (22.7)
34 (77.3)

20
15
10
5
0

22 (50)
4 (9.1)
18 (40.9)
36 (81.8)
8 (18.2)
15.1 ± 0.85
6–27
28 (63.6)
16 (36.4)

NANOG

(a)

100
Fequency of patients (%)

Age
Mean ± SE
Age categories
35–50 y
>50 y
Gender
Female
Male
Tumor site
Frontal
Frontotemporal
Temporoparietal
Recurrence
Nonrecurrent
Recurrent
Disease-free survival (months)
Mean ± SE
Range
Prolonged DFS (>1 y)
Short DFS (≤1 y)
Overall survival (months)
Mean ± SE
Range
High survival (>1 y)
Low survival (≤1 y)

Relative expression levels

Variables

P < 0.001

25

80
60
40
20
0
NANOG

15.6 ± 0.86
8–27
30 (68.2)
14 (31.8)

and OCT3/4 mRNAs showed high diagnostic values as
biomarkers for GBM (AUC = 0.886 ± 0.054 and 0.736
± 0.078, resp.) (Figure 3).
3.2. Association with Clinicopathological Characteristics and
Survival Analysis. Higher OCT3/4 gene expression was noted
in elder GBM patients (p = 0 036). No statistically signiﬁcant
association was found with any other parameters (Figure 4).
Correlation analysis revealed moderate correlation between
NANOG and SOX2 gene expression proﬁle (r = 0 484, p =
0 023). In addition, elder age of patients was associated
with poor overall survival (OS) (r = −0 479, p = 0 024) and
disease-free survival (DFS) (r = −0 481, p = 0 023) (Figure 5).
Linear regression analysis was performed to evaluate
potential factors aﬀecting overall survival of patients. None
of the genes or clinicopathological variables was determined
as a good prognostic marker for patients’ survival in the
study population (Table 2). However, survival analysis in
GBM by log-rank and Tarone-Ware tests showed poor OS
among elder patients (Figure 6 and Table S1).
3.3. Multivariate Analysis. Exploratory multivariate analysis
by principle component and hierarchical cluster analyses
classiﬁed patients into 3 groups based on the relative expression of the combined genes (Figure 7). However, there was no

OCT3/4

SOX2

Downregulated
Upregulated
(b)

Figure 2: Expression proﬁle of pluripotent genes in GBM patients
compared to controls. (a) Values are presented as medians and
quartiles of fold change relative to controls. The box deﬁnes upper
and lower quartiles (25% and 75%, resp.) and the Whisker bars
indicate upper and lower adjacent limits. TBP was used as an
internal control. Noncancer tissues was set to have a relative
expression value of 1.0. Mann–Whitney U test was used for
comparison. p value < 0.05 was considered statistically signiﬁcant.
(b) Frequency of patients with up- and downregulated genes.

clear demarcation found between patients according to age,
gender, tumor site, and recurrence (Figure S1).

4. Discussion
The presence of a signiﬁcant heterogeneity in certain types of
solid tumors including GBM is becoming obvious. Hence, it
will be rational to search for and evaluate speciﬁc molecular
markers that could assist in diagnosis and/or prognosis of
these tumors and could act as targeted molecular markers
for personalized therapy [7]. Here, we attempted to investigate the presence of a molecular signature of longevityrelated genes (SOX2, NANOG, and OCT3/4) by examining
their mRNA expression in GBM tissues relative to noncancer
tissues. Our analyses revealed that the expression level of
SOX2 was signiﬁcantly upregulated. This ﬁnding was consistent with several independent cohorts [28–30] and in part
with Guo et al., [13] who detected an overexpression of
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1 − specificity
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Area under the curve
95% confidence internal
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Markers

AUC

SE
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NANOG

0.886

0.054

0.000

0.780

0.992

OCT3/4

0.736

0.078

0.007

0.582

0.889

SOX2

0.335

0.087

0.060

0.164

0.505

Combined

0.631

0.051

0.009

0.531

0.731

Figure 3: Diagnostic performance of pluripotent genes to discriminate between GBM and noncancer samples. NANOG and OCT3/4 showed
high diagnostic values as biomarkers for GBM.

SOX2 mRNA in grade IV gliomas compared to grade II. Of
the three longevity-related factors, SOX2 seems to be the
playmaker in the development of brain tumors [18]. When
overexpressed, it promotes cell cycle progression into S
phase and proliferation [3, 20, 28, 31], which were attenuated by application of SOX2-RNAi (RNA interference)

therapy [32]. At the cellular level, Garros-Regulez et al.
[33] proposed SOX2 upregulation via activation of GBMspeciﬁc signaling pathways that maintain the overexpression of SOX2 via transforming growth factor-beta (TGF-β),
Sonic Hedgehog (SHH), epidermal growth factor receptor
(EGFR), and ﬁbroblast growth factor receptor (FGFR)
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Nanog
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SOX2

OCT3/4

Nanog

Figure 4: Association between gene expression and the clinicopathological features. Values are presented as medians and quartiles of fold
change relative to controls. The box deﬁnes upper and lower quartiles (25% and 75%, resp.) and the whisker bars indicate upper and
lower adjacent limits. TBP was used as an internal control. Noncancer tissues were set to have a relative expression value of 1.0.
Mann–Whitney U and Kruskal-Wallis tests were used for comparison. p value < 0.05 was considered statistically signiﬁcant. F: frontal
tumor site; FT: frontotemporal; TP: temporoparietal; R: recurrent; NR: nonrecurrent.

1.0
0.8
0.6

SOX2
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0.2
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0
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−0.2

Recurrence

−0.4
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−0.6
−0.8
−1.0

Figure 5: Correlation matrix between transcriptomic signature and
the clinicopathological features. Pearson’s correlation analysis was
performed and represented as color gradient.

pathways. In addition, SOX2 gene ampliﬁcation and DNA
promoter hypomethylation have been reported in a group
of GBM patients to expand the mechanism responsible for
SOX2 upregulation [34].

Despite that our in silico analysis revealed that the
expression of the studied stem-related factors has similar
colocalization and physical interactions with each other
[12], they seem to be diﬀerentially expressed independently
in the current samples. We found that NANOG and OCT3/
4 were signiﬁcantly downregulated in GBM tissues. Our
ﬁnding might seem contradictory to the stemness role these
pluripotent transcription factors play; however, it is worth
to emphasize that the mechanistic functions of SOX2,
OCT4, and NANOG in cancer cells are a little diﬀerent in
each stage of tumor progress. Kallas et al. reported high levels
of SOX2, OCT4, and NANOG transcription factor expressions at the beginning of their tested human embryonic stem
cell diﬀerentiation. However, on progress of the diﬀerentiation process, a decline in OCT4 and NANOG expression
levels was observed, while expression of SOX2 was kept at a
high level [35]. They suggested that the pluripotency is
maintained by a transcriptional network that is harmonized
by the aforementioned core transcription factors. During
diﬀerentiation, the epigenetic modiﬁcations could play a role
in level modulation of these factors.
The other possible reasons for inconsistency of gene
expression for the three stem cell marker studies could be
sampling bias and/or relatively low expression levels of these
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Table 2: Linear regression analysis to determine predictors for survival.
Unstandardized coeﬃcients
B
Std. error

(Constant)
Age
Gender
Tumor site
Recurrence
NANOG
OCT3/4
SOX2

34.675
−0.318
−2.142
0.079
0.501
0.374
−0.943
−0.085

10.593
0.220
3.510
1.498
3.635
3.095
1.339
0.123

1.0

Standardized coeﬃcients
Beta

t

Sig.

−0.363
−0.170
0.014
0.036
0.033
−0.173
−0.214

3.273
−1.448
−0.610
0.053
0.138
0.121
−0.705
−0.691

0.006
0.170
0.551
0.959
0.892
0.905
0.493
0.501

1.0

p = 0.001

Cum survival

Cum survival

11.955
−0.790
−9.671
−3.134
−7.295
−6.263
−3.815
−0.348

57.395
0.153
5.387
3.292
8.296
7.011
1.928
0.178

p = 0.063

0.8

0.8
<50 y

0.6
≥50 y

0.4

Females
0.6
0.4

0.2

0.2

0.0

0.0
0

5

10
15
20
25
Overall survival (mo)

Males

0

30

5

(a)

1.0
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15
20
25
Overall survival (mo)

30

(b)

1.0

p = 0.751

0.8

p = 0.320

0.8
Fronto
temporal

0.6
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0.4

Temporo
parietal

Cum survival

Cum survival

95% conﬁdence interval for B
Lower bound
Upper bound

0.2

0.0

0.0
5
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20
25
Overall survival (mo)
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Recurrent
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Nonrecurrent

0.6
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20
25
Overall survival (mo)

30

(d)

Figure 6: Kaplan–Meier survival curve in GBM patients. Log-rank (Mantel-Cox) test was used for comparison. Statistical signiﬁcance
at p < 0 05.

factors within the individual GBM tissue examined in the
current study [36]. This could be explained by the unique
stem cell signature that has been implied by each tumor
due to the inherent intratumor heterogeneity within GBM
tissues [37–39]. Our multivariate analysis and the hierarchical cluster analysis conﬁrmed the previous suggestions by

revealing classiﬁcation of the study population into 3 groups
based on the combined gene expression that conﬁrm a
speciﬁc protumorigenic proﬁle. Similar to other combinations of cancer stem cell markers in other types of cancer
[40, 41], previous studies revealed that cancer stem cells
which were isolated using diﬀerent markers in the same
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P36
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P32
P37
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P33
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P41
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P39
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P43
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0
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OCT
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(b)

Figure 7: Multivariate analyses cluster GBM patients according to transcriptomic signature. PC-ORD v5.0 was used for exploratory
multivariate analysis. Data set was proﬁled by the program. There was no need for transformation as beta diversity was zero and there was
no outlier. (a) Ordination graph by PCO and (b) two-way hierarchical cluster analysis. The following parameters were adjusted: linkage
method; Ward’s method; distance method; Euclidean method; relativizing matrix by column maximum; and matrix coding percentile by
column. Percent chaining = 7.38. Clustering identiﬁed three patient groups according to their gene expression. The red clade for
overexpression of the three pluripotent genes, the green clade discriminates patients with gene downregulation, and the blue clade has
variable degrees of expression. Two samples (black clade) were out-group from the other clusters.

cancer phenotype had diﬀerent expression proﬁles quantiﬁed
by real-time PCR. Combined expression analysis might more
accurately identify true cancer stem cells for each type of
cancer [40], including GBM tumors.
Ji et al. reported that unlike normal stem cells, OCT4
could be dispensable for self-renewal, survival, and diﬀerentiation of transformed cells. They provided direct evidence
for the functional divergence of OCT4 from the pluripotent
state following the cancer tissue transformation [42]. This
could support the downregulation of this stem-related
marker noted in the current advanced stages of GBM cases.
Additionally, Bradshaw et al. [36] reported low OCT4
relative expressions at the transcription and protein levels
within their FFPE GBM samples. They speculated that the
relatively OCT4-expressing cell low number could indicate
the most primitive stem cell population within GBM which

may possibly bring about the rest of downstream cells within
the GBM tumor. Otherwise, the SOX2 ubiquitous redundancy is more likely to be expressed in the more diﬀerentiated cells reﬂecting its usefulness as a potential progenitor
cell marker within the GBM tissues [36].
In contrast to the ﬁnding of Zbinden et al. [43] that
NANOG was essential for GBM tumourigenicity in orthotopic xenografts, we found downregulation of this marker in
the current GBM samples. We speculated that this diﬀerence
could be due to either the low NANOG-expressing cell number within the study samples as mentioned above for the
OCT4 marker or the type of NANOG transcript that has
been quantiﬁed by the available quantitative PCR analysis
at the time of the current work which preferentially recognized the varying levels of NANOG expression. As NANOG
is coded by two genes (i.e., NANOG and NANOGP8) in
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human, it has been found that NANOGP8 is the most
abundantly expressed of the two NANOG-encoding genes
in GBMs, accounting for more than ninety percent of all
NANOG-encoding mRNAs in a number of previously tested
cases [43]. However, future lineage analyses will be required
for unravelling the high NANOG-expressing cell nature
and NANOG expression stability as recommended by the
latter researchers.
Correlating the available clincopathological features
including the survival data of GBM cases with the gene
expression results revealed that poor overall survival and
disease-free survival were found signiﬁcantly among patients
as reported by previous studies [44, 45]. Despite that GBM
can occur in individuals of any age according to the previous
population-based studies, the median age is nearly above 60
years. Additionally, primary GBMs have been reported to
develop commonly in older individuals (mean, 55 years),
whereas secondary ones were found in middle-aged subjects
(39 year olds) [4].

5. Conclusion
The current study ﬁndings highlighted the dysregulated
longevity-related gene expression in GBM Egyptian cases
that could have a potential role in carcinogenesis and
procuration of stemness-like properties in this type of
tumors. The current study could be limited by the relatively small sample size and the fact that all patients have
grade IV gliomas, although this last issue increases the
speciﬁcity of the study results that conﬁned to one stage
of GBM. Additional large-scale studies including diﬀerent
glioma grades are recommended to evaluate the relation
of the studied longevity-related gene expression with diﬀerent WHO grades as well as to conﬁrm their putative role as
diagnostic and/or prognostic biomarkers. These could be an
interesting era for future individualized molecular-targeted
therapy for GBM patients.
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Background. Based on animal studies, adult mesenchymal stromal cells (MSCs) are promising for the treatment of pancreatitis.
However, the best type of this form of cell therapy and its mechanism of action remain unclear. Methods. We searched the
PubMed, Web of Science, Scopus, Google Scholar, and Clinical Trials.gov websites for studies using MSCs as a therapy for both
acute and chronic pancreatitis published until September 2017. Results. We identiﬁed 276 publications; of these publications, 18
met our inclusion criteria. In animal studies, stem cell therapy was applied more frequently for acute pancreatitis than for
chronic pancreatitis. No clinical trials were identiﬁed. MSC therapy ameliorated pancreatic inﬂammation in acute pancreatitis
and pancreatic ﬁbrosis in chronic pancreatitis. Bone marrow and umbilical cord MSCs were the most frequently administered
cell types. Due to the substantial heterogeneity among the studies regarding the type, source, and dose of MSCs used,
conducting a meta-analysis was not feasible to determine the best type of MSCs. Conclusion. The available data were insuﬃcient
for determining the best type of MSCs for the treatment of acute or chronic pancreatitis; therefore, clinical trials investigating
the use of MSCs as therapy for pancreatitis are not warranted.

1. Background
Pancreatitis is characterized by the release of pancreatic
digestive enzymes from damaged exocrine cells and presents
clinically in the following two forms: acute and chronic.
Acute pancreatitis is a common cause of acute abdomen,
which is self-limited in most cases; only 10–15% of patients
with acute abdomen present with severe acute pancreatitis
[1, 2]. Severe acute pancreatitis causes pancreatic tissue
necrosis and organ failure with a mortality rate of up to
30–47% [1, 2]. Acute pancreatitis is induced by the acute
activation of proenzymes in the pancreatic acinar cells
leading to the lysis of the pancreatic tissue [3]. Inﬂammatory
pancreatitis is associated with the local production of inﬂammatory cytokines, such as interleukin (IL)-1, IL-6, tumour

necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) [4, 5].
Remote organ failure results from the production of certain
inﬂammatory chemokines, such as monocyte chemoattractant protein-1 (MCP-1) and fractalkine (FKN) [4, 6, 7].
Treatment strategies for acute pancreatitis remain lacking
and are mainly conservative; in most cases, treatment is
limited to ﬂuid therapy and antibiotics in cases of infection.
Nutritional support and prophylactic therapy are administered to prevent further pancreatic damage by inhibiting
pancreatic enzyme synthesis and secretion [8, 9].
Chronic pancreatitis is a progressive condition that leads
to damage in both the endocrine and exocrine pancreatic
tissues and is complicated by diabetes (Type III) and exocrine pancreatic insuﬃciency. Alcohol consumption, genetic
mutations, and pancreatic duct obstruction are the most
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common risk factors for chronic pancreatitis [10]. Chronic
pancreatitis is associated with chronic inﬂammation, leading to pancreatic ﬁbrosis, acinar gland atrophy, and pancreatic duct obstruction [11]. Because pancreatic damage
cannot be reversed, the treatment of chronic pancreatitis
is mainly conservative.
Stem cell therapy has been considered for the treatment
of many intractable diseases. MSCs are adult stem cells
primarily isolated from bone marrow [12]. MSCs can
self-renew and undergo multilineage diﬀerentiation [12].
According to the deﬁnition provided by the International
Society for Cell Therapy, MSCs are characterized as
plastic-adherent in standard culture conditions and can
be diﬀerentiated in vitro into osteoblasts, chondroblasts,
and adipocytes [13–15]. MSCs express speciﬁc surface
markers, such as CD105, CD90, and CD73, but do not
express CD45, CD34, CD14, CD11b, CD79 alpha, CD19, or
HLA-DR. MSC-like cells have been isolated from other
tissues, including the human placenta [16], peripheral
blood [17], umbilical cord [18], adipose tissue [19], endometrium [20], and pancreas [12, 21, 22]. MSCs have been used
for the treatment of wound injury and acute inﬂammation
because they engraft into wounds and contribute to the
remodelling of injured tissues [12, 15]. MSCs reduce the
acute inﬂammatory response via their immunomodulatory
eﬀect by secreting anti-inﬂammatory cytokines, suppressing
proinﬂammatory cytokines, and regulating immune cell
activation [23–25]. MSCs suppress T cell proliferation and
B cell maturation and activate regulatory T cells to further
suppress the immune response in vitro [26, 27]. MSCs
decrease chronic inﬂammation and subsequent ﬁbrosis via
multiple mechanisms, including the downregulation of the
expression of TGF-β1, which is a major regulator of chronic
inﬂammation and ﬁbrosis [28, 29]. MSCs also attenuate local
hypoxia and oxidative stress [30, 31]. MSCs decrease the
secretion of collagen, which is the main constituent of the
extracellular matrix (ECM), to ameliorate the excessive secretion of the ECM and its degradation during ﬁbrosis [32, 33].
MSCs exert their immunosuppressive eﬀect by decreasing
the levels of anti-inﬂammatory cytokines and inhibiting the
production of immunoglobulins and active immune cells
[34, 35]. Furthermore, MSCs have been shown to speciﬁcally
translocate to injured tissues and induce angiogenesis in
ischaemic tissues [36–38]. Given these advantages, MSCs
are promising candidates for cell replacement therapy for
tissue inﬂammation. Due to the lack of eﬀective therapies
for both acute and chronic pancreatitis and the high
mortality rate associated with severe acute pancreatitis, a
new therapeutic approach is highly desirable. Due to their
accessibility, relative safety, and lack of ethical considerations, MSC therapy is the most common approach used in
experimental stem cell therapy. Here, we review studies that
investigated the eﬀects of MSC transplantation in acute and
chronic pancreatitis.

2. Method
2.1. Eligibility Criteria for Systematic Search. The eligibility of
the studies was assessed by two independent reviewers in
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duplicate. We included all studies describing in vivo experiments in which MSC transplantation was performed as
the therapeutic approach for either acute or chronic pancreatitis. Review articles, hypotheses, conference abstracts,
editorials, and studies describing only in vitro data were
excluded. We also excluded in vitro studies using MSC
therapy in an in vitro model of pancreatitis, studies using
cell-free MSC derivatives, and articles written in languages
other than English.
2.2. Search Strategy and Study Selection. A systematic search
was conducted following the recommendations by the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [39]. We searched PubMed, Scopus, Google Scholar, Web of Science, and Clinical trials.gov
for articles published until September 2017. In addition, we
manually searched the reference lists of relevant review
articles for any study that may have been missed during the
database search. The following keywords were used: pancreatitis, mesenchymal stromal cells, mesenchymal stem
cells, acute pancreatitis, chronic pancreatitis, bone marrow
mesenchymal stromal cells, umbilical cord mesenchymal
cells, pancreatitis therapy, and stem cells. Three investigators
independently screened the titles and abstracts of the
studies identiﬁed in the systematic search to determine
their relevance. After the initial screening, we retrieved
the relevant articles and assessed the articles according to
the eligibility criteria.
2.3. Data Extraction, Synthesis, and Analysis. Two
researchers independently extracted the data using a
standardized Excel sheet. Discrepancies were resolved by
consensus. We classiﬁed the studies according to the type
of pancreatitis, that is, acute or chronic. The primary outcome measures included signs of pancreatic damage after
the infusion of MSCs, changes in the serum amylase and
lipase levels, and histological changes in the pancreatic tissue.
Pancreatic tissue ﬁbrosis was the primary outcome assessed
in chronic pancreatitis studies using MSC therapy. The
secondary outcome measures included the type of MSCs
used, the mechanism by which the MSC therapy was eﬀective
in treating pancreatitis, and the eﬀect of the cell infusion on
mortality following acute pancreatitis. The extracted data
included the inclusion criteria; exclusion criteria; MSC type;
route, source and dose of therapy; and outcome measures.
Due to the heterogeneity of the data, conducting a metaanalysis was not feasible.
2.4. Risk of Bias Assessment. Two investigators assessed the
risk of bias in individual studies using the Cochrane Risk of
Bias tool [40]. The risk of bias was assessed as “low risk,”
“high risk,” or “unclear risk.” The main items of bias were
as follows: (1) sequence generation, (2) allocation concealment, (3) blinding of participants and personnel, (4) blinding
of outcome assessors, (5) incomplete outcome data, (6) selective outcome reporting, (7) source of funding, (8) conﬂicts of
interest, and (9) sample size calculations. We used additional
domains from the SYRCLE Risk of Bias Tool, which is a
tool used to assess the risk of bias in preclinical animal
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Records identiﬁed through
database searching:
(n = 276)

Included

Eligibility

Screening

Records after duplicates were removed
(n = 154)

Records screened
(n = 154)

Full-text articles assessed
for eligibility
(n = 33)

Unrelated studies
excluded (n = 121)

Excluded papers: 1 in vitro
experiment, 1 study that
used MSC microvesicle to
treatpancreatitis, 6 review
articles,1 hypothesis, 5 nonEnglish, and 1 book chapter
(n = 15)

Studies included in
qualitative synthesis
(n = 18)

Figure 1: A ﬂow chart to show the eligible studies for inclusion in the review.

studies [41]. These domains included the following: (1)
similarity of experimental groups, (2) random housing of
animals, and (3) random animal selection for outcome
assessment. Disagreements between the investigators were
resolved by consensus.

3. Results
We identiﬁed 276 publications; of these publications, 122
were duplicates and were removed. After reviewing the titles
and abstracts, we excluded 121 unrelated studies. Thirty-two
papers were eligible for a full-text review. We further
excluded 15 studies as follows: one study involved an
in vitro experiment, one study used MSC microvesicles to
treat pancreatitis, 6 publications were review articles, one
article was a hypothesis paper, 5 papers were written in a
language other than English, and one publication was a book
chapter. After the full-text review, only 18 studies met our
inclusion criteria (ﬂow chart: Figure 1).
Of the 18 included studies, 16 studies used MSCs for
acute pancreatitis, while only 3 eligible studies used MSCs
as a therapy for chronic pancreatitis (one study used MSCs
for both acute and chronic pancreatitis) [42]. No previously
published or currently ongoing clinical trials investigating
MSC therapy for pancreatitis were identiﬁed. All included
studies involved experimental animals. The most commonly

used types of MSC in the included studies were bone marrow
and umbilical cord MSCs. Bone marrow MSCs (BM-MSCs)
were administered to animals in 12 studies; of these studies,
11 studies used BM-MSCs for the treatment of acute
pancreatitis, and only one study used BM-MSCs for the
treatment of chronic pancreatitis. Umbilical cord MSCs
(UCMSCs) were examined in four studies; of these studies,
3 applied UCMSCs for the treatment of acute pancreatitis,
and one applied UCMSCs for the treatment of chronic
pancreatitis (Figure 2). The included studies used either
rat or human MSCs, while one study used canine MSCs
[43]. MSCs from rats were the most commonly used to treat
pancreatitis (N = 11 studies; 8 investigating acute pancreatitis
and 2 investigating chronic pancreatitis). Only 7 studies used
human MSC for pancreatitis therapy (6 studies investigating acute pancreatitis and one study investigating chronic
pancreatitis) (Figure 3). Among the 7 studies using human
MSCs, 3 studies administered BM-MSCs to investigate acute
pancreatitis, 3 other studies administered UCMSCs to
investigate acute pancreatitis, and 1 study administered foetal
membrane MSCs to investigate chronic pancreatitis.
3.1. MSC Therapy for Acute Pancreatitis. In 16 studies, MSCs
were administered for the treatment of acute pancreatitis.
Eleven studies used BM-MSCs [44–54], while 3 studies used
UCMSCs [55–57]. Of the 11 studies, one study administered
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Figure 2: Number of studies according to the type of MSCs used to
treat pancreatitis.
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Figure 3: Number of studies according to the source of MSCs used
to treat pancreatitis.

adipose-derived MSCs [43], and one study administered
foetal membrane MSCs [42] (Table 1). Since acute pancreatitis is a self-limited condition and pancreatic tissue damage
occurs only following severe acute pancreatitis, all included
studies investigated the eﬀect of MSC therapy in severe acute
pancreatitis. Multiple methods of inducing severe acute
pancreatitis were used: injection of Na-taurocholate (7
studies) [44, 46, 47, 49, 50, 52], intraperitoneal injections
of caerulein (2 studies) [29, 30], L-arginine-induced acute
pancreatitis (one study) [33], and deoxy-STC injection
under the pancreatic capsule (1 study) [51]. All 16 studies
showed a reduction in pancreatic tissue damage, necrosis,
inﬂammation, and oedema compared to those of the

untreated groups. In all 16 studies, the serum amylase and
lipase levels were lower than those in the control groups.
Fourteen of the 16 studies investigated the mechanism
of action of the MSCs in alleviating the acute inﬂammation and tissue damage following acute pancreatitis. The
studies evaluated the eﬀect of MSC transplantation on
immunomodulation, angiogenesis, and apoptosis as well
as the antioxidant eﬀect and the homing of infused cells
(Figure 4).
Eleven of the 16 studies used BM-MSCs as therapy for
severe acute pancreatitis [44–52]. Except for two studies
[51, 52], well-characterized MSCs were infused into animals
using deﬁned surface markers and mesodermal diﬀerentiation according to the criteria of the International Society for
Cell Therapy. Nine of the 11 studies further evaluated the
mechanism of action of BM-MSCs following severe acute
pancreatitis [44–49, 52]. Eight of the nine studies examined the immunomodulatory mechanism of the infused
BM-MSCs. In 2 of the 8 studies, the infused BM-MSCs
downregulated the expression of proinﬂammatory markers,
including nuclear transcription factor kappa B p65 (NF-κB
p65), IL-1β, IL-6, TNF-α, TGF-β, NOS2, COX2, SPHK1
IL-15, and IL-17 [44, 49]. One study showed that human
clonal BM-MSCs suppressed T cell proliferation and
increased the expression of Foxp3 regulatory T cells in pancreatic tissue with mild or severe acute pancreatitis [44].
One study showed that the infusion of rat BM-MSCs
increased the expression of anti-inﬂammatory cytokines,
such as IL-10, following acute pancreatitis [48]. Another
study demonstrated that microRNA-9-modiﬁed BM-MSCs
(pri-miR-9-BM-MSCs) could further ameliorate pancreatic
damage in severe acute pancreatitis [54]. The pri-miR-9BM-MSCs decreased the local and serum proinﬂammatory
response (TNF-α, IL-1β, IL-6, HMGB1, MPO, and CD68),
increased the levels of anti-inﬂammatory cytokines (IL-4,
IL-10, and TGF-β), and enhanced the regeneration of the
damaged pancreas. Furthermore, these pri-miR-9-BM-MSCs
could deliver miR-9 to the damaged pancreas and peripheral
blood mononuclear cells (PBMCs) and inhibit the NF-κB
signalling pathway [54]. Three of the eleven studies administered BM-MSCs as therapy for severe acute pancreatitis, and
the BM-MSCs increased antioxidant activities, such as
superoxide dismutase (SOD) and glutathione peroxidase
(GPx) [45, 51, 54]. In one study, human clonal BMMSCs decreased the levels of malondialdehyde (MDA),
which is a product of lipid peroxidation that increases
during acute pancreatitis [45]. Two of the eleven studies
administered BM-MSCs as a therapy for severe acute pancreatitis and showed that human BM-MSCs used as a
therapy for acute pancreatitis enhance neovascularization
and angiogenesis [46, 47]. After the administration of
BM-MSCs pretreated with stromal-cell-derived factor 1α
(SDF-1α), the expression of angiogenesis markers (CD31,
VEGF, and vWF) was increased in the pancreatic tissue
[46]. Compared with untreated BM-MSCs, the supernatant
from human BM-MSCs pretreated with SDF-1α signiﬁcantly promoted angiogenesis in vitro [46]. In one study,
human BM-MSCs transfected with TSG-6 were infused
to treat severe acute pancreatitis based on the premise that
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(ii) Antioxidant eﬀect

(i) Immunomodulatory eﬀect

(i) Immunomodulatory eﬀect
(ii) Antiapoptotic eﬀect
(iii) Antioxidant eﬀect
(iv) Enhancement of
regeneration of
damaged pancreas
(v) Deliver miR-9 to the
Decreased
injured pancreas or
peripheral blood
mononuclear cell (PBMC),
which can target the
NF-κB1/p50 gene and
inhibit the NF-κB
signaling pathway

Decreased

Outcome
Histological
Serum
Mechanism of action
feature of
amylase
of infused MSCs
and lipase pancreas

N/A

Speciﬁc
treatment
of MSCs

Table 1: Summary of studies addressed MSCs in acute pancreatitis. L-arg: L-arginine; Na TCA: sodium taurocholate solution; TCA: taurocholic acid solution; LPS: lipopolysaccharide; rBMMSCs: rat bone marrow mesenchymal stromal cells; hBM-MSCs: human bone marrow mesenchymal stromal cells; UCMSCs: umbilical cord mesenchymal stromal cells; hUCMSCs: human
umbilical cord mesenchymal stromal cells; rFMMSCs: rat fetal membrane mesenchymal stromal cells; SD rats: Sprague Dawley rats; mir-9: microRNA-9; N/A: not applicable; PBS:
phosphate buﬀer saline.
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Na TCA

Na TCA

Na TCA

TCA

Yang et al.,
[56]

Meng et al.,
[55]

Kim et al., [43]

K et al., 2016

rFMMSCs

Canine
adipose
2 × 106 cells/kg
tissue-derived in 200 μl PBS
MSCs
Penile vein
of August
1 × 106 cells in
Copenhagen
200 ul PBS
Irish rats

Tail vein
of SD rats

1 × 10 cells/kg
7

5 × 104,
5 × 106, and
1 × 107 cells/kg
5 × 106
Tail vein
of SD rats

Tail vein
of SD rats

1 × 106 cells
in 200 μl saline
5 × 106 cells/kg

Tail vein
of SD rats

Tail vein
of SD rats

N/A

5–7 × 107 cells

Tail vein
of SD rats

hUSMSCs

hUCMSCs

hUCMSCs

Na TCA

rBM-MSCs

Hua et al., [57]

TCA

Zhao et al.,
[49]

Tail vein
of SD rats

2 ml cell
suspension:
1 × 106 cells/
ml

rBM-MSCs

1 × 106 cells

BM-MSCs
(source not
speciﬁed)

hBM-MSCs

Deoxy-STC

Tu et al., [51]

Tail vein
of SD rats

Dose of MSCs

Route of
MSC
infusion

Source of
MSCs

Mild acute
pancreatitis:
cerulein
Jung et al., [44]
Severe acute
pancreatitis:
Na TCA

Na TCA

Chen et al.,
[50]

Author

Pancreatitis
induction
method
Scariﬁcation
timeline

N/A

N/A

12 hrs

6 hrs

1 hr

0, 1, 6, and
12 hrs

12 hrs

N/A

24 hrs.

N/A

After 4 days

After 3 days

After 1, 3,
and 5 days

After 48 hrs.

After 3 days

After 3 days

After 72 hrs.

After 6, 24,
and 72 hrs.

0 hr.
After 6 hrs.
0, 6 hrs.
After 12 hrs.
0, 6, and 12 hrs. After 24 hrs.

Treatment
time point

Timeline of MSC therapy

Table 1: Continued.

N/A

N/A

N/A

Decreased

Decreased

Decreased

Decreased

Decreased

ANGPT1transfected
hUCMSCs

N/A

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

Decreased

(i) Immunomodulatory eﬀect

(i) Immunomodulatory eﬀect

(i) Antiapoptotic eﬀect
(reduce acinar cell
apoptosis)
(ii) Immunomodulatory eﬀect

(i) Immunomodulatory eﬀect

(i) Immunomodulatory eﬀect
(ii) Angiogenesis-enhancing
eﬀect

(i) Immunomodulatory eﬀect
(ii) Antiapoptotic eﬀect
(apoptosis of acinar cells
was reduced in severe
acute pancreatitis than
in mild acute pancreatitis)

(i) Immunomodulatory eﬀect

(i) Immunomodulatory eﬀect
(ii) Antioxidant eﬀect

N/A

Outcome
Serum
Histological
Mechanism of action
amylase
feature of
of infused MSCs
and lipase pancreas

N/A

N/A

N/A

N/A

Speciﬁc
treatment
of MSCs
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18
16

Number of studies

14
12
10
8
6
4
2
0

Immunomodulatory
effect

Antiapoptotic Angiogenesis-enhancing Antioxidant
effect
effect
effect
Mechnism of action of infused MSCs

Inhibition of pancreatic
satellite cells

Acute pancreatitis
Chronic pancreatitis

Figure 4: Mechanism of action of infused MSCs in acute and chronic pancreatitis.

the eﬀect of MSCs was partially due to activation by
signals from injured tissues and the secretion of multifunctional anti-inﬂammatory protein tumour necrosis factor-αstimulated gene/induced protein 6 (TSG-6/TNAIP6), leading the authors to hypothesize that infused MSCs exerted
their key eﬀects primarily via the secretion of TSG-6
[47]. These studies showed that MSCs could signiﬁcantly
inhibit the activation and release of proinﬂammatory
cytokines (TNF-α, IL-1β, and IL-6) and increase the production of anti-inﬂammatory cytokines (IL-4 and IL-10).
In addition, the infused MSCs signiﬁcantly reduced the
serum level of MCP-1, which is a vital chemokine in the
pathogenesis of pancreatitis [47]. Another study showed
that pancreatic tissue damage could be further improved
following MSC transplantation along with granulocyte
colony stimulating factor (G-CSF) therapy [53]. In addition to its role in the mobilization of haematopoietic stem
cells, G-CSF enhanced the proliferation of transplanted
BM-MSCs by binding to G-CSF receptors [53, 58]. This
study showed that G-CSF promoted BM-MSC homing
and enhanced the ability of the BM-MSCs to diﬀerentiate
into cells of the pancreatic lineage as evidenced by the
expression of the pancreatic markers Nkx6, Ngn3, and
Pax4 [53].
Five of 11 studies examined BM-MSC homing to the
injured pancreas after the induction of acute pancreatitis
by tracking the infused BM-MSCs [44, 48, 49, 53, 54].
In only 4 of these 5 studies, the human BM-MSCs
homed to the damaged pancreatic tissue after the induction of severe acute pancreatitis [44, 49, 53, 54]. Interestingly, none of the studies that used BM-MSC as a therapy
for severe acute pancreatitis reported the eﬀect of the transplanted BM-MSCs on mortality in the animal models used
for severe acute pancreatitis.
Three studies investigated the eﬀect of umbilical cordderived mesenchymal stem cells (UCMSCs) on severe acute
pancreatitis [55–57]. All 3 studies used well-characterized
MSCs as deﬁned by surface markers and the mesodermal

diﬀerentiation potential according to the criteria of the International Society for Cell Therapy. The UCMSC injection
reduced pancreatic tissue damage in all 3 studies. Necrosis,
inﬂammation, and oedema were ameliorated, and the levels
of serum amylase and lipase were decreased. Similarly, in
these same studies, the UCMSCs reduced the serum levels
of proinﬂammatory cytokines (TNF-α, IFN-γ, IL-1β, and
IL-6) and increased the levels of anti-inﬂammatory cytokines
(IL-4 and IL-10) [55–57]. In one of these studies, the infusion
of UCMSCs reduced pancreatic acinar cell apoptosis compared to that observed in the control group [55]. One study
used modiﬁed UCMSCs and examined their eﬀect on angiogenesis. The UCMSCs were transfected with Angiopoietin-1
(ANGPT1), which plays an important role in the regulation
of endothelial cell survival, vascular stabilization, and angiogenesis. The administration of the ANGPT1-transfected
UCMSCs resulted in further reductions in pancreatic injury
and serum levels of proinﬂammatory cytokines and promoted pancreatic angiogenesis. Of the three studies that
administered UCMSCs as therapy for severe acute pancreatitis, only one reported the mortality rate after the administration of UCMSCs and showed that the infusion decreased
mortality after the induction of severe acute pancreatitis [56].
The administration of canine adipose-derived MSCs
reduced the serum levels of proinﬂammatory cytokines
(TNF-α, IFN-γ, IL-1β, and IL-6) while increasing the levels
of anti-inﬂammatory cytokines (IL-4 and IL-10). In addition,
the canine adipose-derived MSCs decreased the percentage
of CD3+ T cells while simultaneously increasing the percentage of FoxP3+ regulatory T cells in the damaged pancreatic
tissue [43]. However, this study did not show the eﬀect of
the adipose-derived MSC infusion on mortality following
acute pancreatitis.
Compared to the untreated group, the administration
of rat foetal membrane-derived mesenchymal stem cells
(rat FM-MSC) into the rat penile vein after the induction
of severe acute pancreatitis reduced the serum levels of
proinﬂammatory cytokines (TNF-α and IL-6) [42]. The
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rat FM-MSCs also reduced the number of CD68+ cells [42].
However, this study did not show the eﬀect of MSC infusion
on mortality following acute pancreatitis.
Due to heterogeneity in the administered MSCs, their
dose, the frequency of administration, the sources and types
of MSCs, and the method of the induction of pancreatitis, a
valid comparison among the diﬀerent protocols is challenging. We could not statistically compare the diﬀerent types
of MSCs to determine the superiority of any one type of
MSCs in achieving a favourable therapeutic outcome in
acute pancreatitis.
3.2. MSC Therapy for Chronic Pancreatitis. The literature
search resulted in only 3 studies in which MSCs were administered for the treatment of chronic pancreatitis. In the three
studies, chronic pancreatitis was induced in Sprague Dawley
rats by an intravenous injection of dibutyltin dichloride via
the penile vein [42, 59, 60]. The sources of the MSCs
included rat umbilical cord MSCs [60], human amnionderived MSCs (hAMSCs) [42], and rat BM-MSCs [59]
(Table 2). All three studies showed reduced pancreatic
damage and decreased ﬁbrosis after the administration of
the stem cells [42, 59, 60]. In all studies, this eﬀect was
considered a result of the inhibition of the pancreatic satellite
cells. The injection of rat UCMSCs lowered the expression of
monocyte chemoattractant protein 1 (MCP-1), vascular
cell adhesion molecule 1 (VCAM-1), intercellular adhesion
molecule 1 (ICAM-1), IL-6, and TNF-α [60]. The tracking
of the infused rat UCMSCs using carboxyﬂuorescein succinimidyl ester (CFSE) dye revealed that these cells homed
to and engrafted the damaged pancreatic tissue [60]. In
another study, nuclear factor kappa Β (NF-kΒ), which is
an important regulator of the inﬂammatory response and
apoptosis, was inactivated in rat UCMSCs using the inhibitor IκBαM. The modiﬁed UCMSCs, called IκBαM-MSCs,
were then infused to treat chronic pancreatitis in a rat
model. IκBαM-MSCs reduced the levels of proinﬂammatory cytokines, such as IL-1, IL-6, IL-8, FN, TIMP-1,
TIMP-2, TNF-α, CTGF, ICAM-1, and TGF-β1; increased
the levels of anti-inﬂammatory cytokines, such as IL-10;
and promoted apoptosis in pancreatic stellate cells [59].
This eﬀect was greater than that achieved by injection of rat
UCMSCs alone [59].
3.3. Assessment of Risk of Bias and Methodological Quality.
By assessing the methodological quality and risk of bias in
each included study (Figure 5), we found that allocation
concealment was not performed in any of the reported studies. In addition, a description of the blinding of the personnel
who conducted the animal experiments was not included in
any of the studies. Seven of the 18 studies (38.9%) blinded
the assessors of the outcome (27.8% of the studies investigating acute pancreatitis, N = 5 and 11.1% of the studies
investigating chronic pancreatitis, N = 2). The remaining
studies were evaluated in an unclear manner due to the
lack of data regarding their method of blinding. Only 2
of the 18 studies (11.1%) (both were used for the treatment of acute pancreatitis) were assessed as having a low
risk for bias for incomplete outcome data, since the number
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of animals reported was consistent between the methods and
results. The studies addressing chronic pancreatitis were evaluated as unclear for the risk of bias since the number of animals was not reported in either Method or Results; thus,
suﬃcient data were not available to assess this feature. Sixteen
of the 18 studies (88.9%) (72.2%, N = 13 in which MSC therapy was applied for acute pancreatitis and 2 studies, 11.1%
in which MSC therapy was applied for chronic pancreatitis) were assessed as having a low risk of bias for selective
reporting of the data. In Method, the serum amylase and
lipase levels along with the histological scoring or pancreatic ﬁbrosis (in case of chronic pancreatitis) as the prespeciﬁed outcome measure were reported. In only one study
(using MSCs as a therapy for chronic pancreatitis), the
serum amylase and lipase levels, along with the histological
scoring, were presented in Results but unmentioned as an
outcome in Method.
Only 5 of the 18 studies (27.7%) reported that the
baseline severity of the disease was equal between the test
and control groups (16.7%, N = 3 for MSC therapy for acute
pancreatitis, and 11.1%, N = 2 using MSC therapy for
chronic pancreatitis). Fourteen of the 18 studies (77.8%)
had nonindustry sources of funding (61.1%, N = 11 for
therapy for acute pancreatitis, 16.7%, N = 3 for chronic
pancreatitis). Eleven of the 18 studies (61.1%) reported no
conﬂicts of interest (50%, N = 9 for therapy for acute
pancreatitis, and 11.1%, N = 2 for chronic pancreatitis),
while 6 of the 18 studies reported a potential conﬂict of
interest (all 6 were studies investigating acute pancreatitis,
N = 4 BM-MSC therapy for acute pancreatitis, and N = 2
UCMSC therapy for acute pancreatitis). Only 6 studies
(33.3%) (22.2%, N = 4 for acute pancreatitis, and 11.1%,
N = 2 for chronic pancreatitis) reported a justiﬁcation for
their sample size selection (22.2%, N = 4 for acute pancreatitis, and 11.1%, N = 2 for chronic pancreatitis), while in
the remaining studies, no calculation of sample size was
performed. Only 2 studies (11.1%) reported that the animals used in the study were randomized (N = 2 for MSC
therapy for acute pancreatitis). Due to the limited number
of studies that reported internal validity practices, we
could not proceed with an analysis to identify the eﬀects
of high versus low risks of bias on the eﬀect size.

4. Discussion and Conclusion
In this study, we systematically reviewed studies investigating
the eﬀect of MSC therapy on acute and chronic pancreatitis.
The impetus of this study was the absence of therapeutic
strategies for pancreatitis and the promising therapeutic
eﬀect of MSCs. The current conservative therapy used for
pancreatitis is eﬀective in relieving the acute process of
the disease and reducing patient mortality. However, this
conservative therapy does not ensure a complete cure.
Indeed, resistant chronic pancreatitis is often a sequela of
the disease. The beneﬁts of MSC therapy for pancreatitis
include the amelioration of the local inﬂammatory process
and damage to acinar cells in acute pancreatitis, and hence
MSC therapy may limit the extent of ﬁbrosis in chronic

Dibutyltin
dichloride

K et al.,
2016

rBMMSCs

rUCMSCs

Qin et al.,
N/A
[59]

Zhou
Dibutyltin
et al., [60] dichloride

hFMMSCs

Method of induction Source of
of pancreatitis
MSCs

Author

Route of
MSC
infusion

N/A

Jugular vein
of SD rats

N/A

1 × 106
cells/ml
On day 5

Group 1: 4 hrs. before
chronic pancreatitis
Group 2: during
chronic pancreatitis
Group 3: 4 hrs. after
chronic pancreatitis

On days 14
and 28

N/A

Day 14

Timeline of MSC therapy
Infusion
Scariﬁcation
time point
time point

1 × 106 cells in Penile vein of
On day 5
200 μl PBS
SD rats

Dose of
infused MSCs

rUCMSCs injected
through jugular vein

BM-MSCs were
transfected with
IkBαM

N/A

Speciﬁc treatment
of MSCs

(i) Immunomodulatory eﬀect
(ii) Inhibition of activation of
pancreatic satellite cells
(i) Immunomodulatory eﬀect
(ii) Antiapoptotic eﬀect:
reduced acinar cell
apoptosis
Decreased (iii) Inhibition of activation of
pancreatic satellite cells
(i) Immunomodulatory eﬀect
(ii) Antiapoptotic eﬀect:
reduced acinar cell
apoptosis
(iii) Inhibition of activation of
pancreatic satellite cells

Outcome
Pancreatic Mechanism of action of
ﬁbrosis
infused MSCs

Table 2: Summary of studies addressed MSCs in chronic pancreatitis. hFMMSCs: human fetal membrane mesenchymal stromal cells; rBM-MSCs: rat bone marrow mesenchymal stromal
cell; rUCMSCs: rat umbilical cord mesenchymal stromal cells; PBS: phosphate buﬀer saline; SD rats: Sprague Dawley rats; N/A: not applicable
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Random sequence generation (selection bias)
Allocation concealment (selection bias)
Blinding of personnel
Blinding of outcome assessment
Incomplete outcome data
Selective reporting
Baseline characteristics
Random housing
Source of funding
Conflict of interest
Sample size calculation
0%

25% 50% 75% 100%
Low risk of bias
Unclear risk of bias
High risk of bias

Figure 5: Risk of bias assessment for included studies.

pancreatitis. Recently, MSCs have been shown to be capable
of replacing damaged pancreatic cells [53].
All studies were performed in rodents and showed
pronounced heterogeneity in the outcome assessment; hence,
conducting a meta-analysis was not feasible. Heterogeneity
was observed in the technique used to induce pancreatitis,
the type of MSCs used, the time of therapy after the disease
onset, the source of the MSCs (human or murine), and the
dose of the MSCs. Due to the lack of consistency, determining the most eﬀective form of MSC therapy for pancreatitis is challenging. Similarly, none of the studies
investigating chronic pancreatitis evaluated the eﬃcacy of
MSC therapy in a dose-dependent manner or followed
up on the disease progression.
The included studies failed to address selection bias and
detection bias using techniques such as randomization,
blinding, and sample size calculations. These limitations in
the study methodologies may have led to an exaggeration
of the reported therapeutic eﬀect [61–65]. Thus, these
factors should be evaluated in future preclinical studies
to ensure the validity of these studies because the currently
available data do not suﬃciently warrant the use of MSCs
in clinical trials.
The mechanism of action of MSC therapy in both types
of pancreatitis was conﬁned to immunomodulatory eﬀects
mediated by the secretion of pro- and anti-inﬂammatory
cytokines (Figure 4). No suﬃcient data were available
regarding the interaction between MSCs and local immune
cells. CD4+ T cells have been found to play a critical role
in the development of tissue injury during acute pancreatitis
in mice since the severity of pancreatitis is ameliorated by
CD4+ T cell depletion [66]. MSCs have indeed been
shown to suppress CD4+ T cell proliferation via multiple
soluble factors or in a cell contact-dependent manner
[67]. The favourable role of MSCs in the suppression of
CD4+ T cell proliferation in acute pancreatitis warrants
further investigation.
Necrosis of acinar cells, which is accompanied by the
release of digestive enzymes, is the basic mechanism underlying the pathology of severe acute pancreatitis. In total, 3
studies showed that MSCs reduce oxidative stress, accounting for most of the damage to acinar cells [45, 51, 68]. In
two other studies, the antiapoptotic eﬀect of MSCs on acinar

cells was documented [44, 55]. However, the mechanism
by which MSCs exert this eﬀect on acinar cells during
acute pancreatitis remains unknown. Recent reports suggest that MSCs exert their antiapoptotic eﬀect by secreting
the antiapoptotic chemokine XCL1 [69]. Mouse skeletal
myoblasts cocultured with MSCs showed very high resistance to apoptosis. This mechanism was mediated by the
secretion of XCL1 by MSCs [69].
The tracking of the infused MSCs was important for
determining their possible mechanism of action, particularly
since numerous reports suggest that MSCs exert their
regenerative eﬀect via a paracrine, immunosuppressive eﬀect
rather than by directly diﬀerentiating into tissue-speciﬁc cells
(in this case, pancreatic cells) [70]. A substantial body of
literature reports that most intravenously infused MSCs
become trapped in the lungs, raising many questions regarding their direct role in tissue regeneration [25, 44, 46, 47]. A
study by Gong et al. showed that SDF-1, a critical regulator
for MSC migration, is upregulated in injured pancreas
following acute pancreatitis. SDF-1 enhanced BM-MSC
migration in vitro as well as in vivo to injured pancreas
during acute pancreatitis through their receptor: CXC
chemokine receptor-4 (CXCR-4). BM-MSCs treated with
anti CXCR-4 antibody showed less migration in vitro and
less capability to migrate and to heal injured pancreas in
comparison to untreated group, suggesting that SDF/CXCR4
axis may be important in regulation of MSC migration following acute pancreatitis [71].
Both marrow MSCs and UCMSCs lead to reduction in
inﬂammation associated with acute pancreatitis along with
enhanced angiogenesis when administered intravenously to
aﬀected rats. These MSCs ameliorate inﬂammation, which
is likely one of the most obvious applications of MSC
therapy in pancreatitis. In He et al. study, BM-MSCs were
transfected with TSG-6 resulting in a signiﬁcantly enhanced
immunomodulatory function and improved eﬀectiveness in
treating severe acute pancreatitis [47]. TSG-6 has a potent
anti-inﬂammatory eﬀect with no apparent toxicity [72–74]
and is thus a potentially eﬀective therapy for severe acute
pancreatitis. Human adipose-derived stem cells (HADSCs)
may have potential to reduce inﬂammation through their
immunomodulatory [75–77] and angiogenesis-enhancing
eﬀect [78] in addition to the secretion of growth factors
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that promote repair [79]. Although these data suggest that
HADSCs have a therapeutic potential in acute pancreatitis
[80], no suﬃcient studies investigating the eﬀect of HADSC
therapy in acute pancreatitis have been reported.
In addition to morbidity, mortality is an important
parameter in evaluating new therapies, particularly in a debilitating diagnosis, such as severe acute pancreatitis. Mortality
is a frequent sequela (may reach up to 30–47%) of acute
pancreatitis due to the complications of organ failure and
tissue necrosis [1, 2]. Most evaluated studies did not assess
mortality after the MSC infusion. Because the ﬁrst 24 hours
after the onset of acute pancreatitis are critical for prognosis
[81], the therapeutic eﬀect of the injected MSCs should be
evaluated within this time frame. Studies investigating MSC
therapy have shown that the time frame for the maximum
therapeutic eﬀect is an important determining factor, and
early intervention is almost always necessary [82]. Indeed,
only a few studies evaluated the outcome of MSC administration within 24 hours of the induction of severe acute
pancreatitis [47, 50, 52, 55–57].
Unlike acute pancreatitis, very few (only 3) studies
evaluated MSC therapy in chronic pancreatitis [42, 59, 60].
Interestingly, all 3 studies showed the promising potential
of MSCs in decreasing the ﬁbrosis that complicated chronic
inﬂammation. MSCs appeared to exert their immunomodulatory eﬀect on proﬁbrotic factors, such as oxidative
stress, hypoxia, and the transforming growth factor-β1
pathway [83].
Due to the signiﬁcant therapeutic eﬀect of MSCs and
the lack of treatments for pancreatitis, the currently available
data suggest that MSCs may be an attractive source of cell
therapy for both acute and chronic pancreatitis. The relative safety of the protocol, particularly using autologous
stem cells, coupled with the lack of eﬀective traditional
therapeutic approaches, merit clinical trials. However, the
standardization of the therapy in the experimental setting
is clearly lacking.
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Diabetes mellitus is one of the metabolic diseases having several complications. Nigella sativa oil (NSO) might have beneﬁcial eﬀects
in the treatment of diabetic complications. Thirty-two mature male Wistar rats were equally divided into four experimental groups:
control, control NSO 2 mL/kg, streptozotocin- (STZ-) induced diabetic, and diabetic (STZ-induced) treated with oral NSO 2 mg/kg
for 30 days. Fasting blood glucose (FBG), insulin, and lipid proﬁle levels were determined. Pancreatic and hepatic tissues were used
for catalase and GSH. Histopathology, hepatic glycogen contents, insulin immunohistochemistry, and pancreatic islet
morphometry were performed. NSO 2 mL/kg was noticed to decrease (P < 0 05) FBG and increase (P < 0 05) insulin levels in
diabetic rats than in diabetic nontreated animals. Lipid proﬁle showed signiﬁcant (P < 0 5) improvement in diabetic rats that
received NSO 2 mL/kg than in the diabetic group. Both pancreatic and hepatic catalase and GSH activities revealed a signiﬁcant
(P < 0 05) increment in the diabetic group treated with NSO than in the diabetic animals. NSO improved the histopathological
picture and hepatic glycogen contents of the diabetic group as well as increased (P < 0 05) insulin immunoreactive parts % and
mean pancreatic islet diameter. NSO exerts ameliorative and therapeutic eﬀects on the STZ-induced diabetic male Wistar rats.

1. Introduction
Diabetes mellitus (DM) is considered as one of the most
common chronic metabolic diseases characterized by
increased blood glucose due to insulin resistance, insulin
deﬁciency, or both [1]. Mostly, DM is associated with vascular, metabolic, neuropathic, and nephropathic disorders.
Hyperglycemia and lipid proﬁle abnormalities are the main
clues for diagnosis of DM metabolic disorders [2]. Hyperglycemia is a consequence of the inability of the cells to utilize

glucose and/or skeletal muscles and liver are not capable of
glycogen storage [3]. Moreover, the persistent hyperglycemia
in DM promoted oxidative stress through the formation or
release of reactive oxygen species (ROS) and depletion of
antioxidant reserve. Oxidative stress is the main cause of cardiovascular disease that results in mortalities [4, 5].
Insulin is the primary hormone which is involved in
blood glucose control. Once insulin is released into the blood,
it stimulates the entrance of glucose into skeletal muscles
and, to a lesser extent, liver and adipose tissue via special
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transporters, thus controlling glucose homeostasis [6]. Insulin binding mediates much action through interaction with
insulin receptors (IR) [7].
The eﬃcient management of diabetes requires continuous control to blood sugar level to minimize the risks of diabetic complications [8]. Thus, natural and therapeutic
antioxidants are one of the strategies for diabetic remedy.
Although there are various categories of antidiabetic drugs,
these drugs possibly possess signiﬁcant side eﬀects or are very
expensive [9, 10]. In comparison to the synthetic drug, natural plants have lesser toxicity and are devoid of any side
eﬀects [11].
Nigella sativa (NS), a dicotyledon plant species of the
family Ranunculaceae, has been used since long eras in medical and culinary ﬁelds [12]. Its plant seeds are called black
cumin or black seeds [13]. Thymoquinone (2-isopropyl-5methyl-1,4-benzoquinone) is considered the chief active
principle in the NS seeds and its volatile oily extract [14].
NS has several physiological and pharmacological properties
such as hepatoprotective [15, 16], immunomodulatory [17],
nephroprotective [18, 19], neuroprotective [20], antimutagenic, anticancer [21], and anticonvulsant [22] eﬀects. Moreover, it is known for its hypotensive [23] properties.
The current study aimed to investigate the potential protective actions of NSO in streptozotocin- (STZ-) induced diabetic male Wistar rats. This was done via the manipulation of
blood biochemical parameters, oxidative stress, histopathology, and pancreatic insulin immunoreactive parts.

2. Material and Methods
2.1. Experimental Rats. Thirty-two adult male Wistar rats,
weighing 195–205 g, were kept in metallic cages (4/cage) at
Laboratory Animal House, Faculty of Veterinary Medicine,
Suez Canal University, Egypt. They were kept under standard
natural day-light rhythm with a temperature of 25°C (±1°C)
and allowed to ad libitum diet and water supply. The
animals were handled and cared according to the ethical
guidelines described by Faculty of Veterinary Medicine, Suez
Canal University.
2.2. Experiment Design. After 14 days of acclimatization,
animals were divided into four equal groups:
(i) Control group (n = 8): They were normal nondiabetic rats and gavaged daily with distilled water for
one month.
(ii) Nigella group (n = 8): They were normal nondiabetic
rats that were gavaged with 2 mL/kg cold-pressed
NSO (Amazing Herbs Co., Turkey) containing
0.95% thymoquinone, as determined via HPLC, by
gavage tube for one month.
(iii) Diabetic group: They were STZ-induced diabetic
rats and given daily oral dose of distilled water by
gavage tube for one month.
(iv) Diabetic Nigella-treated group: They were STZinduced diabetic rats that were given a daily oral

dose of 2 mL/kg cold-pressed NSO (Amazing Herbs
Co., Turkey) containing 0.95% thymoquinone, as
determined via HPLC, by gavage tube for one
month.
2.3. Induction of Diabetes. Experimental rats from diabetic
and diabetic treated with NSO groups were induced to diabetes after 16 h fasting by a sole STZ (TUKU-E Company,
USA), intraperitoneal (i.p.) injection, in a dose of 45 mg/kg.
STZ was freshly prepared in 0.1 M citrate buﬀer (pH 4.5).
The STZ-inoculated rats were allowed ad libitum 20% glucose solution for a duration of 24 h to avoid the occurrence
of hypoglycemia. Rats of the control and NSO groups were
injected with citrate buﬀer only [24]. The occurrence of diabetes was ascertained after 48 h post-STZ injection by determination of blood glucose level. The animals that possessed
blood glucose values of over 250 mg/dL were supposed to
be diabetic [25].
2.4. Sampling. After 30 days of treatments, overnight fasted
rats were decapitated under eﬀect of anesthesia, and blood
samples were obtained in sterile plain tubes. The sera were
stored at −20°C. Pancreas and liver of each experimental
animal were excised, rinsed in cold phosphate buﬀered
saline, and dried with ﬁlter paper. Pancreas and liver of each
rat was divided into 2 parts: one part was kept at −80°C until
preparation of pancreatic homogenate for reduced glutathione (GSH) and catalase assay. The remaining part of pancreas and liver was immersed in 10% neutral buﬀered
formalin for histopathological and immunohistochemical
examination.
2.5. Body Weight. Experimental rats were weighed weekly
during the experimental period.
2.6. Blood Glucose Value and Insulin Level. Fasting blood glucose level was estimated using reagent strips (Accu-Chek®,
Roche). The levels of insulin in serum were estimated
by commercial rat enzyme-linked immunosorbent assay
(ELISA) kit (Abnova, Germany) according to enclosed manufacturer’s protocol.
2.7. Lipid Proﬁle. The high-density lipoprotein cholesterol
(HDL-c), low-density lipoprotein cholesterol (LDL-c), total
cholesterol (TC), and triglycerides (TG) were measured in
sera using enzymatic colorimetric kits (Stanbio Laboratory,
USA, and ELITechGroup, France) according to Tietz [26].
2.8. Catalase and Reduced Glutathione Activity (GSH).
Catalase and GSH activities in pancreatic and hepatic
homogenates were determined using colorimetric kits from
Biodiagnostic (Egypt) and BioVision (USA), respectively,
according to methods of Aebi [27] and Tietez [28],
respectively.
2.9. Histopathology. Formalin-ﬁxed pancreases and livers
were put in paraﬃn wax, and several 5 μm sections were
sliced and then subjected to hematoxylin and eosin (H&E)
stain according to Bancroft and Gamble [29]. Livers of
5 μm sections were subjected to periodic acid Schiﬀ (PAS)
stain for glycogen demonstration [30].
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Table 1: The eﬀect of NSO 2 mL/kg on weekly body weight (g) of STZ-induced diabetic rats.

Body weight (g)

Groups

Control

Nigella

Diabetic

Diabetic Nigella treated

Week 1
Week 2
Week 3
Week 4

200.50 ± 1.48a
212.50 ± 3.23a
220.00 ± 4.56a
226.75 ± 5.27a

200.33 ± 1.60a
211.25 ± 2.46a
228.75 ± 4.92a
239.00 ± 3.56a

201.17 ± 1.72a
205.50 ± 2.10a
195.00 ± 3.19b
160.00 ± 4.c

201.50 ± 2.08a
203.25 ± 4.59a
200.75 ± 4.91b
188.50 ± 3.12b

Values are presented as mean ± SE. abcDiﬀerent letters on numbers in each row represent a signiﬁcant diﬀerence at P < 0 05.

Table 2: Eﬀect of NSO 2 mL/kg on FBG (mg/dL), insulin (pmol/L), HDL-c (mg/dL), LDL-c (mg/dL), TG (mg/dL), and TC (mg/dL) in STZinduced diabetic rats.
Groups
FBG (mg/dL)
Insulin (pmol/L)
HDL-c (mg/dL)
LDL-c (mg/dL)
TG (mg/dL)
TC (mg/dL)

Control

Nigella

98.40 ± 7.00
5.78 ± 0.49a
44.73 ± 1.82b
56.91 ± 2.86c
58.28 ± 3.47c
109.96 ± 4.08c
c

Diabetic

93.60 ± 3.80
6.25 ± 0.47a
53.37 ± 2.02a
47.09 ± 2.60d
52.07 ± 4.14c
89.84 ± 4.77d
c

Diabetic Nigella treated

313.00 ± 5.19
3.41 ± 0.29b
22.31 ± 2.45d
109.28 ± 4.18a
105.92 ± 3.19a
161.28 ± 8.54a

b

187.40 ± 19.91a
5.36 ± 0.27a
33.60 ± 2.26c
84.52 ± 2.99b
84.25 ± 2.81b
139.54 ± 3.92b

Values are presented as mean ± SE. abcdDiﬀerent letters on numbers in each row represent a signiﬁcant diﬀerence at P < 0 05.

2.10. Immunohistochemistry. Paraﬃn-embedded pancreases
were sliced into 4 μm sections on the positively charged
slides. Sections were subjected to xylene deparaﬃnization
and then rehydrated with descending series of ethanol,
followed by water. The sections were incubated with primary monoclonal anti-insulin antibody (catalog no. 139769-80, Thermo Fisher Scientiﬁc, Canada) at a rate of
0.5 μg/mL for 2 h at 25°C in a humidiﬁed chamber. Then
the steps according to the method of Adewole and Ojewole
[31] were followed.
2.11. Image Analysis and Islet Size. Measurements of pancreatic islet size were performed via ImageJ program. Insulinpositive islet immunostaining intensity and area % were
determined from each slide of each experimental group using
ImageJ program after subtracting light background. Seven
ﬁelds of pancreatic islets were randomly chosen. The intensity of immunohistochemistry (IHC) staining and the percentages of IHC stained regions were obtained by ImageJ
program and calculated according to Elgawish et al. [32].
The diameters of the pancreatic islet were measured by
selecting seven of pancreatic islets/animal in all groups using
ImageJ program by the aid of a calibrated micrometer.
2.12. Statistical Analysis. The data were presented as the
mean ± standard error of mean (SEM). Statistically signiﬁcant diﬀerences between groups were calculated using oneway analysis of variance (ANOVA) followed by Duncan’s
post hoc multiple comparison test (SPSS software, version
16.0; SPSS Inc., Chicago, IL, USA). The criterion for signiﬁcance was set at P < 0 05.

3. Results
3.1. Body Weight. The body weights of the STZ-induced diabetic group rats reduced signiﬁcantly (P < 0 05) than did
those of the control nondiabetic rats at the 3rd and 4th weeks

of the experiment. However, NSO 2 mL/kg treatment of diabetic rats increased their body weights (P < 0 05) compared
to those of diabetic nontreated rats at the 4th week of the
experimental period (Table 1).
3.2. Fasting Blood Glucose Value and Insulin Level. The injection of experimental rats with single i.p. dose of STZ induced
a signiﬁcant (P < 0 05) elevation in FBG levels compared to
those of the control rats. Administration of NSO 2 mL/kg
to the diabetic rats, for one month, induced a signiﬁcant
(P < 0 05) reduction in the levels of FBG compared to those
of the diabetic group. Insulin level revealed a signiﬁcant
(P < 0 05) decrement in the STZ diabetic group than in the
control one. Meanwhile treatment of the diabetic rats with
NSO 2 mL/kg, for 1 month, signiﬁcantly (P < 0 05) improved
insulin to a level comparable to that of the control group
(Table 2).
3.3. Lipid Proﬁle. Oral administration of NSO 2 mL/kg to
the nondiabetic rats for one month induced a signiﬁcant
(P < 0 05) increment in HDL-c level compared to that of
the control group. However, HDL-c level revealed a signiﬁcant (P < 0 05) decrement in the diabetic group than in the
control. Meanwhile, administration of 2 mL/kg NSO to the
diabetic rats increased HDL-c signiﬁcantly (P < 0 05) compared to that of diabetic nontreated rats. Treatment of the
control rats with NSO 2 mL/kg for one month induced a signiﬁcant (P < 0 05) decrement in TC and LDL-c levels compared to those in the control. The diabetic rats revealed
elevation in TC, TG, and LDL-c (P < 0 05) than did the control group. However, 30 days’ treatment with NSO 2 mL/kg
of the diabetic rats induced a signiﬁcant (P < 0 05) decrement
in TC, TG, and LDL-c values compared to those of the diabetic group (Table 2).
3.4. Pancreatic and Hepatic Oxidative Stress. Current data
revealed that both hepatic and pancreatic catalase as well
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Table 3: Eﬀect of NSO 2 mL/kg on catalase (U/g) and GSH (mg/g) in pancreas and liver of STZ-induced diabetic rats.

Groups
Pancreatic catalase (U/g)
Hepatic catalase (U/g)
Pancreatic GSH (mg/g)
Hepatic GSH (mg/g)

Control

Nigella

Diabetic

Diabetic Nigella treated

84.27 ± 5.56a
27.49 ± 2.26b
36.45 ± 2.80a
85.71 ± 9.57a

86.66 ± 4.91a
34.73 ± 2.09 a
42.71 ± 4.49a
84.92 ± 6.33a

38.25 ± 2.30c
10.51 ± 1.31d
13.49 ± 3.12c
35.95 ± 6.32b

69.00 ± 1.22b
18.19 ± 1.09c
23.00 ± 0.95b
62.89 ± 6.63a

Values are presented as mean ± SE. abcdDiﬀerent letters on numbers in each row represent a signiﬁcant diﬀerence at P < 0 05.

50 휇m

50 휇m
Nigella

Control
(a)

(b)

50 휇m
Diabetic
(c)

50 휇m
Nigella + Diabetic
(d)

Figure 1: Nigella seed oil extract eﬀect on pancreatic histopathology in normal and STZ-induced diabetic rats. (a and b) Control- and NSO(2 mL/kg) treated control groups: normal control rat displayed healthy islets of Langerhans. (c) Diabetic control: arrow displays the atrophied
islets of Langerhans. (d) NSO- (2 mL/kg) treated diabetic rats display bigger islets of Langerhans than do diabetic untreated group
(arrowhead). Scale bar represents 50 μm.

as GSH activities were decreased signiﬁcantly (P < 0 05) in
the STZ-induced diabetic rats than in the control. Administration of NSO 2 mL/kg, for one month, to the diabetic rats
signiﬁcantly (P < 0 05) elevated hepatic and pancreatic catalase and GSH activities compared to those in the diabetic
group (Table 3).
3.5. Histopathology and Islet Size. Examination of pancreatic
sections from the control group and the Nigella-treated
group showed abundant and scattered pancreatic islets of
Langerhans between the exocrine parenchyma throughout
the pancreas. The islets were large, well deﬁned, and composed of groups of compact cells arranged in branching,
irregular, and anastomosing cords separated by blood capillaries (Figures 1(a) and 1(b)).
On the other hand, examination of pancreases of the diabetic rats yielded an observable decrement in the number of
islets. They were shrunken and irregular, and some of the

islet cells showed hydropic degeneration while others were
necrotized with deeply stained pyknotic nuclei. Few lymphocytes were seen attacking the islet cells (Figure 1(c)).
The diabetic group treated with oral NSO 2 mL/kg
showed marked increase in number of islets throughout the
pancreas, and most of them demonstrated recovery of their
normal morphologic features comparable to those of the
islets of the control group (Figure 1(d)).
Analysis of the mean diameter of pancreatic Langerhans islets among the studied groups showed a signiﬁcant
(P < 0 05) reduction in the mean diameter in the diabetic
rats. Oral treatment with NSO (2 mL/kg), for one month,
signiﬁcantly (P < 0 05) increased the mean diameter of
Langerhans islets compared to that in the diabetic nontreated
group (Table 4).
The results obtained from histological sections of
livers with hematoxylin and eosin staining for the control
and Nigella-treated rats were similar. Liver histological
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Table 4: The eﬀect of NSO 2 mL/kg on mean pancreatic islet size (μm), insulin-positive islet area %, and insulin immunostaining intensity
(integrated density) in STZ-induced diabetic rats.
Groups

Control

Mean islet size (μm)
Insulin-positive islet area (%)
Insulin immunostaining intensity (integrated density)

233.90 ± 24.71
65.79 ± 9.81a
92.50 ± 3.05a

Nigella
a

Diabetic

247.52 ± 35.27
68.52 ± 9.58a
99.34 ± 2.23a

a

Diabetic Nigella treated

29.83.36 ± 83.17
18.01 ± 3.42c
60.93 ± 4.31c

b

170.61 ± 26.63a
43.05 ± 5.57b
76.15 ± 1.92b

Values are presented as mean ± SE. abcDiﬀerent letters on numbers in each row represent a signiﬁcant diﬀerence at P < 0 05.

100 휇m

100 휇m

Control

Nigella

(a)

(b)

⁎
⁎

100 휇m

100 휇m

Diabetic
(c)

Nigella + Diabetic
(d)

Figure 2: H&E stain of liver: (a) control group and (b) Nigella-treated rats demonstrate normal hepatic architecture showing the classic lobule
with the central vein at the center and portal tracts at the periphery; each one is separated from the others by a similar distance, 100x. (c)
Diabetic group showing ballooning degeneration of the hepatocyte (∗ , 40x), and interface hepatitis (arrow), 100x. (d) NSO-treated diabetic
group showing restoration of normal architecture, 100x. Scale bar represents 100 μm.

observations of the control and Nigella-treated rats showed
normal hepatic architecture showing the classic lobule
with the central vein as its center and portal tracts at the
periphery. Embedded in the portal tract were portal
venule, hepatic arteriole, and interlobular bile ductule
(Figures 2(a) and 2(b)). The livers of the diabetic animals
showed ballooning degeneration, mild portal inﬂammation, and interface hepatitis (Figure 2(c)). Sections of liver
tissues from diabetic animals treated with Nigella showed
restoration of the normal hepatic architecture with marked
reduction of portal inﬂammation and absence of interface
hepatitis (Figure 2(d)).
The PAS-stained liver sections demonstrated abundant
cytoplasmic contents of glycogen in the control and NSOtreated control (Figure 3(a) and (b)). The diabetic group
showed marked depletion of glycogen contents in hepatocytes cytoplasm than did the control ones (Figure 3(c)).
Treatment of diabetic rats with 2 mL/kg NSO improved

glycogen contents in hepatocytes cytoplasm compared to
those in the diabetic rats (Figure 3(d)).
3.6. Immunohistochemistry. Positive insulin expression was
visualized as dark-brown cytoplasmic granules in the pancreatic islets’ β cells. The quantitative analysis of insulin
immunoreaction in the pancreatic islets showed signiﬁcant
(P < 0 05) variations among the study groups. Regarding the
percentage of insulin-positive islet area, the analysis showed a
signiﬁcant (P < 0 05) decrement in the percentage of insulinpositive area in the diabetic group than in the control group.
However, NSO treatment of the diabetic rats signiﬁcantly
(P < 0 05) improved positive islet area % compared to that of
the diabetic ones (Table 4).
The immunostaining intensity of pancreatic islets’ insulin was assessed in a quantitative fashion according to the
microdensitometric method. The staining intensities of insulin in the pancreatic islets among diﬀerent study groups are
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50 휇m
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50 휇m

50 휇m
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Figure 3: PAS stain of liver: (a) control group and (b) NSO- (2 mL/kg) treated control rats demonstrate abundant glycogen, which is present
within the cytoplasm of the hepatocytes (magenta-colour granules), 400x. (c) Diabetic group demonstrates marked reduction in PAS
positivity (few scattered glycogen granules), 400x. (d) NSO- (2 mL/kg) treated diabetic group demonstrates restoration of PAS positivity,
400x. Scale bar represents 50 μm.

shown in Figure 4 and Table 4. The Nigella-treated group
exhibited pancreatic islets with the highest insulin staining
intensity followed by the control with no signiﬁcance
between both of them compared to the diabetic group treated
with NSO. On the other hand, the diabetic untreated animals
showed the lowest (P < 0 05) insulin staining intensity.

4. Discussion
Diabetes mellitus is considered as one of the systemic,
endocrine, and metabolic diseases, which is diagnosed by
hyperglycemia. This could be considered with alterations
in carbohydrate, lipid, and protein metabolism. This is
considered to be due to reduction and/or impairment in
antioxidant mechanisms inside the body leading to weight
loss [33, 34].
Therefore the usage of antioxidants is considered as one
of the strategies used for resetting the normal homeostasis in
diabetic patients [35, 36]. Numerous plant extracts and compounds from these extracts are known to possess antidiabetic properties that could be used in the remedy of
diabetes mellitus [11, 37]. Nigella sativa thymoquinone is
considered as an antioxidant and hypoglycemic compound
that could counteract the high cost and the adverse eﬀects
of pharmacological drugs [38], which conﬁrms the antidiabetic eﬀects of NSO.

The current study demonstrated that STZ produced a
signiﬁcant (P < 0 05) decrement in body weights at the 3rd
and 4th weeks of experiment. These results are considered
to be consistent with Wong and Tzeng [39] and Doğan and
Çelik [40]. This could be due to reduction in glucose availability as well as amino acids to the body cells, which creates
a lack in the substrates that are necessary for cellular biosynthesis and can aﬀect linked cellular metabolism that causes
muscle wasting [39]. Oral administration of NSO (2 mL/kg)
containing 5% thymoquinone to the diabetic rats led to a
marked increment in the body weights of these animals compared to diabetic nontreated rats. The current results were in
accordance with those of Kanter et al. [41] and Kaleem et al.
[42]. This may conﬁrm the eﬀect of NSO on diabetesinduced muscle wasting due to carbohydrate inaccessibility,
which conﬁrms the antidiabetic eﬀect of NSO [42].
The serum level of insulin was reduced in the diabetic rats
than in the control, while FBG level was increased (P < 0 05)
in the diabetic group than in the control one. These results
are considered to be consistent with those of Houcher et al.
[43] and Mahmoud et al. [24]. This eﬀect is due to the alkylating toxic action of STZ on β cells of pancreatic islets, which
blocks insulin secretion leading to hyperglycemia [44]. NSO
thymoquinone induced a marked decrease and a marked
increase at P < 0 05 in both FBG and insulin levels, respectively, than in those in the diabetic group. These results were
consistent with those of Fararh et al. [45], Rchid et al. [46],

Oxidative Medicine and Cellular Longevity

7

50 휇m
Control

50 휇m
Nigella

(a)

(b)

50 휇m

50 휇m
Diabetic
(c)

Nigella + Diabetic
(d)

Figure 4: Immunohistochemical staining for insulin expression in pancreatic islets from diﬀerent experimental groups. (a) Control, (b) NSO(2 mL/kg) treated group, (c) diabetic group, and (d) diabetic group treated with NSO (2 mL/kg). Scale bar represents 50 μm.

Mahmoud et al. [24], and Balbaa et al. [25]. The FBGlowering eﬀect of NSO thymoquinone may illustrate its insulinotropic action [47] where it can make partial regeneration
to β cells of pancreatic islets, thus leading to improvement in
their insulin production [48] as well as its peripheral utilization [49]. Thymoquinone has a downregulating eﬀect on the
gluconeogenic enzymes expression and the production of
hepatic glucose besides its ability for diminishing intestinal
absorption for glucose [23]. Moreover, it can activate adenosine monophosphate-activated protein kinase (AMPK) in
muscles and liver, thus inhibiting gluconeogenesis [50].
As clariﬁed in the current study, STZ-induced dyslipidemia in the diabetic group (decreased HDL-c and increased
TC, TG, and LDL-c). These results were parallel to those
obtained by Doğan and Çelik [40]. Diabetic dyslipidemia
occurs as a consequence to insulin deﬁciency and hyperglycemia, which increases lipolysis and fatty acids release from
adipose tissue into circulation with alteration in their
metabolism [51], thus increasing TC, TG, and LDL-c levels
that predispose cardiovascular pathology [52]. Administration of NSO has positive eﬀects on diabetes-induced
abnormal lipid proﬁle, which coincides with the results
of Kaleem et al. [42], Kocyigit et al. [53], and Balbaa
et al. [25]. The ameliorating eﬀects of NSO thymoquinone on diabetic dyslipidemia may be due to its promoting
eﬀect on hepatic arylesterase activity, regulatory eﬀects on
cholesterol metabolism-inﬂuencing genes (Apo-A1, ApoB100, and LDL-receptor genes) [54], and its antioxidant
properties [55, 56].

In the current study, the inﬂuence of NSO on pancreatic
and hepatic oxidative stress was examined in the STZinduced diabetic male rats. The underlying mechanisms
behind the oxidative stress and the free radicals generated
by diabetes have been extensively investigated [41, 57]. The
diabetic rats exhibited signiﬁcantly reduced pancreatic and
hepatic catalase and GSH activities due to the recorded
hyperglycemia and hyperlipidemia [58], which exhaust
the activities of natural antioxidants and promotes free
radicals formation [59]. Treatment with NSO thymoquinone
improved the antioxidant reserve of GSH and catalase activities in pancreatic and hepatic tissues, which was in agreement with the ﬁndings of Meral et al. [60], Kanter et al.
[41], and Adewole et al. [61]. The antioxidant potential of
thymoquinone molecule is conﬁrmed by the presence of quinine in its structure [62]. Quinine facilitates the eﬃcient
access to the cellular and subcellular structures, making the
ROS elimination easier [63]. Thymoquinone can also
inhibit nonenzymatic lipid peroxidation [54] that protects
hepatic and pancreatic antioxidant enzymes and reduces
oxidative stress [15]. Moreover, the hypoglycemic inﬂuence
of NSO potentiates its antioxidant eﬀect via modulating
hyperglycemia-induced ROS.
Parallel to the results of hepatic and pancreatic antioxidant enzymes, the hepatic and pancreatic histopathology
showed deleterious eﬀects on the STZ-induced diabetic rats.
These changes include hepatic congestion, ﬁbrosis, centrilobular hepatocyte swelling, and incidence of inﬂammatory cell
inﬁltration, which were ameliorated by NSO. Pancreatic
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pathology revealed severe atrophy, necrosis of acinar cells,
and severe reduction in islet area %, which were greatly
improved by NSO administration. The present results were
in accordance with those of Kanter et al. [41], Widodo et al.
[64], and Tuhin et al. [65]. The improvement in both pancreatic and hepatic histopathology could be attributed to the
antioxidant potential of thymoquinone in NSO. Thymoquinone improves diabetic depletion of antioxidant reserves of
catalase and GSH, thus keeping the integrity of both hepatic
and pancreatic cells.
The depletion of hepatic glycogen contents in the diabetic
rats was due to depletion of insulin that led to increased gluconeogenesis rather than glycogenesis [66]. Administration
of NSO 2 mL/kg to the diabetic rats markedly improved
hepatic glycogen contents due to the promotion of pancreatic
insulin secretion, which activates glycogen synthase enzyme,
thus reducing circulating glucose level [67].
The increment in pancreatic islet immunostained area %
by NSO treatment in the diabetic rats, as a result of its antioxidant eﬀect, was in agreement with the ﬁndings of Omar and
Atia [38] and Widodo et al. [64]. The improvement of insulin
immunoreactivity as well as pancreatic islet morphology and
diameter could elucidate the upregulation of serum insulin
level and the decrease in FBG, thus improving hyperlipidemia in diabetic rats.

5. Conclusion
Based on the current results, NSO was found to be an
eﬀective protection against the adverse consequences of
STZ-induced diabetes in Wistar rats. NSO exerts its
eﬀect through thymoquinone antioxidant potential, which
improved pancreatic and hepatic integrity, thus increasing
pancreatic islet immunoreactivity, therefore increasing the
serum insulin level, increasing hepatic glycogen content,
reducing the elevated blood glucose level, and counteracting
diabetic dyslipidemia.
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Osteoporosis is a chronic disease in which the skeleton loses a weighty proportion of its mineralized mass and mechanical pliability.
Currently available antiosteoporotic agents suﬀer adverse eﬀects that include elevated risk of thrombosis and cancer.
Phytochemicals may constitute a safer and eﬀective option. In the current work, six ﬂavonoids were obtained from
Chrozophora tinctoria and identiﬁed as amentoﬂavone (1), apigenin-7-O-β-D-glucopyranoside (2), apigenin-7-O-6′′-E-pcoumaroyl-β-D-glucopyranoside (3), acacetin-7-O-β-D-[α-L-rhamnosyl(1→6)]3′′-E-p-coumaroyl glucopyranoside (4), apigenin7-O-(6′′-Z-p-coumaroyl)-β-D-glucopyranoside (5), and rutin (6). An extensive review of the literature as well as NMR and mass
spectral techniques was employed in order to elucidate the compound structures. Proliferation was enhanced in MCF7, MG-63,
and SAOS-2 cells after exposure to subcytotoxic levels of the tested ﬂavonoids. Rutin was chosen for subsequent studies in
SAOS-2 cells. Rutin was not found to cause any alteration in the index of proliferation of these cells, when examining the cell
cycle distribution by DNA ﬂowcytometric analysis. Rutin was, however, found to increase osteocyte and osteoblast-related gene
expression and lower the expression of RUNX suppressor and osteoclast genes. When examining the inﬂuence of rutin on
vitamin D levels and the activity of alkaline phosphatase enzyme, it was found to enhance both, while decreasing acid
phosphatase which is a marker of osteoporosis. Thus, rutin enhances proliferation and ossiﬁcation markers in bone cells.

1. Introduction
Osteoporosis is a chronic disease in which the skeleton loses a
weighty proportion of its mineralized mass and mechanical
pliability [1]. It occurs when bone resorption surpasses bone
formation, causing an imbalance [2]. As a result, the bones
tend to become more fragile and more susceptible to fractures [3]. Studies have shown that 50% of women and 20%
of men are likely to have a fracture resulting from

osteoporosis during their lifetime [4]. Such fractures impose
a heavy health and economic burden worldwide [5, 6]. The
risk of developing osteoporosis has been shown to be directly
linked to diet. Studies have reported that people eating
healthy diets with a high fruit and vegetable content tend to
have lower bone resorption than their counterparts eating
poor diets rich in processed foods [7]. Pharmacological
management of osteoporosis involves the use of bisphosphonates and estrogen replacement therapy. However, these
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medicines suﬀer adverse eﬀects that may range from gastric irritation to increased thromboembolic and cancer
risks [8–10]. Therefore, it is imperative that we look for safer
and eﬀective alternatives. In this regard, medicinal herbs and
plant-derived molecules have gained wide acceptance by the
public and scientiﬁc communities [11].
Flavonoids, which are widely found in fruit and vegetables, are bioactive polyphenols with anti-inﬂammatory and
antioxidant properties. Bone health has been associated with
the intake of ﬂavonoids. Intake of ﬂavonoids increases bone
mass density (BMD) in the neck and spine and decreases
bone resorption in perimenopausal women [12]. Moreover,
catechins and ﬂavanones were found to associate with
markers of bone resorption negatively. At the hip and spine,
anthocyanins were found to be strongly linked with BMD
[13]. It has been postulated that the reduction of low-grade
inﬂammation and oxidative stress by ﬂavonoids is the
hallmark of protecting bone loss. In addition, ﬂavonoids are
thought to promote the upregulation of signaling pathways
that increase the activity of osteoblasts [14].
Chrozophora tinctoria (L.) A. Juss. has several other names
including turnsole, Dyer’s croton or giradol. It is an annual
plant that belongs to the Euphorbiaceae family [15]. Experimentally, it exhibited antioxidant and wound healing eﬀects
[16, 17]. It exerts pronounced anti-inﬂammatory activities
which involve inhibition of TNF-α, PGE2, IL-1β, and IL-6
[18]. Phytochemically, this plant is rich in biﬂavones, such as
amentoﬂavone in addition to many ﬂavonoids including
apigenin, rutin, quercetin, and acacetin [15, 18–20]. The current work aimed at isolating, identifying, and assessing the
activity of major ﬂavonoids isolated from C. tinctoria on
markers of ossiﬁcation and proliferation of bone cells.

2. Materials and Methods
2.1. Material for Phytochemical Studies. UV IKON 940 spectrophotometer was used to measure UV spectra. A Bruker
Apex III Fourier-transform ion cyclotron resonance (FTICR)
mass spectrometer (Bruker Daltonics, Billerica, USA) including an Inﬁnity™ cell and a 7.0 Tesla superconducting magnet
(Bruker, Karlsruhe, Germany) was used to perform mass
spectrometric studies. A Bruker DRX-600 MHz Ultrashield
spectrometer (Bruker BioSpin, Billerica, MA, USA) was
utilized to measure NMR spectra. Chromatographic separation of the active compounds was performed on Silica gel
60 (70-230 mesh, Merck, Darmstadt, Germany), Silica gel
100 C18-Reversed phase (0.04–0.063 mm, Merck, Darmstadt,
Germany), and Sephadex LH-20 (Pharmacia Fine Chemicals
Inc., Uppsala, Sweden). Monitoring of the isolation process
was carried out on TLC plates with Silica gel 60 F254 (Merck,
Darmstadt, Germany).
2.2. Plants Utilized in the Study. Chrozophora tinctoria (L.)
A. Juss., Euphorbiaceae aerial parts were obtained from AlHadda road, Kingdom of Saudi Arabia (April 2015). These
specimens were authenticated by Dr. Emad Al-Sharif,
Department of Biology, King Abdulaziz University, Saudi
Arabia. A specimen (reg. number CO-1080) was retained in

Oxidative Medicine and Cellular Longevity
the herbarium of the Department of Natural Products and
Alternative Medicine, Saudi Arabia.
2.3. Phenolic Compound Extraction. The isolation process
was performed as previously reported [18]. In brief, two
kilograms of the aerial parts of C. tinctoria were dried and
methanol was used as an extraction solvent till exhaustion
to give a 150 g residue. The total extract was suspended in
the least amount of water and extracted with chloroform
leaving ﬂavonoid-rich mother liquor that was separated
using a Diaion HP-20 column starting with water up to
100% methanol to give three fractions (A–C). Fraction A
was free from any phenolic compounds. Silica gel column
chromatography was employed to separate fraction B
(50 × 5 cm, 180 g). CHCl3 : MeOH was employed with gradient elution resulting in three fractions, I, II, and III. The ﬁrst
fraction (0.5 g) was separated on CC Sephadex LH-20 using
the eluent MeOH to give compound 1 (50 mg). The second
fraction (1.5 g) was subjected to chromatography with
reversed phase Silica gel 100 C18–column and MeOH : H2O,
3 : 7 as an eluent to give compound 2 (40 mg). The third
fraction (2 g) was repeatedly fractionated on Sephadex LH20 using MeOH as an eluent; followed by CC on reversed
phase Silica gel 100 C18 using a system of MeOH : water,
3 : 7; and ﬁnally puriﬁcation was performed on HPLC
using a Zorbax SB-C18 column (9.4 × 250 mm), ﬂow rate
5 ml/min to give to compounds 3 (20 mg), 4 (35 mg),
and 5 (45 mg). Fraction C was chromatographed on
Sephadex LH-20 using MeOH as an eluent to give compound 6 (20 mg).
2.4. Chemical Compounds and Media. Sulfarhodamine B
(SRB), RNAse-A enzyme, 17β-hydroxyestradiol, and propidium iodide (PI) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Cell culture materials such as DMEM
media, fetal bovine serum (FBS), McCoy’s-5A media, and
MEM media were obtained from Gibco™, Thermo Fisher
Scientiﬁc (Waltham, MA, USA). The chemicals utilized in
this study were of the highest available analytical grade.
2.5. Cell Culture. The cell lines used in this study were human
breast adenocarcinoma cells (MCF-7 cell line), in addition to
human osteosarcoma cell lines (SAOS-2 and MG-63). These
estrogen-dependent cell lines were purchased from the VACCERA (Giza, Egypt). The cells were kept in DMEM, MEM, and
McCoy’s-5A media, respectively. Streptomycin (100 μg/ml),
penicillin (100 units/ml), and heat-inactivated FBS (10% v/v)
were added to the media. Cells were kept in at 37°C and in
humid conditions 5% (v/v) CO2 atmosphere.
2.6. Assessment of Cytotoxicity. The cytotoxic eﬀects of the
compounds obtained from C. tincturia were examined in
MCF-7, SAOS-2, and MG-63 cells using SRB assay as
described in the previous work [21]. Trypsin-EDTA (0.25%
w/v) was utilized to brieﬂy detach exponentially growing
cells. Subsequently, cells were transferred to 96-well plates
(103 cells per well). The test compounds were applied for
72 h to the cells. The cells were then ﬁxed using TCA (10%
w/v) at 4°C for 1 h. Subsequently, the cells were washed three
times and SRB solution (0.4% w/v) was added in a dark room

Oxidative Medicine and Cellular Longevity
for 10 min after which glacial acetic acid (1% v/v) was applied
for a ﬁnal wash. Cells were dried and the SRB-stained cells
were dissolved by Tris-HCl (0.1 M). A microplate reader
was utilized to record the color intensity at 540 nm.
2.7. Determination of Doubling Time Using the Proliferation
Assay. SRB assay was employed to calculate the doubling
time (as a measure for the proliferative eﬀect) of MCF-7,
SAOS-2, and MG-63 cells in the presence of and absence of
incubation with the compounds isolated from C. tincturia.
A subcytotoxic concentration (1 μM) of the ﬂavonoids
obtained from C. tincturia was shortly applied to cells
growing exponentially in media free of phenol red for 96 h.
SRB solution was used to stain cells in order to carry out their
quantiﬁcation and to calculate doubling time using the best
ﬁt linear regression analysis curve [22].
2.8. Cell Cycle Distribution Study. In order to determine the
eﬀects of rutin on the cell cycle distribution, 1 μM rutin was
applied to SAOS-2 cells for 48 h and a comparison was made
relative to 0.1 μM estradiol. Trypsin was used to detach and
collect the cells, after which PBS was added to wash the cells
twice at 4°C. The cells were then resuspended in PBS (0.5 ml).
Ethanol (ice-cold 70% v/v) (2 ml) was applied while shaking.
This was followed by an incubation of the cells for 1 h at 4°C
to allow ﬁxation to occur. Cells were then analyzed, washed,
and resuspended in PBS (1 ml) containing 50 μg/ml of
RNAase-A and 10 μg/ml of PI. The cells were kept in the dark
(20°C) for 20 minutes and the DNA contents were determined. After being passed into an ACEA Novocyte™ ﬂow
cytometer (ACEA Biosciences Inc., San Diego, CA, USA),
the cells were analyzed using a FL2 signal detector (λex/em
535/617 nm) for PI positive events. Phases of the cell cycle
were determined by ACEA NovoExpress™ software (ACEA
Biosciences Inc., San Diego, CA, USA) for every sample
(12,000 events per sample) subsequent to deﬁning cell
fragment-free ﬂuorescent gate. Cells in the supra-G2/M
phase were identiﬁed using ungated events. Total cells in
S- and G2/M phases were divided by cells in G0/G1 phases
in order to calculate the proliferation index.
2.9. Gene Array Studies. Expression of osteogenic- and
osteolytic-related genes was studied by exposing the cells
(1 × 106) to either 1 μM rutin or 0.1 μM estradiol for 48 h.
The latter served as a positive control. RNeasy Mini Kit®
(Qiagen Inc., Valencia, CA, USA) was used for RNA extraction. cDNA was obtained by reverse transcription with a
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). PCR was performed in real time on the cDNA
via GeneQuery™ Human Osteogenic Diﬀerentiation qPCR
Array (Science Cell Research Laboratories Inc., Carlsbad,
CA, USA) according to the manufacturer’s instructions
[23]; β-actin was selected as the housekeeping gene. The
formula: 2−ΔΔCq was employed to detect the normalized
change in the gene expression of the studied genes after treatment with rutin and estradiol.
2.10. Osteoporosis Marker Assessment. The eﬀects of rutin on
ossiﬁcation markers in the SAOS-2 cell line were determined
by the application of 1 μM rutin or 0.1 μM estradiol to 1 × 106
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cells for 48 h. The latter served as a positive control. After
collecting the media, assays of vitamin D, alkaline phosphatase (ALP), osteocalcin (OC), and acid phosphatase (ACP)
were performed. A direct HTS-ready colorimetric kit
(Abcam, Cambridge, UK) was used to determine ALP as well
as tartrate-resistant ACP [24]. Uscan® immunoassay ELISA
Kit (Life Science Inc., Wuhan, China) was utilized to detect
osteocalcin [25]. Human Total 25-OH Vitamin D IVD
ELISA Kit (R&D Systems, Inc., Minneapolis, MN, USA)
was used to detect vitamin D in its active form.
2.11. Statistical Analysis. Data are presented as mean ± SD.
Analysis of variance (ANOVA) and Tukey’s post hoc test
were used to calculate statistical signiﬁcance by SPSS® for
Windows, version 17.0.0. p < 0 05 was regarded as being statistically signiﬁcant.

3. Results and Discussion
There is an immense need for the development of novel
drugs to treat osteoporosis which are devoid of potentially
life-threatening side eﬀects, namely, stroke and carcinogenesis [8, 26]. We have previously found that the phenolic compound paradol, isolated from Aframomum meleguea seeds,
showed proliferative eﬀects in bone cells [27]. Flavonoids
have been shown by numerous studies to prevent bone loss
[12, 28–31]. Since C. tinctoria is rich in ﬂavonoids as apigenin, rutin, quercetin, and acacetin [18, 20], we examined
the eﬀects of these compounds on proliferation and ossiﬁcation markers. Mechanistically, the plant has been shown to
impede several pathologic processes leading to osteoporosis
as oxidative stress and inﬂammation [18]. Our study focused
on isolating and determining the activity of its ﬂavonoids on
bone cell proliferation and ossiﬁcation markers. Six metabolites were isolated from the C. tinctoria after phytochemical
analysis (Figure 1). Cochromatography with authentic samples was used to identify these compounds, in addition to referring to spectral data from the literature. The identiﬁed
compounds were amentoﬂavone (1) [32, 33], apigenin-7-Oβ-D-glucopyranoside (2) [34], apigenin-7-O-6′′-E-p-coumaroyl-β-D-glucopyranoside (3) [35], acacetin-7-O- β-D-[α-Lrhamnosyl(1→6)]3′′-E-p-coumaroyl glucopyranoside (4)
[18], apigenin-7-O-(6′′-Z-p-coumaroyl)-β-D-glucopyranoside (5) [18], and rutin (6) [34].
The cytotoxicity of these compounds was studied using
the SRB viability assay in various estrogenic cell lines,
namely, MCF-7, SAOS-2, and MG-63 cells. We have previously used these cell lines to study the eﬀects of paradol on
A. meleguea seeds, where we noted an accelerated proliferation [27]. In the present study, when looking at the eﬀects
on MCF-7 cells, the compounds showed a maximum of
20% alteration in the viability of cells, after being applied to
the compounds for 72 h in 10 μM concentrations. Exposing
the cells to a higher concentration (100 μM) of amentoﬂavone for 72 h (1) lead to a 78.8% viability of the control
untreated cells (Table 1). As in the MCF-7 cells, exposure
of SAOS-2 cells to the compounds at 10 μM concentration
for 72 h showed a maximum of 20% change in viability. However, increasing the concentration of the compounds 1, 3, 5,
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Figure 1: Isolated compounds from Chrozophora tincturia.

and 6 to 100 μM induced a viability drop down to 70.1%,
66.2%, 77.1%, and 76.2% of the untreated control cells,
respectively (Table 1). Interestingly, MG-63 cells were the
most aﬀected by the compounds under investigation. The
addition of the compounds under investigation (0.1 μM) to
MG-63 cells for 72 h had no more than a 20% change in the
viability of the cells. However, exposure to 1 μM of 1 and 5

reduced cell viability to 74.9% and 78.1% of the control
cells, respectively. The addition of a greater concentration
(10 μM) of all ﬂavonoids under investigation induced 20–
40% killing eﬀect at 72 h of exposure. Further exposure
to 100 μM of all compounds under investigation dropped
cell viability of MG-63 cells to 40–70% of the control
untreated cells (Table 1).
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Table 1: Cytotoxicity assessment of compounds isolated from C. tincturia.
Cpd

0.01 μM

0.1 μM

Percent viability
1 μM

10 μM
∗

100 μM

MCF-7

1
2
3
4
5
6

95.8 ± 1.6
99.4 ± 1.2
99.1 ± 0.3
99.8 ± 0.5
98.3 ± 1.2
97.5 ± 1.5

91.5 ± 3.4
94.8 ± 3.3
95.1 ± 3.4
96.0 ± 0.5
91.8 ± 2.7
93.2 ± 3.8

88.6 ± 3.3
91.1 ± 3.2
94.0 ± 2.5
94.5 ± 3.1
88.9 ± 2.8
90.4 ± 3.4

84.8 ± 1.6
90.3 ± 2.4
92.8 ± 1.7
91.1 ± 2.4
86.9∗ ± 1.7
88.2∗ ± 2.1

78.8∗ ± 0.3
85.9∗ ± 1.6
90.5∗ ± 0.3
87.9∗ ± 0.6
80.2∗ ± 1.2
80.3∗ ± 1.7

SAOS-2

1
2
3
4
5
6

98.9 ± 0.8
99.2 ± 0.6
97.4 ± 1.0
98.4 ± 0.7
97.0 ± 1.5
96.6 ± 0.8

95.1 ± 0.9
97.4 ± 2.0
96.8 ± 0.9
95.8 ± 0.8
92.9 ± 0.8
93.6 ± 0.7

92.1 ± 0.9
94.5 ± 1.3
91.9 ± 1.7
92.7 ± 0.4
90.9 ± 0.5
92.6 ± 1.9

80.4∗ ± 0.9
92.8 ± 1.6
84.7 ± 3.4
90.1 ± 0.9
85.4∗ ± 0.5
88.5∗ ± 1.2

70.1∗ ± 0.2
89.3∗ ± 1.5
66.2∗ ± 1.2
84.7∗ ± 1.0
77.1∗ ± 0.5
76.2∗ ± 0.9

MG-63

1
2
3
4
5
6

88.2 ± 0.1
95.9 ± 2.7
96.7 ± 2.0
98.1 ± 0.4
93.1 ± 0.9
91.1 ± 0.7

82.3 ± 1.2
88.8 ± 2.0
92.2 ± 1.6
93.2 ± 1.3
83.4 ± 1.2
86.2 ± 0.8

74.9∗ ± 2.0
81.1∗ ± 0.3
87.4 ± 1.2
87.2∗ ± 0.8
78.1∗ ± 0.8
82.2 ± 1.2

61.3∗ ± 0.4
74.9∗ ± 1.4
80.8∗ ± 0.2
79.8∗ ± 2.0
67.7∗ ± 1.1
73.0∗ ± 1.2

40.4∗ ± 0.5
70.9∗ ± 0.6
64.3∗ ± 1.1
60.2∗ ± 1.7
54.7∗ ± 2.1
63.4∗ ± 0.4

Cells were treated with test compounds for 72 h and viability was determined using SRB assay. Data are expressed as mean ± SD; n = 6. ∗ Signiﬁcantly diﬀerent
from control untreated cells (p < 0 05).

It has been previously reported that several ﬂavonoids
and related phytochemicals interact with estrogen receptors
[36, 37]. The inﬂuence of a subcytotoxic concentration
(1 μM) from all compounds under investigation on doubling
times of MCF-7, SAOS-2, and MG-63 cells was tested. A concentration of 0.1 μM E2 served as a positive control. Compounds 1, 3, and 6 caused a signiﬁcant lowering of the
doubling times of MCF-7 cells from 16.6 ± 1.4 h to 9.3
± 0.2 h, 8.6 ± 0.4 h, and 7.2 ± 0.5 h, respectively. The addition
of E2 to MCF-7 cells resulted in a lowering of the doubling
time to 8.5 ± 0.4 h (Table 2). When studying the cell lines
derived from bone osteosarcoma, compounds 1, 3, 4, 5, and
6 caused a decrease in the doubling time of SAOS-2 cells
from 49.3 ± 4.1 h to 26.6 ± 1.4 h, 14.7 ± 0.7 h, 29.0 ± 2.9 h,
29.4 ± 3.5 h, and 15.7 ± 0.2 h, respectively. In SAOS-2 cells, it
was noted that E2 decreased the doubling time to 20.1
± 1.2 h (Table 2). In addition, compounds 1, 3, 5, and 6 lowered the MG-63 cells doubling time from 36.8 ± 2.2 h to 20.9
± 0.3 h, 21.0 ± 0.3 h, 23.5 ± 1.1 h, and 20.8 ± 0.5 h, respectively,
in comparison to 23.1 ± 0.1 h by E2 (Table 2). It is worth mentioning that some ﬂavonoids might be equipotent or ever
more potent than E2 which might be attributed to the higher
concentrations used (more than 10-fold). When comparing
all tested ﬂavonoids, rutin (6) showed promising proliferative
properties with minimal expected mutagenic inﬂuence. This
is in line with reports by Hyun et al. regarding its osteoclast
activating properties [38]. Additionally, the selection of
SAOS-2 cells for future studies was based upon their low viability drop when treated with the ﬂavonoids being studied.
In this study, the ﬂavonoids obtained from C. tinctoria
displayed clear proliferative eﬀects in all the three studied cell

Table 2: Proliferative eﬀects of compounds isolated from C.
tincturia: doubling time assessment.

Control
1
2
3
4
5
6
E2

MCF-7

SAOS2

MG-63

16.6 ± 1.4
9.3∗ ± 0.2
14.8 + 1.7
8.6∗ ± 0.4
11.8 ± 3.6
13.4 ± 3.2
7.2∗ ± 0.5
8.5∗ ± 0.4

49.3 ± 4.1
26.3∗ ± 1.4
35.7 ± 3.4
14.7∗ ± 0.7
29.0∗ ± 2.9
29.4∗ ± 3.5
15.7∗ ± 0.2
20.1∗ ± 1.2

36.8 ± 2.2
20.9∗ ± 0.3
27.5 ± 2.1
21.0∗ ± 0.3
25.8∗ ± 3.5
23.5∗ ± 1.1
20.8∗ ± 0.5
23.1∗ ± 0.1

Cells were treated with test compounds (1 μM) for up to 96 h and viability
was determined using SRB assay. Doubling times were calculated and
compared to control untreated cells and E2 (0.1 μM) treated cells (positive
control). Data are expressed as mean ± SD; n = 6. ∗ Signiﬁcantly diﬀerent
from the corresponding untreated cells; p < 0 05.

lines. Although several studies have reported that estrogen
along with various estrogen metabolites possesses proliferative properties, this was limited by the fact that they cause
mutagenicity [22, 39]. Therefore, it was of importance to
record the impact of rutin on the distribution of the phases
of cell cycle in relation to the progression of the cell cycle ﬂow
cytometry to determine DNA content. Treatment of SAOS-2
cells with 1 μM rutin for 48 h was carried out. Exposing the
cells to 0.1 μM E2 served as a positive control. Interestingly,
rutin produced a signiﬁcant increase of cells in G0/G1 from
55.2 ± 2.4% to 62.6 ± 1.1% with a reciprocal decrease for cells
in S-phase from 30.7 ± 2.9% to 22.5 ± 1.0%. G2/M phase was
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Figure 2: Eﬀect of rutin on the cell cycle distribution of SAOS-2 cells. Cells were exposed to rutin (1 μM) for 48 h (b) and compared to control
untreated cells (a) and E2- (0.1 μM) treated cells (c). Cell cycle distribution was determined using DNA cytometry analysis and diﬀerent
cell phases were plotted (d) as percentage of total events. Proliferation index was calculated and plotted (e). Supra-G2/M cell population
was plotted as percent of total events (f). Data are presented as mean ± SD; n = 3. ∗ Signiﬁcantly diﬀerent from the control untreated
cells; p < 0 05.

not aﬀected by treatment with rutin (Figures 2(a), 2(c),
and 2 (d)). However, 0.1 μM E2 produced a signiﬁcant drop
of cells in the S-phase (30.7 ± 2.9% to 26.5 ± 0.9%). Treating
SAOS-2 cells with E2 caused no signiﬁcant changes of cells
in G0/G1 or S-phases (Figures 2(a), 2(b), and 2(d)). When
studying the proliferating cell fraction balance in SAOS-2
cells, rutin signiﬁcantly decreased the proliferation index;
on the other hand, treatment with E2 did not alter their
proliferation index (Figure 2(e)). In a previous study in our
laboratory, paradol showed no inﬂuence on the proliferation
index of SAOS-2 cells [27]. Our current data are in alignment
with our studies on SAOS-2 cells where 1 μM rutin was found
to decrease the doubling time. Yet, we tested the nature of the
rutin proliferative eﬀect in SAOS-2; accumulation of cells in
the supra-G2 compartment (multiploidy phase) might
indicate uncontrolled cell proliferation. Interestingly, after
SAOS-2 exposure to rutin, cells in supra-G2 phase were much
lower than control cells (Figure 2(f)). This indicates a punctuated cell division without cell accumulation in multiploidy
phase [40]. This gains support by the known chemopreventive and anticarcinogenic properties of rutin [41–43].

Several studies have reported that targeting ossiﬁcation is
a more fruitful approach than targeting proliferation, when
looking at developing new drug targets to treat osteoporosis.
[44, 45]. The eﬀects of rutin on osteogenic marker gene
expression were quantitatively studied using RT-PCR gene
array battery kit that comprises various osteogenic gene families. These include osteocyte, osteoclast, and osteoblast activity markers, as well as RUNX suppressor genes. When
studying the osteocyte activity markers (BGN, FGF23, PDPN,
HYOU1, and SOST), rutin and E2 caused an increase in
expression of all the tested osteocyte activity gene markers
by 1.9- to 2.9-folds and 2.7- to 3.5-folds, respectively
(Figure 3(a)). The role of osteocytes in calcium and phosphate homeostasis has been previously reported. Osteocytes
cloned with BGN caused acceleration of osteoblast diﬀerentiation in vitro and an increase in the area of lamellar bone-like
matrices in vivo [46]. Phosphate levels are known to decline
due to the presence of the FGF23 protein [47]. Dividing osteocytes are known to express PDPN, which is regarded as a
marker of activity [48]. They also secrete SOST causing a
negative eﬀect on the formation of bones [49]. Also, rutin
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Figure 3: Eﬀect of rutin on mRNA expression of some ossiﬁcation related genes in SAOS-2 cell line. Cells were incubated with rutin (1 μM) or
E2 (0.1 μM) for 48 h. Total RNA was extracted and subjected to RT-PCR. Data were normalized to β-actin; fold changes were calculated and
expressed as mean ± SD; n = 3. ∗ Signiﬁcantly diﬀerent from the control untreated cells; p < 0 05.

increased the expression level of GNL3, CD44, MME, and
SCUBE3 osteoblast activity markers, by 1.8 ± 0.2-, 1.9 ± 0.3-,
2.5 ± 0.7-, and 3.5 ± 0.9-folds, respectively. OMD expression
after rutin treatment was not changed. The ﬁve tested gene
markers of osteoblast activity were augmented by 2.1- to
4.0-folds after the application of E2 (Figure 3(b)). Compared
to our previous work on paradol [27], rutin signiﬁcantly
increased HYOU1 but not SOST. Further, rutin could significantly enhance expression of the osteoblast marker CD44
while paradol failed to exert a similar eﬀect. With respect to
osteoclast activity markers, both rutin and E2 downregulated
CA2, CALCR, and CTSK expression to 0.4- to 0.5-folds and
0.2- to 0.4-folds, respectively. The expression of MMP9 and
TNFRSF11A genes was unaltered after treatment with either
rutin or E2 (Figure 3(c)). These ﬁndings conﬁrm the potential
favorable eﬀects of rutin. This is further supported by studies
in the bone marrow that showed rutin inhibits osteoclastogenesis [50]. When studying the RUNX suppressor gene family

(GLB, HES1, STAT1, TWIST1, and HAND2), rutin downregulated the expression of HES1and TWIST1 mRNA to 0.7
± 0.1- and 0.4 ± 0.07-folds of the control cells, respectively.
On the other hand, E2 was found to suppress HES1, STAT1,
TWIST1, and HAND2 gene expression to 0.4- to 0.6-folds of
control (Figure 3(d)). Studies have reported that RUNX
regulates RANKL leading to the maturation and diﬀerentiation of osteoblasts [51]. The lowered expression of HES1and
TWIST1 (RUNX suppressors) by rutin supports its osteogenic
eﬀects. All these data are in alignment with our previous publication on paradol [27]. However, rutin showed superior
activities with regard to suppressing CALCR expression.
In the present study, we determined the eﬀects of treating
SAOS-2 cells with 1 μM rutin for 48 h on the levels of four
essential osteoporosis-related markers. The results were
compared with treatment of the cells with 0.1 μM E2 as a
positive control. Rutin produced a signiﬁcant increase in
the activity/concentrations of all ossiﬁcation markers, ALP
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Figure 4: Biochemical assessment for antiosteoporosis eﬀect of rutin in vitro. SAOS-2 cells were treated with rutin (1 μM) and E2 (0.1 μM) for
48 h and compared to the control untreated cells. Biochemical assessment of osteoporosis was evaluated by measuring alkaline phosphatase
(a), osteocalcin (b), vitamin D3 (c), and acid phosphatase (d). Data are presented as mean ± SD; n = 3. ∗ Signiﬁcantly diﬀerent from the control
untreated cells; p < 0 05.

enzyme, OCN hormone, and active Vit-D3 concentration, by
7.1-, 3.4-, and 1.1-folds, respectively. Similarly, E2 increased
the activity/concentrations of ALP enzyme, OCN hormone,
and active Vit-D3 concentration, by 6.9-, 3.9-, and 1.2-folds,
respectively (Figures 4(a)–4(c)). On the other hand, rutin
produced a statistically signiﬁcant drop in ACP enzyme
activity (bone resorption marker) from 4.7 ± 0.4 IU/ml to
1.6 ± 0.4 IU/ml compared to 1.5 ± 0.4 IU/ml for E2-treated
cells (Figure 4(d)). The biochemical markers chosen in this
study are well documented in the literature as reliable
markers having antiosteoporotic properties. [52]. In conclusion, the analysis of C. tinctoria extract led to the isolation
of various ﬂavonoids showing antiosteoporosis inﬂuence.
Rutin was especially promising as it showed ossiﬁcation
in bone cells as well as possessing punctuate proliferative
activity with minimal inﬂuence to cell cycle distribution.

In other words, rutin might be further studied as a potential antiosteoprotic agent with minimal expected mutagenic eﬀects.

Conflicts of Interest
The authors declare no conﬂicts of interest.

Acknowledgments
This project was funded by the Deanship of Scientiﬁc
Research (DSR), King Abdulaziz University, Jeddah, Saudi
Arabia, under Grant no. (1-166-35 RG). The authors,
therefore, acknowledge with thanks DSR for technical and
ﬁnancial support.

Oxidative Medicine and Cellular Longevity

References
[1] R. M. Martin and P. H. S. Correa, “Bone quality and osteoporosis therapy,” Arquivos Brasileiros de Endocrinologia & Metabologia, vol. 54, no. 2, pp. 186–199, 2010.
[2] K. Akesson, “New approaches to pharmacological treatment of
osteoporosis,” Bulletin of the World Health Organization,
vol. 81, no. 9, pp. 657–664, 2003.
[3] K. E. Ensrud and C. J. Crandall, “Osteoporosis,” Annals of
Internal Medicine, vol. 167, no. 3, pp. ITC17–ITC32, 2017.
[4] T. P. van Staa, E. M. Dennison, H. G. Leufkens, and C. Cooper,
“Epidemiology of fractures in England and Wales,” Bone,
vol. 29, no. 6, pp. 517–522, 2001.
[5] W. D. Leslie, C. J. Metge, M. Azimaee et al., “Direct costs of
fractures in Canada and trends 1996–2006: a populationbased cost-of-illness analysis,” Journal of Bone and Mineral
Research, vol. 26, no. 10, pp. 2419–2429, 2011.
[6] J. P. van den Bergh, T. A. van Geel, and P. P. Geusens, “Osteoporosis, frailty and fracture: implications for case ﬁnding and
therapy,” Nature Reviews Rheumatology, vol. 8, no. 3, pp. 163–
172, 2012.
[7] A. C. Hardcastle, L. Aucott, W. D. Fraser, D. M. Reid, and
H. M. Macdonald, “Dietary patterns, bone resorption and
bone mineral density in early post-menopausal Scottish
women,” European Journal of Clinical Nutrition, vol. 65,
no. 3, pp. 378–385, 2011.
[8] L. M. Brass, “Estrogens and stroke: use of oral contraceptives
and postmenopausal use of estrogen: current recommendations,” Current Treatment Options in Neurology, vol. 6, no. 6,
pp. 459–467, 2004.
[9] W. Strampel, R. Emkey, and R. Civitelli, “Safety considerations
with bisphosphonates for the treatment of osteoporosis,” Drug
Safety, vol. 30, no. 9, pp. 755–763, 2007.
[10] D. A. Yardley, “Pharmacologic management of bone-related
complications and bone metastases in postmenopausal women
with hormone receptor-positive breast cancer,” Breast Cancer:
Targets and Therapy, vol. 8, pp. 73–82, 2016.
[11] L. Wu, Z. Ling, X. Feng, C. Mao, and Z. Xu, “Herb medicines
against osteoporosis: active compounds & relevant biological
mechanisms,” Current Topics in Medicinal Chemistry,
vol. 17, no. 15, pp. 1670–1691, 2017.
[12] A. C. Hardcastle, L. Aucott, D. M. Reid, and H. M. Macdonald, “Associations between dietary ﬂavonoid intakes
and bone health in a Scottish population,” Journal of
Bone and Mineral Research, vol. 26, no. 5, pp. 941–947,
2011.
[13] A. Welch, A. MacGregor, A. Jennings, S. Fairweather-Tait,
T. Spector, and A. Cassidy, “Habitual ﬂavonoid intakes are
positively associated with bone mineral density in women,”
Journal of Bone and Mineral Research, vol. 27, no. 9,
pp. 1872–1878, 2012.
[14] A. A. Welch and A. C. Hardcastle, “The eﬀects of ﬂavonoids on
bone,” Current Osteoporosis Reports, vol. 12, no. 2, pp. 205–
210, 2014.
[15] R. Gibbs, Chemotaxonomy of Flowering Plants, McGillQueen’s University Press, Montreal, 1974.
[16] F. Oke-Altuntas, S. Ipekcioglu, A. Sahin Yaglioglu, L. Behcet,
and I. Demirtas, “Phytochemical analysis, antiproliferative
and antioxidant activities of Chrozophora tinctoria: a natural
dye plant,” Pharmaceutical Biology, vol. 55, no. 1, pp. 966–
973, 2017.

9
[17] H. Maurya, M. Semwal, and S. K. Dubey, “Pharmacological
evaluation of Chrozophora tinctoria as wound healing potential in diabetic rat’s model,” BioMed Research International,
vol. 2016, Article ID 7475124, 7 pages, 2016.
[18] H. M. Abdallah, F. M. Almowallad, A. Esmat, I. A. Shehata,
and E. A. Abdel-Sattar, “Anti-inﬂammatory activity of ﬂavonoids from Chrozophora tinctoria,” Phytochemistry Letters,
vol. 13, pp. 74–80, 2015.
[19] E. Hecker, “Cocarcinogenic principles from the seed oil of Croton tiglium and from other Euphorbiaceae,” Cancer Research,
vol. 28, no. 11, pp. 2338–2349, 1968.
[20] U. W. Hawas, “Antioxidant activity of brocchlin carboxylic acid and its methyl ester from Chrozophora brocchiana,” Natural Product Research, vol. 21, no. 7, pp. 632–640,
2007.
[21] P. Skehan, R. Storeng, D. Scudiero et al., “New colorimetric
cytotoxicity assay for anticancer-drug screening,” JNCI
Journal of the National Cancer Institute, vol. 82, no. 13,
pp. 1107–1112, 1990.
[22] H. A. Mosli, M. F. Tolba, A. M. Al-Abd, and A. B. Abdel-Naim,
“Catechol estrogens induce proliferation and malignant transformation in prostate epithelial cells,” Toxicology Letters,
vol. 220, no. 3, pp. 247–258, 2013.
[23] J. Vandesompele, K. De Preter, F. Pattyn et al., “Accurate
normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes,” Genome
Biology, vol. 3, article RESEARCH0034, 2002.
[24] W. Gerhardt, M. L. Nielsen, O. V. Nielsen, J. S. Olsen, and B. E.
Statland, “Clinical evaluation of routine measurement of liver
and bone alkaline phosphatases in human serum: diﬀerential
inhibition by L-phenylalanine and carbamide (urea) on the
LKB 8600 reaction rate analyzer,” Clinica Chimica Acta,
vol. 53, no. 3, pp. 291–297, 1974.
[25] J. Y. Fu and D. Muller, “Simple, rapid enzyme-linked
immunosorbent assay (ELISA) for the determination of rat
osteocalcin,” Calciﬁed Tissue International, vol. 64, no. 3,
pp. 229–233, 1999.
[26] P. D. Papapetrou, “Bisphosphonate-associated adverse
events,” Hormones, vol. 8, no. 2, pp. 96–110.
[27] A. B. Abdel-Naim, A. A. Alghamdi, M. M. Algandaby et al.,
“Phenolics isolated from Aframomum meleguta enhance proliferation and ossiﬁcation markers in bone cells,” Molecules,
vol. 22, no. 9, 2017.
[28] I. Fernandes, R. Pérez-Gregorio, S. Soares, N. Mateus, and
V. de Freitas, “Wine ﬂavonoids in health and disease prevention,” Molecules, vol. 22, no. 4, p. 292, 2017.
[29] C.-L. Shen and M.-C. Chyu, “Tea ﬂavonoids for bone health:
from animals to humans,” Journal of Investigative Medicine,
vol. 64, no. 7, pp. 1151–1157, 2016.
[30] Y. Gao, F. Yang, H. Xi, W. Li, P. Zhen, and K. Chen, “Eﬀects of
icariin total ﬂavonoids capsule on bone mineral density and
bone histomorphometry in growing rats,” Zhejiang Da Xue
Xue Bao. Yi Xue Ban, vol. 45, no. 6, pp. 581–586, 2016.
[31] Y.-L. Huang, C.-C. Shen, Y.-C. Shen, W.-F. Chiou, and
C.-C. Chen, “Anti-inﬂammatory and Antiosteoporosis ﬂavonoids from the rhizomes of Helminthostachys zeylanica,” Journal of Natural Products, vol. 80, no. 2, pp. 246–253, 2017.
[32] C. A. Carbonezi, L. Hamerski, A. A. L. Gunatilaka et al., “Bioactive ﬂavone dimers from Ouratea multiﬂora (Ochnaceae),”
Revista Brasileira de Farmacognosia, vol. 17, no. 3, pp. 319–
324, 2007.

10
[33] Y.-M. Zhang, R. Zhan, Y.-G. Chen, and Z.-X. Huang, “Two
new ﬂavones from the twigs and leaves of Cephalotaxus lanceolata,” Phytochemistry Letters, vol. 9, pp. 82–85, 2014.
[34] M. Shabana, M. El-Sherei, M. Moussa, A. Sleem, and
H. Abdallah, “Investigation of phenolic constituents of Carduncellus eriocephalus Boiss. Var. albiﬂora Gauba and their
biological activities,” Natural Product Communications,
vol. 2, pp. 823–828, 2007.
[35] M. Plioukas, A. Termentzi, C. Gabrieli, M. Zervou, P. Kefalas,
and E. Kokkalou, “Novel acylﬂavones from Sideritis syriaca
ssp. syriaca,” Food Chemistry, vol. 123, no. 4, pp. 1136–1141,
2010.
[36] S. Lecomte, M. Lelong, G. Bourgine, T. Efstathiou, C. Saligaut,
and F. Pakdel, “Assessment of the potential activity of major
dietary compounds as selective estrogen receptor modulators
in two distinct cell models for proliferation and diﬀerentiation,” Toxicology and Applied Pharmacology, vol. 325,
pp. 61–70, 2017.
[37] X. Wang, N. Zheng, J. Dong, X. Wang, L. Liu, and J. Huang,
“Estrogen receptor-α36 is involved in icaritin induced growth
inhibition of triple-negative breast cancer cells,” The Journal
of Steroid Biochemistry and Molecular Biology, vol. 171,
pp. 318–327, 2017.
[38] H. Hyun, H. Park, J. Jeong et al., “Eﬀects of watercress containing rutin and rutin alone on the proliferation and osteogenic
diﬀerentiation of human osteoblast-like MG-63 cells,” The
Korean Journal of Physiology & Pharmacology, vol. 18, no. 4,
pp. 347–352, 2014.
[39] A. M. Soto and C. Sonnenschein, “The role of estrogens on the
proliferation of human breast tumor cells (MCF-7),” Journal of
Steroid Biochemistry, vol. 23, no. 1, pp. 87–94, 1985.
[40] J. M. Mitchison and B. L. A. Carter, “Chapter 11 cell cycle
analysis,” Methods in Cell Biology, vol. 11, pp. 201–219,
1975.
[41] M. G. Hertog, P. C. Hollman, M. B. Katan, and D. Kromhout,
“Intake of potentially anticarcinogenic ﬂavonoids and their
determinants in adults in The Netherlands,” Nutrition and
Cancer, vol. 20, no. 1, pp. 21–29, 1993.
[42] C. Chaumontet, M. Suschetet, E. Honikman-Leban et al.,
“Lack of tumor-promoting eﬀects of ﬂavonoids: studies on
rat liver preneoplastic foci and on in vivo and in vitro gap junctional intercellular communication,” Nutrition and Cancer,
vol. 26, no. 3, pp. 251–263, 1996.
[43] S. Sharma, A. Ali, J. Ali, J. K. Sahni, and S. Baboota, “Rutin:
therapeutic potential and recent advances in drug delivery,”
Expert Opinion on Investigational Drugs, vol. 22, no. 8,
pp. 1063–1079, 2013.
[44] J. A. Kanis and C. C. Glüer, “An update on the diagnosis and
assessment of osteoporosis with densitometry,” Osteoporosis
International, vol. 11, no. 3, pp. 192–202, 2000.
[45] T. D. Rachner, S. Khosla, and L. C. Hofbauer, “Osteoporosis:
now and the future,” The Lancet, vol. 377, no. 9773,
pp. 1276–1287, 2011.
[46] D. Parisuthiman, Y. Mochida, W. R. Duarte, and
M. Yamauchi, “Biglycan modulates osteoblast diﬀerentiation
and matrix mineralization,” Journal of Bone and Mineral
Research, vol. 20, no. 10, pp. 1878–1886, 2005.
[47] R. Sapir-Koren and G. Livshits, “Osteocyte control of bone
remodeling: is sclerostin a key molecular coordinator of the
balanced bone resorption–formation cycles?,” Osteoporosis
International, vol. 25, no. 12, pp. 2685–2700, 2014.

Oxidative Medicine and Cellular Longevity
[48] D. Dayong Guo and L. F. Bonewald, “Advancing our understanding of osteocyte cell biology,” Therapeutic Advances in
Musculoskeletal Disease, vol. 1, no. 2, pp. 87–96, 2009.
[49] X. Li, M. S. Ominsky, Q.-T. Niu et al., “Targeted deletion of the
sclerostin gene in mice results in increased bone formation and
bone strength,” Journal of Bone and Mineral Research, vol. 23,
no. 6, pp. 860–869, 2008.
[50] C. M. Rassi, M. Lieberherr, G. Chaumaz, A. Pointillart, and
G. Cournot, “Modulation of osteoclastogenesis in porcine
bone marrow cultures by quercetin and rutin,” Cell and Tissue
Research, vol. 319, no. 3, pp. 383–393, 2005.
[51] T. Komori, “Roles of runx2 in skeletal development,” Advances
in Experimental Medicine and Biology, vol. 962, pp. 83–93,
2017.
[52] H. M. Abdallah, A. M. Al-Abd, G. F. Asaad, A. B. Abdel-Naim,
and A. M. El-halawany, “Isolation of antiosteoporotic compounds from seeds of Sophora japonica,” PLoS One, vol. 9,
no. 6, article e98559, 2014.

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 6745840, 8 pages
https://doi.org/10.1155/2017/6745840

Research Article
Comparison of Selected Parameters of Redox
Homeostasis in Patients with Ataxia-Telangiectasia and
Nijmegen Breakage Syndrome
Barbara Pietrucha,1 Edyta Heropolitanska-Pliszka,1 Mateusz Maciejczyk,2 Halina Car,2
Jolanta Sawicka-Powierza,3 Radosław Motkowski,4 Joanna Karpinska,5 Marta Hryniewicka,5
Anna Zalewska,6 Malgorzata Pac,1 Beata Wolska-Kusnierz,1 Ewa Bernatowska,1
and Bozena Mikoluc4
1

Clinical Immunology, The Children’s Memorial Health Institute, Av. Dzieci Polskich 20, 04-730 Warsaw, Poland
Department of Experimental Pharmacology, Medical University of Bialystok, Szpitalna 37 Str., 15-295 Bialystok, Poland
3
Department of Family Medicine, Medical University of Bialystok, Bialystok, Poland
4
Department of Pediatrics Rheumatology, Immunology, and Metabolic Bone Diseases, Medical University of Bialystok,
Waszyngtona 17 Str., 15-274 Bialystok, Poland
5
Institute of Chemistry, University of Bialystok, Bialystok, Poland
6
Department of Conservative Dentistry, Medical University of Bialystok, Bialystok, Poland
2

Correspondence should be addressed to Bozena Mikoluc; bozenam@mp.pl
Received 25 August 2017; Revised 21 November 2017; Accepted 3 December 2017; Published 31 December 2017
Academic Editor: Mohamed M. Abdel-Daim
Copyright © 2017 Barbara Pietrucha et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
This study compared the antioxidant status and major lipophilic antioxidants in patients with ataxia-telangiectasia (AT) and
Nijmegen breakage syndrome (NBS). Total antioxidant status (TAS), total oxidant status (TOS), oxidative stress index (OSI),
and concentrations of coenzyme Q10 (CoQ10) and vitamins A and E were estimated in the plasma of 22 patients with AT,
12 children with NBS, and the healthy controls. In AT patients, TAS (median 261.7 μmol/L) was statistically lower but TOS
(496.8 μmol/L) was signiﬁcantly elevated in comparison with the healthy group (312.7 μmol/L and 311.2 μmol/L, resp.).
Tocopherol (0.8 μg/mL) and CoQ10 (0.1 μg/mL) were reduced in AT patients versus control (1.4 μg/mL and 0.3 μg/mL, resp.).
NBS patients also displayed statistically lower TAS levels (290.3 μmol/L), while TOS (404.8 μmol/L) was comparable to the
controls. We found that in NBS patients retinol concentration (0.1 μg/mL) was highly elevated and CoQ10 (0.1 μg/mL) was
signiﬁcantly lower in comparison with those in the healthy group. Our study conﬁrms disturbances in redox homeostasis in AT
and NBS patients and indicates a need for diagnosing oxidative stress in those cases as a potential disease biomarker. Decreased
CoQ10 concentration found in NBS and AT indicates a need for possible supplementation.

1. Introduction
Ataxia-telangiectasia (AT; OMIM #208900) and Nijmegen
breakage syndrome (NBS; OMIM #251260) belong to a
group of genetically determined primary immunodeﬁciency
disorders (PID) whose course involves defects in DNA repair
processes [1]. AT is caused by null mutations in the ATM
(ataxia-telangiectasia mutated) gene located on chromosome

11q.26 which encodes a protein of the same name. The main
role of ATM protein is the coordination of cellular response
to DNA double strand breaks, oxidative stress, signal transduction, and cell-cycle control. The clinical picture of the
disease is characterised by cerebellar degeneration, telangiectasia, immunodeﬁciency, cancer susceptibility, and radiation
sensitivity. Experimental studies have provided direct evidence for the presence of mitochondrial dysfunctions in AT
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cells. They have demonstrated that the structural organisation of mitochondria in AT cells is abnormal compared to
wild-type cells [2, 3].
NBS, similarly to AT, belongs to a group of the XCIND
syndrome. The XCIND syndrome is named after Eaton
et al. who found distinct hypersensitivity to ionizing
(X-ray) irradiation, cancer susceptibility, immunodeﬁciency,
neurological abnormality, and double-strand DNA breakage
in these cases [4]. Mutations causative of NBS occur in the
NBS1 gene, located on human chromosome 8q21. NBS1
encodes for nibrin, the key regulatory protein of the R/M/N
(RAD50/MRE11/NBS1) protein complex which senses and
mediates cellular response to DNA damage caused by ionizing radiation [5, 6]. The chromosome instability in AT and
NBS patients results from a defective response to DNA
double-strand breaks. In addition, AT and NBS patients
display a few common characteristics such as growth retardation, premature aging, and neurodegeneration. It is believed
that these symptoms can be caused not only by chromosomal
instability and aberrant DNA damage response but also by
oxidative stress and mitochondrial abnormalities [1, 2].
Recent studies indicate new, alternative sources of ROS
and oxidative stress in AT and NBS cells, including NADPH
oxidase 4, oxidised low-density lipoprotein (ox-LDL), or poly
(ADP-ribose) polymerases (PARP-1, PARP-2, and PARP-3)
[1, 7–10]. Mitochondrial dysfunction such as aberrant structural organisation of mitochondria, excess mitochondrial
ROS (mROS) production and mitochondrial injury have also
been reported in AT and NBS cells [1, 3, 11]. Valentin-Vega
et al. [11] showed increased mROS production in AT cells,
which resulted from a decline in the activity of complex I of
the electron transport chain in mitochondria. Noteworthy
is a study conducted by Weyemi et al. [9] who stressed that
NADPH oxidase 4 (the main source of free radicals in the
cell) was highly upregulated in AT cells and correlated with
higher oxidative damage and apoptosis. To date, however,
little is still known about the oxidant/antioxidant abnormalities in AT and NBS patients. Therefore, the purpose of our
study was to measure selected parameters of redox homeostasis in patients with AT and NBS. Both disorders are
characterised by symptoms typical of the XCIND syndrome,
and therefore we intended to evaluate total antioxidant status
(TAS), total oxidant status (TOS), and oxidative stress index
(OSI) as well as concentrations of the most common lipophilic antioxidants, CoQ10, and vitamins A and E. It appears
that the thorough understanding of disturbances in the
body’s antioxidant defense mechanisms could lead to new
therapeutic strategies in AT and NBS, similarly as in other
oxidative stress-related genetic disorders.

2. Materials and Methods
2.1. Patients. The study included 12 Caucasian children with
NBS (5 females, 7 males) whose average age was 12 years and
1 month with a conﬁrmed mutation in the NBS1 gene and
22 patients with AT (9 females, 13 males) whose average age
was 13 years and 7 months with a conﬁrmed mutation in
ATM gene. All study participants were under the medical
care of the Department of Immunology at the Children’s
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Memorial Health Institute in Warsaw, Poland. The patients
were included in the study on the basis of their medical
history and physical examination, and they were found to
be in good health at the time of enrollment (normal biochemical and morphological blood parameters, negative markers
of inﬂammation). Diagnosis was based on clinical symptoms
and genetic and biochemical tests according to ESID
(European Society for Immunodeﬁciencies) criteria. None
of the patients enrolled in the study were diagnosed with
cancer, diabetes, hypertension, and HIV infection. The
control group consisted of, respectively, 12 and 22 healthy
individuals matched for age and sex. Plasma samples of the
study and the control group were collected between February
2016 and January 2017.
The study was approved by the Bioethical Committee at
the Medical University, Bialystok, Poland. Parents of all
respondents gave informed written consent for their
children’s participation in the study.
2.2. Determination of Plasma Total Antioxidant Status (TAS),
Total Oxidant Status (TOS), and Oxidative Stress Index (OSI).
Total antioxidant status (TAS) and total oxidant status
(TOS) were determined using commercial colorimetric kits
(ImAnOx (TAS/TAC) Kit, Immundiagnostik, Bensheim,
Germany and PerOx (TOS/TOC) Kit, Immundiagnostik,
Bensheim, Germany, resp.) in accordance with the manufacturer’s instructions. The determination of TAS was based on
a reaction between antioxidants contained in the sample with
exogenous hydrogen peroxide, while the determination of
TOS was performed by the reaction of peroxidase with total
lipid peroxides in the sample. The resulting coloured products were measured colorimetrically at a wavelength of
450 nm using Mindray MR-96 Microplate Reader, China.
All assays were performed in duplicate samples. To assess
the redox balance disorders, we have also used the oxidative
stress index (OSI), which may be considered as a gold indicator of oxidative stress in biological systems. OSI was calculated according to the formula OSI = TOS/TAS × 100 [12].
2.3. Determination of Plasma Vitamin A (All-Trans-Retinol),
Vitamin E (L-Tocopherol), and Coenzyme Q10. Analyses
were performed using high performance liquid chromatograph coupled with MS detector equipped with triple
quadrupole (Shimadzu LCMS/MS-8040). Ionization was
conducted using APCI (atmospheric pressure chemical
ionization) mode. Data acquisition and processing were
performed using Shimadzu LabSolutions LCMS Software.
The compounds were separated with a Kinetex XB-C18
100A analytical column (50 mm × 3.0 mm, 1.7 μm). The
mobile phase consisted of an isocratic solvent A (methanol)
0.01-2 min and then isocratic solvent B (methanol-n-hexan,
72 : 28, v/v) 2.5–6 min. The ﬂow rate was 0.4 mL/min, and
the temperature of the analytical column was 400°C. The
injection volumes of standard and sample solutions were
10 μL. Acquisition settings and method were optimized by
the infusion of a 10 μg/mL solution of each ﬁxed compound.
The mass spectrometer was operated in the positive ion
atmospheric pressure chemical ionization mode. The APCI
temperature was set at 350°C and the ion current 4.5 μA.
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The ﬂow of the drying gas (N2) and the ﬂow of the nebulizing
gas were 10 L/min and 3 L/min, respectively. The desolvation
line (DL) and heat block temperature was 230°C.
All analytes were detected in the MS/MS multiple reaction monitoring (MRM) with unit resolution at both Q1
and Q3. The MS conditions for generation of the positive
ions are presented in Table 1. The described above chromatographic conditions were used for quantiﬁcation of target
analytes in plasma samples. The chromatogram of real sample is visualized in Figure 1. Plasma samples were prepared
according to the procedure published previously [13].
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Table 1: The MS conditions for generation of positive ions of
the analytes.
Precursor ion
(m/z)

Product ions
(m/z)

Collision energy
[eV]

Retinol

269.10

213.20
93.10

−12
−23

α-Tocopherol

429.30

165.10
137.05

−25
−48

Coenzyme Q10

863.60

197.15
109.10

−45
−47

Compound

m/z: mass-to-charge ratio.

2.4. Statistical Analysis. The examined variable distribution
was assessed by means of the Kolmogoroﬀ-Smirnow test.
Due to the fact that the tested variables were inconsistent
with normal distribution, the Mann–Whitney U test was
used. Results are expressed as median, minimum, and maximum. The Spearman’s method was applied in assessing
correlations between variables. In calculations, the relevance
level of p < 0 05 was accepted as statistically signiﬁcant,
authorising the rejection of individual zero hypotheses. The
data were processed using the Polish version of Statistica
12.0 statistical software for PC with Windows.

3. Results
Our study demonstrated that in patients with AT plasma
TAS levels were statistically lower (p = 0 002) and plasma
TOS was statistically signiﬁcantly elevated (p = 0 001) in
comparison with the control group. Similarly to TOS, OSI
was elevated in AT patients (p = 0 001) (Figure 2).
Tocopherol plasma concentrations were signiﬁcantly
reduced in AT patients as compared to the control group
(p = 0 021). The concentrations of endogenous free radical
scavenger coenzyme Q10 were statistically decreased in
the plasma of AT patients versus the healthy controls
(p = 0 001). There were no signiﬁcant diﬀerences in the
concentrations of plasma retinol between both groups
(p = 0 076) (Figure 2).
Similarly to the AT group, NBS patients displayed
statistically lower plasma TAS levels in comparison with
the control group (p = 0 044). In contrast to AT, plasma
TOS in NBS was not signiﬁcantly diﬀerent in comparison
with the healthy controls (p = 0 102). The OSI value, similarly to AT, was higher in comparison with the controls
(p = 0 004) (Figure 3).
We demonstrated that in patients with NBS the concentration of vitamin A precursor, beta carotene, was signiﬁcantly elevated in comparison with that in the control
group (p = 0 011). The diﬀerence in CoQ10 concentration
in NBS patients and healthy controls points to a signiﬁcantly
lower level in NBS patients (p = 0 001). The concentrations of
plasma vitamin E were similar in the control group and NBS
patients (p = 0 582) (Figure 3).
It is worth noting that we did not observe statistically
signiﬁcant diﬀerences between the evaluated parameters in
patients with AT and those with NBS (Table 2). In addition,
we did not ﬁnd signiﬁcant correlations in the assessed

markers of oxidative stress between the study groups
and controls.

4. Discussion
This study compared the redox balance as well as major
lipophilic antioxidants in patients with AT and NBS diseases.
We have shown that AT and NBS are associated with
impaired redox homeostasis including disturbances in lipophilic free radical scavengers such as coenzyme Q10 and
alpha-tocopherol (Figure 4).
We aimed to investigate the oxidant/antioxidant status
via the measurement of plasma TAS and TOS, which could
provide a systemic reﬂection of redox homeostasis in biological systems. Concentration of TAS was signiﬁcantly reduced
in AT and NBS patients, which suggests the exhaustion or
ineﬃciency of protective antioxidant systems resulting from
the overproduction or enhanced activity of reactive oxygen
species (ROS). It is believed that oxidative stress plays a key
role in the development of many systemic complications
including growth retardation, endocrine abnormalities, neurodegeneration, and premature aging as well as immunodeﬁciency [14–16], which are the major phenotypic hallmarks in
AT and NBS diseases [1]. Our study did not directly demonstrate oxidative stress in patients with AT and NBS, since
it would have been necessary to measure oxidative modiﬁcation products. Nevertheless, we showed the existence of
cellular redox abnormalities in the AT (↓ TAS, ↑ OSI,
and ↑ TOS) and NBS groups (↓ TAS and ↑ OSI), which
can constitute the basis for the development of oxidative
stress leading to DNA mutations and protein oxidation
as well as lipid peroxidation. We would like to emphasise
that we did not ﬁnd signiﬁcant diﬀerences between the
researched parameters of redox balance when we compared
AT with NBS. A lack of correlation may indicate a similarity
of redox imbalance in AT and NBS disorders, although these
changes tend to be more severe in patients with AT.
However, we recorded signiﬁcantly elevated TOS levels only
in patients with AT and therefore, TOS may be subtle
distinguishing between AT and NBS diseases.
There is a consensus in the literature regarding enhanced
oxidative stress in neurodegenerative disorders such as
Alzheimer’s or Parkinson’s disease (PD) [17, 18]. Clinical
studies have conﬁrmed increased oxidant status and comparable, decreased antioxidant status in patients with PD
[19–21]. It is probable that similar changes occur in the
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Figure 1: Chromatogram of a real sample (plasma).
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Figure 2: Lipophilic antioxidants and total antioxidant/oxidant status in patients with AT and control group. TAS: total antioxidant status;
TOS: total oxidant status; OSI: oxidative stress index; ∗ p < 0 05.

course of AT and NBS. However, the available literature
contains limited data regarding oxidative stress/redox disturbances in those cases [1]. Additionally, it should be
noted that the measurement of plasma TAS and TOS provides information about antioxidant properties conditioned
primarily by low molecular weight (LWMA) hydrophilic
antioxidants (e.g., uric acid (UA) and ascorbic acid (AA)
as well as thiol groups), but not lipophilic antioxidants
[22]. Taking this into consideration, we also decided to
measure levels of major lipophilic free radical scavengers
(CoQ10, vitamins A and E).

Our study conﬁrm decreased CoQ10 concentration both
in AT and NBS. Coenzyme Q10 (also called ubiquinone) is a
lipid soluble benzoquinone which is a key component of the
mitochondrial respiratory chain for adenosine triphosphate
(ATP) synthesis [23]. It has been demonstrated that most
of the CoQ10 in the human body is produced endogenously;
25% of the stores are obtained from dietary intake [24].
Coenzyme Q10 deﬁciency results not only in abnormal
respiratory chain function with inadequate cellular energy
production, increased generation of free radicals, and degradation of mitochondria but also impacts on the immune
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Table 2: Diﬀerences between lipophilic antioxidants and total antioxidant/oxidant status in patients with AT and NBS.
Parameters examined
Retinol (μg/mL)
α-Tocopherol (μg/mL)
Coenzyme Q10 (μg/mL)
TAS (μmol/L)
TOS (μmol/L)
OSI

Median
0.083
0.847
0.108
261.745
496.839
1.730

AT group
Min–max

Median

0.003–0.371
0.213–4.371
0.085–0.206
186.852–422.515
209.803–621.354
0.790–2.320

0.140
1.361
0.098
290.288
404.795
1.543

NBS group
Min–max
0.009–0.498
0.032–3.003
0.077–0.183
223.966–389.895
204.741–548.632
0.615–1.915

p
0.109
0.929
0.290
0.327
0.094
0.157

TAS: total antioxidant status; TOS: total oxidant status; OSI: oxidative stress index.

system [25]. Literature reports demonstrate that CoQ10
supplementation has improved CD4 T cell counts in patients
with AIDS and outcomes in herpes and HPV infections.
Furthermore, leukocyte activity is conditioned, inter alia, by
proper CoQ10 activity [25]. CoQ10 deﬁciency may contribute to the abnormal function of mitochondria in the course
of diseases such as AIDS, Alzheimer’s disease, Parkinson’s
disease, and cancer [26, 27]. Similar disturbances have been
observed in AT and NBS cells, which may suggest a potential
involvement of CoQ10 in the pathogenesis of these disorders
[1]. Considering the protective action of CoQ10 in neurodegenerative processes and its role in the immune system,
decreased CoQ10 concentration in AT and NBS patients
indicates a need for monitoring its concentration and potential supplementation. At this stage, we are unable to answer
the question to what degree clinical symptoms observed in
AT, such as cerebellar degeneration, immunodeﬁciency,
cancer susceptibility, and radiation sensitivity, result from
oxidative stress disturbances observed in our study. Are these

disturbances primary or secondary? However, they undeniably conﬁrm CoQ10 involvement in the pathomechanism
of the observed changes. It should be also emphasised that
rare autosomal recessive disorder, CoQ10 deﬁciency (mutation in CABC1; COQ2; COQ9; PDSS1; PDSS2 genes), is
frequently associated with seizures, cognitive decline, pyramidal track signs, myopathy, and prominent cerebellar ataxia
[28, 29]. Some of these symptoms occur in both AT and NBS.
Additionally, it is very likely that, in AT and NBS patients, a
decrease in CoQ10 levels may be associated with impaired
DNA repair mechanisms, similarly as in other bioenergetics
disorders such as xeroderma pigmentosum (XP), Cockayne
Syndrome (CS), Fanconi anaemia (FA), and HutchinsonGilford syndrome (HGS) [1].
Deﬁciency in lipid soluble antioxidants has been demonstrated in various conditions such as eating disorders,
nicotine addiction, chronic diseases, and aging. Antioxidant
vitamins and trace elements contribute to maintaining an
eﬀective immune response [30–33]. Treatments are also
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available for a few autosomal recessive ataxias: vitamin E
therapy for ataxia with vitamin E deﬁciency (AVED),
chenodeoxycholic acid for cerebrotendinous xanthomatosis,
CoQ10 for CoQ10 deﬁciency, and dietary restriction of
phytanic acid for Refsum disease. Idebenone may ameliorate
the cardiac and neurological manifestations of Friedreich
ataxia (FRDA). No other speciﬁc treatments exist for hereditary ataxias [34]. Unfortunately, no suﬃciently eﬀective
causal therapy is available for AT and NBS patients at
present. Our results indicate a need for introducing CoQ10
and tocopherol into AT and NBS treatment, taking into
consideration their plasma levels.
Alpha-tocopherol primarily inhibits the production of
new free radicals and thus might help in preventing or
delaying chronic diseases associated with reactive oxygen
species molecules [35]. Decreased vitamin E concentration
in AT may result in a decline in the body’s antioxidant activity and anti-inﬂammatory as well as cell-mediated and
humoral immune functions. In AT cases, we found decreased
concentrations of both CoQ10 and vitamin E, which enhance
disturbances in the redox balance and may increase ROS
production, accumulation of damaged mitochondrial DNA
(mDNA), and progressive respiratory chain dysfunction.
The few experimental studies found in the available literature
report that disturbances in redox processes also occur in NBS
[1]. Our study of NBS cases demonstrated decreased TAS
and enhanced OSI on the one hand and a reduced concentration of CoQ10 and increased concentration of vitamin A, on
the other hand. Despite the fact that the interpretation of
obtained results is diﬃcult at this stage of research advancement due to a lack of comparable studies, we would like to
emphasise that we did not ﬁnd any diﬀerences in the tested
parameters between AT and NBS.

To date, only few studies have evaluated the antioxidant
defenses in AT and NBS patients [1, 36]. In one of the ﬁrst
reports on the subject, Reichenbach et al. showed a decrease
in the levels of total antioxidant capacity, vitamin A, and
vitamin E in AT patients. In contrast to our study, CoQ10
levels in AT were not signiﬁcantly reduced [37]. In our study
patients with AT, we found not only signiﬁcantly reduced
levels of CoQ10 but also of α-tocopherol. However, retinol
concentration, in line with studies by Da Silva et al., was
similar to the control group [38]. It is probable that the
aforementioned dissimilarities result from diﬀerences in the
size of study groups and research methodologies. At this
point, it should be emphasized that our study is the ﬁrst in
which the largest group of AT and NBS patients took part.
In summary, we demonstrated a signiﬁcant decrease in
the level of plasma TAS in AT and NBS patients as well as
an increase in the oxidative stress index. It appears that
disturbances in the body’s antioxidant defense mechanisms
may lead to oxidative damage and altered cellular redox
homeostasis and thus aﬀect clinical manifestations of AT
and NBS phenotypes. Redox imbalance in patients with AT
and NBS appears to exist at a comparable level. However, a
signiﬁcant increase in total oxidant status (TOS) was demonstrated only in patients with AT in whom plasma TOS may
be a subtle distinguishing feature of AT and NBS disorders.
We are considering the theory that antioxidant supplementation with tocopherol and CoQ10 may be one of the factors
enhancing treatment eﬃcacy in AT and NBS diseases and
improving patients’ clinical status. Further studies regarding
CoQ10 in AT and NBS are needed in order to assess its
concentration not only in the blood but also in selected
tissues and to evaluate the dynamics of change in relation
to disease duration. The issue of a possible link between
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CoQ10 deﬁciency and the occurrence of mutations responsible for CoQ10 deﬁciency remains open.
When analyzing the results of our research, one must
bear in mind its limitations. We evaluated only selected
parameters of redox balance in patients with AT and NBS,
so determination of other markers may lead to other conclusions and clinical applications. Additionally, blood oxidative
stress biomarkers cannot be mechanistically informative for
some reasons. Firstly, blood and the respective tissue under
study do not share common redox components and/or pathways (e.g., lack of mitochondria in erythrocytes and plasma).
Secondly, both plasma and blood cells can autonomously
produce signiﬁcant amounts of ROS [15, 16]. However, it
should be also emphasized that extremely strong point of
our study is the large number of patients in the study groups
compared to previously published works. Our research may
also provide a new practical aspects for clinicians.

5. Conclusions
(1) Our study conﬁrms disturbances in redox homeostasis in AT and NBS patients and indicates a need for
diagnosing oxidative stress in those cases as a potential disease biomarker.
(2) The statistically signiﬁcantly decreased coenzyme
Q10 concentration found in NBS and AT indicates a
need for possible supplementation aimed at remedying the diagnosed deﬁciencies in those individuals.
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Insulin-like growth factor binding protein-2 (IGFBP-2) is the predominant IGF binding protein produced during adipogenesis and
is known to increase the insulin-stimulated glucose uptake (GU) in myotubes. We investigated the IGFBP-2-induced changes in
basal and insulin-stimulated GU in adipocytes and the underlying mechanisms. We further determined the role of insulin and
IGF-1 receptors in mediating the IGFBP-2 and the impact of IGFBP-2 on the IGF-1-induced GU. Fully diﬀerentiated 3T3-L1
adipocytes were treated with IGFBP-2 in the presence and absence of insulin and IGF-1. Insulin, IGF-1, and IGFBP-2 induced a
dose-dependent increase in GU. IGFBP-2 increased the insulin-induced GU after long-term incubation. The IGFBP-2-induced
impact on GU was neither aﬀected by insulin or IGF-1 receptor blockage nor by insulin receptor knockdown. IGFBP-2
signiﬁcantly increased the phosphorylation of PI3K, Akt, AMPK, TBC1D1, and PKCζ/λ and induced GLUT-4 translocation.
Moreover, inhibition of PI3K and AMPK signiﬁcantly reduced IGFBP-2-stimulated GU. In conclusion, IGFBP-2 stimulates GU
in 3T3-L1 adipocytes through activation of PI3K/Akt, AMPK/TBC1D1, and PI3K/PKCζ/λ/GLUT-4 signaling. The stimulatory
eﬀect of IGFBP-2 on GU is independent of its binding to IGF-1 and is possibly not mediated through the insulin or IGF-1
receptor. This study highlights the potential role of IGFBP-2 in glucose metabolism.

1. Introduction
Insulin-like growth factor-1 (IGF-1) bears structural homology with proinsulin [1] and plays a key role in the proliferation and diﬀerentiation of adipocytes [2]. In vitro, it is known
to exert mitogenic eﬀects at nanomolar concentrations [3]

and to induce insulin-like metabolic eﬀects in both muscle
and adipose tissues [4]. The production and secretion of
IGF-1 is aﬀected by age, nutritional status, and other
hormones [5]. Because of the ability of insulin to induce
hepatic growth hormone (GH) receptor gene expression [6]
and protein abundance [7], the GH-induced synthesis and
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release of IGF-1 is highly dependent on the hepatic insulin
sensitivity. This interplay among GH, insulin, and IGF-1 is
of key importance for metabolic and growth regulation [8].
The bioavailability of IGFs is regulated by a family of
seven structurally conserved binding proteins (IGFBPs)
[9–11]. These IGFBPs bind IGF-1 and IGF-2 but not insulin [12]. The IGF-1 independent role of IGFBPs in growth
and metabolism has also been reported at least in vitro
[13, 14]. IGFBP-2 is the predominant binding protein produced during adipogenesis of white preadipocytes [15]. Both
inhibitory and stimulatory eﬀects of IGFBP-2 on the cellular
actions of IGF-1 and IGF-2 have been reported [16, 17].
IGFBP-2 is reported to be a key regulator of metabolic
diseases, such as diabetes and obesity. Low IGFBP-2 has been
shown to be associated with higher fasting glucose levels and
reduced insulin sensitivity suggesting it as a biomarker for
identiﬁcation of insulin-resistant individuals [18]. Moreover,
IGFBP-2 gene expression was downregulated in visceral
white adipose tissue of mice and its circulating levels were
reduced in obese ob/ob, db/db, and high fat-fed mice [19].
Low levels of circulating IGFBP-2 have also been reported
in obese adults [20] and children [21].
Wheatcroft and colleagues demonstrated that IGFBP-2
overexpression conferring protection against age-associated
decline in insulin sensitivity in mice [22]. Moreover, the
leptin-induced overexpression of IGFBP-2 has been shown
to reverse diabetes in insulin-resistant obese mice and hyperinsulinemic clamp studies showed a threefold improvement
in hepatic insulin sensitivity following IGFBP-2 treatment
of ob/ob mice [23]. However, only few information exists to
date regarding the mechanisms underlying the positive
IGFBP-2-induced impact on glucose metabolism. Indeed,
IGFBP-2 has been shown to increase the insulin-stimulated
glucose uptake in myotubes [24] but nothing is known about
its impact on glucose uptake in adipocytes with respect to the
insulin or IGF-1-induced eﬀects. We, therefore, aimed to
investigate the IGFBP-2-induced changes in both basal and
insulin-stimulated glucose uptake in 3T3-L1 adipocytes and
the underlying mechanisms. We further investigated the role
of insulin and IGF-1 receptors in mediating the IGFBP-2
and even the impact of IGFBP-2 on the IGF-1-induced
improvement in glucose uptake.

2. Materials and Methods
2.1. Reagents, Hormones, and Antibodies. IGF-1 and IGF-1
Long R3 (IGF-1 LR3) were purchased from BioVision
Inc. (Milpitas, CA, USA). IGFBP-2, Dulbecco’s Modiﬁed
Eagle Medium (DMEM), penicillin/streptomycin, and fetal
bovine serum (FBS) were purchased from Biochrom AG
(Berlin, Germany). Insulin, dexamethasone, LY294002, and
picropodophyllin (PPP) were supplied by Sigma-Aldrich
(Darmstadt, Germany). 3-Isobutyl-1-methylxanthine (IBMX),
S961, wortmannin, and Compound C were purchased from
Biomol GmbH (Hamburg, Germany), Phoenix Biotech
(Beijing, China), Merck Chemicals (Darmstadt, Germany),
and BIOZOL Diagnostica Vertrieb (Eching, Germany),
respectively. RevertAid First Strand cDNA Synthesis Kit,
SYBR Green master mix, Bicinchoninic Acid (BCA) protein
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assay kit, and ECL reagent were supplied by Thermo
Fisher Scientiﬁc (Dreieich, Germany). DNA primers were
purchased from Eurogentec Deutschland GmbH (Köln,
Germany). All other chemicals were supplied by SigmaAldrich (Darmstadt, Germany).
2.2. Cell Culture. The murine ﬁbroblast cell line 3T3-L1
(ATCC, Manassas, VA, USA) was cultured in DMEM
supplemented with 4.5 g/L glucose, 10% fetal bovine serum
(FBS), 4 mM glutamine, 50 U/ml penicillin, and 50 μg/ml
streptomycin until conﬂuence. The cells were incubated to
diﬀerentiate into adipocytes following the method of Woody
et al. [25] with slight modiﬁcations. Brieﬂy, 2 days postconﬂuence, cells were treated with 0.5 mM IBMX, 1 μM
dexamethasone, and 1 μM insulin supplemented DMEM
for 2 days. The cells were then maintained in 1 μM insulinsupplemented growth medium for 3 days and in growth
medium for 4 days prior to experiments.
2.3. Transfection of Insulin Receptor (INSR) siRNAs. Diﬀerentiated 3T3-L1 adipocytes were transfected with control or
INSR speciﬁc siRNA (validated siRNA from Dharmacon)
using Lipofectamine RNAiMAX (Invitrogen) for 72 h. The
eﬃciency of transfection was assessed by using qPCR and
Western blot.
2.4. Measurement of Glucose Uptake. Glucose uptake was
assayed using the method described by Yamamoto et al.
[26]. Brieﬂy, diﬀerentiated 3T3-L1 adipocytes were serum
starved for 4 h followed by incubation in D-glucose free
DMEM for 1 h. The adipocytes were washed with PBS
(pH 7.4) and then incubated for 30 min in Krebs-Ringer
bicarbonate buﬀer (KRBP) with diﬀerent concentrations
of insulin, IGF-1, IGF-1 LR3 and/or IGFBP-2. IGF1 LR3
is an analogue of IGF-1 in which the glutamic acid at carbon
3 (Glu3) is replaced by arginine and contains 13 extra amino
acids to the N-terminus. It has a very low aﬃnity towards
IGFBPs as compared to IGF-1 [27]. The rationale for using
IGF1-LR3 was to investigate whether IGFBP-2 is able to
impact the IGF-1-induced increase in glucose uptake regardless of its binding to IGF-1 itself. Had IGFBP-2 exerted
additive eﬀect on the IGF-1-induced glucose uptake, it
would be imperative to scrutinize the observed eﬀect as
due to binding or other means. In some experiments, the
adipocytes were incubated with 100 nM S961 (INSR blocker)
for 2 h, 60 nM PPP (IGF-1 receptor blocker) for 4 h, 100 μM
LY294002 (PI3K inhibitor) for 1 h, 200 nM wortmannin
(PI3K inhibitor) for 30 min, or 200 μM Compound C
(AMPK inhibitor) for 20 min before the treatment. The
adipocytes were treated with [3H] 2-Deoxy-D-glucose
(0.5 μCi/ml in HEPES) for 10 min at room temperature
(RT) and then washed with PBS. Thereafter, the cells were
lysed in 50 mM NaOH/1% Triton X-100 for scintillation
counting using a liquid scintillation counter (PerkinElmer
Wallac GmbH, Freiburg, Germany). Each experiment was
performed with three technical replicates and total number
of experiments was three.
2.5. Quantitative Reverse Transcriptase-Polymerase Chain
Reaction (qRT-PCR) Analysis. Total RNA was isolated from
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3T3-L1 adipocytes using TRizol reagent and was treated with
DNase I. RNA was quantiﬁed at 260 nm using a NanoDrop
(Peqlab Biotechnologie, Erlangen, Germany) and samples
with A260/A280 ratios < 1.8 were discarded. 1 μg RNA was
reverse transcribed into cDNA using RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientiﬁc, Dreieich,
Germany). cDNA was ampliﬁed using SYBR Green master
mix (Thermo Fisher Scientiﬁc, Dreieich, Germany) with the
primers set outlined in Table 1 and with the following conditions: initial denaturation step at 95°C for 10 min, followed by
40 cycles of 15 sec at 95°C, 60 sec at annealing temperature of
respective primer, and 60 sec at 72°C for extension. Melting
curve analysis was used to assess the quality of PCR products
and the cycle threshold (CT) values were analyzed using the
2−ΔΔCt method. Data were normalized to 36B4 and presented
as % of control.
2.6. Preparation of a Plasma Membrane Fraction for Glucose
Transporter (GLUT)-4 Translocation Assay. The amount of
GLUT-4 in the cell membranes was determined using subcellular fractionation [28] followed by Western blotting
analysis. Adipocytes were washed 3 times with ice-cold
HEPES-EDTA-sucrose (HES) buﬀer (pH 7.4) containing
proteinase inhibitors. The cell suspension was homogenized
by passing through 22-gauge needles 10 times on ice. The
homogenate was centrifuged at 16000g for 30 min at 4°C,
and the pellet was suspended in HES buﬀer followed by
centrifugation at 16000g for 30 min at 4°C. The pellet was
resuspended in HES buﬀer, layered on the top of sucrose
cushion (38.5% sucrose, 20 mM HEPES and 1 mM EDTA,
pH 7) in 1 : 1 volume ratio, and centrifuged at 100000g for
1 h at 4°C. The plasma membrane fraction (middle layer)
was carefully collected and centrifuged at 40000g for 20 min
at 4°C. The pellet was used to determine the amount of
GLUT-4 using Western blotting.
2.7. Western Blot Analysis. Treated 3T3-L1 adipocytes were
lysed in RIPA buﬀer supplemented with inhibitors for
proteinases and phosphatases. For the GLUT-4 translocation
experiments, the samples were lysed in a speciﬁc buﬀer
(10 mM Tris-HCl [pH 7.2], 150 mM NaCl, 5 mM EDTA,
1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS)
supplemented with proteinase and phosphatase inhibitors.
The protein content in the samples was measured by BCA
assay kit. Proteins (30–50 μg) were denatured and resolved
in 10% SDS/PAGE and transferred to nitrocellulose membranes. For GLUT-4, 8% SDS/PAGE was used. Blots were
blocked for 1 h and probed with 1 : 1000 diluted primary
antibodies for phosphoinositide 3-kinase (PI3K) p85, phospho-(Tyr) PI3K p85, protein kinase B (Akt), phospho-Akt
(Ser473), AMP-activated protein kinase alpha (AMPKα),
phospho-AMPKα (Thr172), atypical protein kinase (PKCζ),
phospho-PKCζ/λ (Thr410/403), TBC1D1 (tre-2/USP6, BUB2,
cdc16 domain family member 1), phospho-TBC1D1 (Ser237),
and GAPDH overnight at 4°C and with GLUT-4 antibody
and Na+/K+-ATPase for 1 h at RT. The blots were washed
and incubated with 1 : 2000 diluted corresponding horseradish peroxidase- (HRP-) labeled secondary antibodies.
Details of the used antibodies are listed in Table 2. After
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Table 1: Primers used for qRT-PCR.
Gene

Sequence (5′-3′)

INSR

F: GTACTGGGAGAGGCAAGCAG
R: ACTGGCCGAGTCGTCATACT

36B4

F: TCATCCAGCAGGTGTTTGACA
R: GGCACCGAGGCAACAGTT

washing, the membranes were developed with an ECL
reagent and visualized and densitometry analysis using
Image Lab™ Software (Bio-Rad Laboratories GmbH,
Munich, Germany) was used to quantify protein signal.
2.8. Statistical Analysis. Data were analyzed for statistical
signiﬁcance by one-way analysis of variance (ANOVA) with
Tukey’s post hoc test using GraphPad Prism 5 (La Jolla,
CA, USA). The results were presented as means ± standard
error of the mean (SEM) with values of P < 0 05 were
considered signiﬁcant.

3. Results
3.1. Eﬀect of IGFBP-2 on Basal as well as Insulin and IGF-1Induced Increase in Glucose Uptake in 3T3-L1 Adipocytes.
To study the eﬀect of insulin, IGF-1, IGF-1 LR3, and
IGFBP-2 on glucose uptake in 3T3-L1 adipocytes, the
cells were incubated with diﬀerent concentrations of all
tested agents for 30 min and [3H] 2-Deoxy-D-glucose
uptake was assayed. Insulin and IGF-1 were able to exert
statistically signiﬁcant eﬀects on glucose uptake. As represented in Figure 1(a), diﬀerent concentrations of insulin
(10, 20, 50, and 100 nM) were able to exert a signiﬁcant
(P < 0 001) increase in glucose uptake. IGF-1 as well produced a signiﬁcant increase in glucose uptake at either
10 nM (P < 0 05) or higher concentrations (P < 0 001) as
depicted in Figure 1(b).
Treatment of the cells with the lengthened analogue
of IGF-1, IGF-1 LR3, induced signiﬁcant increase in glucose uptake ﬁrst at higher concentrations (20, 50, and
100 nM) (Figure 1(c)). Similarly, IGFBP-2 was able to signiﬁcantly (P < 0 01) increase glucose uptake in adipocytes
ﬁrst at a concentration of 100 nM as compared to control
cells (Figure 1(d)).
Next, we determined both the short- and long-term
impact of IGFBP-2 on insulin, IGF-1, and IGF-1 LR3induced glucose uptake in adipocytes.
Short-term incubation of the cells with 1 : 1 stoichiometric ratio of IGFBP-2 and either insulin, IGF-1, or
IGF-1 LR3 for 30 min resulted in no additive increase in
glucose uptake when compared to insulin, IGF-1, or IGF-1
LR3 alone (Figure 1(e)).
Long-term incubation (24 h) of the cells with IGFBP-2
signiﬁcantly (P < 0 05) increased basal glucose uptake and
exerted an additive eﬀect (P < 0 01) on insulin-stimulated
glucose uptake. However, adipocytes treated with IGFBP-2
for 24 h showed nonsigniﬁcant changes in either IGF-1 or
IGF-1 LR3-induced glucose uptake (Figure 1(f)).
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Table 2: List of antibodies used.

Antibody

Species

Supplier

Catalog number

Anti-Phospho-AMPKα (Thr172)
Anti-AMPKα
Anti-Phospho-Akt (Ser473)
Anti-Akt
Anti-Phospho-(Tyr) p85 PI3K
Anti-PI3K p85
Anti-Phospho-TBC1D1 (Ser237)
Anti-TBC1D1
Anti-Phospho-PKCζ/λ (Thr410/403)
Anti-PKCζ
Anti-GLUT-4
Anti-Na+, K+-ATPase
Anti-GAPDH
Goat anti-rabbit IgG HRP-linked
Horse anti-mouse IgG HRP-linked

Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Goat
Horse

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Millipore
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Sigma
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

2535
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3.2. The IGFBP-2-Induced Impact on Glucose Uptake Is Not
Mediated through the Activation of Insulin or IGF-1
Receptor. To investigate whether the stimulatory eﬀect of
IGFBP-2 on glucose uptake is mediated through its binding
to insulin or IGF-1 receptors, we incubated 3T3-L1 adipocytes with either insulin receptor blocker (S961) or IGF-1
receptor blocker (PPP).
3T3-L1 adipocytes incubated for 2 h with S961 showed
a signiﬁcant (P < 0 05) decrease in basal glucose uptake
when compared with the control cells (Figure 2(a)). The
insulin receptor blocker S961 signiﬁcantly reduced insulin
(P < 0 001), IGF-1 (P < 0 001), and IGF-1 LR3 (P < 0 01)
and stimulated glucose uptake, whereas no impact (P > 0 05)
of such treatment on IGFBP-2-stimulated glucose uptake
was seen.
When compared with S961, the IGF-1 receptor blocker
PPP was not able to induce any signiﬁcant (P > 0 05) eﬀect
on glucose uptake in adipocytes neither under basal conditions nor following stimulation with IGF-1, IGF-1 LR3, or
IGFBP-2 (Figure 2(b)).
In 3T3-L1 adipocytes transfected with control or INSRspeciﬁc siRNA (Figures 2(c) and 2(d)), insulin (Figure 2(e))
and IGF-1-stimulated glucose uptake (Figure 2(f)) were
signiﬁcantly (P < 0 05) reduced, whereas INSR knockdown
potentiated the eﬀect of IGFBP-2 on glucose uptake when
compared with the control cells (P < 0 01) (Figure 2(g)).
3.3. IGFBP-2 Stimulates Glucose Uptake in a PI3K-Dependent
Manner. Adipocytes treated with insulin and IGF-1 for
30 min exhibited signiﬁcant (P < 0 001) increase in PI3K
phosphorylation when compared with the control cells.
Similarly, IGFBP-2 induced a signiﬁcant increase in PI3K
phosphorylation in 3T3-L1 adipocytes treated for either
30 min (P < 0 01) or 24 hr (P < 0 001) (Figure 3(a)).
The eﬀect of PI3K inhibitors (LY294002 and wortmannin) on glucose uptake was investigated to further determine
the role of PI3K in mediating the IGFBP-2-stimulated

glucose uptake in 3T3-L1 adipocytes. Treatment of the
adipocytes with either LY294002 (Figure 3(b)) or wortmannin (Figure 3(c)) induced a signiﬁcant decline in basal as
well as insulin-, IGF-1-, and IGFBP-2-stimulated glucose
uptake (P < 0 001).
3.4. IGFBP-2 Induces Akt and AMPK Phosphorylation and
the Subsequent Increase in GLUT-4 Translocation in a
PI3K-Dependent Manner. We further investigated the impact
of IGFBP-2 on Akt and AMPK phosphorylation as well as
on GLUT-4 translocation. As expected, insulin and IGF-1
signiﬁcantly (P < 0 001) upregulated Akt phosphorylation
in treated 3T3-L1 adipocytes. Similarly, IGFBP-2 induced
a noticeable increase in Akt phosphorylation in 3T3-L1
adipocytes treated for either 30 min (P < 0 05) or 24 h
(P < 0 01) (Figure 4(a)).
IGF-1 signiﬁcantly (P < 0 001) increased, whereas insulin
failed to induce (P > 0 05) AMPK phosphorylation in 3T3-L1
adipocytes (Figure 4(b)). Similarly, treatment of adipocytes
with IGFBP-2 for either 30 min or 24 h induced a signiﬁcant
(P < 0 001) increase in AMPK phosphorylation.
To further conﬁrm the involvement of AMPK phosphorylation in IGFBP-2-stimulated glucose uptake, adipocytes were treated with IGFBP-2 with or without
previous incubation with the AMPK inhibitor Compound
C. Treatment of the 3T3-L1 adipocytes with IGFBP-2 signiﬁcantly (P < 0 01) increased glucose uptake, an eﬀect
that was signiﬁcantly (P < 0 001) abolished by Compound
C (Figure 3(c)).
Insulin and IGF-1 stimulation increased TBC1D1 phosphorylation signiﬁcantly (P < 0 05) when compared with
the control adipocytes (Figure 4(d)). Similarly, treatment of
the 3T3-L1 adipocytes with IGFBP-2 for either 30 min or
24 h induced a signiﬁcant (P < 0 05) increase in TBC1D1
phosphorylation (Figure 4(d)).
GLUT-4 translocation was assessed by subcellular
fractionation followed by Western blotting. Treatment of
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Figure 1: Eﬀects of IGFBP-2 on insulin and IGF-1-stimulated glucose uptake in 3T3-L1 adipocytes. (a–d) Dose-dependent eﬀects of
insulin, IGF-1, IGF-1 LR3, and IGFBP-2 on glucose uptake in 3T3-L1 adipocytes. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 versus
control. (e and f) Eﬀect of IGFBP-2 (100 nM) (black bars) on basal and insulin (20 nM), IGF-1 (20 nM), and IGF-1 LR3 (20 nM)-induced
glucose uptake (white bars) after short- and long-term incubations. ∗ P < 0 05 and ∗∗ P < 0 01. Each experiment was performed with three
technical replicates and total number of experiments was three. The glucose uptake values are percentage of the controls. The results are
presented as mean ± SEM.
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Figure 2: IGFBP-2 stimulates glucose uptake in insulin receptor and IGF-1 receptor-independent mechanism. (a) Eﬀect of the insulin
receptor (INSR) blocker S961 (black bars) on basal and insulin, IGF-1, IGF-1 LR3, and IGFBP-2-induced glucose uptake (white bars).
(b) Eﬀect of the IGF-1 receptor blocker PPP (black bars) on basal and insulin, IGF-1, IGF-1 LR3, and IGFBP-2 induced glucose uptake
(white bars). Diﬀerentiated 3T3-L1 adipocytes were incubated with 100 nM S961 for 2 h or 60 nM PPP for 4 h before treatment with
insulin, IGF-1, IGF-1 LR3, or IGFBP-2 for 30 min. (c and d) Relative mRNA expression, normalized to 36B4, and Western blot analysis
of INSR following siRNA transfection, respectively. (e, f, and g) Eﬀect of 30 min treatment with insulin, IGF-1, and IGFBP-2 on glucose
uptake in control siRNA and INSR siRNA transfected 3T3-L1 adipocytes. Each experiment was performed with three technical replicates
and total number of experiments was three. The glucose uptake values are percentage of the controls. The results are presented as
mean ± SEM. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001.

the adipocytes with insulin signiﬁcantly (P < 0 01) stimulated
GLUT-4 translocation from the cytoplasm to the plasma
membrane. IGF-1 was also able to signiﬁcantly (P < 0 05)

stimulate GLUT-4 translocation. Similarly, IGFBP-2 induced
a signiﬁcant (P < 0 05) increase in GLUT-4 translocation in
treated 3T3-L1 adipocytes (Figure 4(e)).
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Figure 3: IGFBP-2 stimulates glucose uptake in a PI3K-dependent manner. (a) Insulin, IGF-1, and IGFBP-2 increase the phosphorylation of
PI3K. 3T3-L1 cells were cultured and diﬀerentiated in 24-well plates for glucose uptake assay and in 6-well plates for Western blotting
analysis. The results are presented as mean ± SEM. ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 versus control. (b and c) The PI3K inhibitors,
LY294002 and wortmannin (black bars), signiﬁcantly reduce basal as well as insulin, IGF-1, and IGFBP-2-induced glucose uptake (white
bars). Diﬀerentiated 3T3-L1 adipocytes were incubated with 100 μM LY294002 for 1 h or 200 nM wortmannin for 30 min before
treatment with insulin, IGF-1, or IGFBP-2 for 30 min. The results are presented as mean ± SEM. ∗∗∗ P < 0 001. Each experiment was
performed with three technical replicates and total number of experiments was three.

3.5. IGFBP-2 Stimulates PKCζ/λ Thr410/403 Phosphorylation
in 3T3-L1 Adipocytes. A signiﬁcant increase in the phosphorylated levels of the PKCζ/λ isoform was seen after stimulation with insulin (P < 0 05) or IGF-1 (P < 0 01) (Figure 5).
Similarly, treatment of the cells with IGFBP-2 induced a
signiﬁcant increase in PKCζ/λ phosphorylation after either
30 min (P < 0 01) or 24 h (P < 0 001) (Figure 5).

4. Discussion
Previous studies have indicated the role of IGFBP-2 in adipogenesis and lipogenesis, but its eﬀects on basal glucose uptake
and the underlying mechanistic pathways have not yet been
addressed. We, herein, provide the ﬁrst evidence for insulin
and IGF-1 independent positive impact of IGFBP-2 on
glucose uptake in adipocytes. We further show that the eﬀect

of IGFBP-2 on glucose uptake is mediated through the
activation of PI3K/Akt and AMPK pathways. Finally, we
show that the IGF-1 receptor is neither involved in the
IGF-1-induced nor in the IGFBP-2-induced increase in
glucose uptake.
Insulin and IGF-1 exerted signiﬁcant dose-dependent
eﬀects on glucose uptake in 3T3-L1 adipocytes. These
ﬁndings are in agreement with the reports from diﬀerent
previous studies [29–33]. Multiple in vivo studies reported
the role of IGF-1 in enhancing insulin sensitivity and glucose
metabolism. A low-serum level of IGF-1 has been associated
with insulin resistance, and treatment with recombinant
IGF-1 has been shown to improve insulin sensitivity and
glucose metabolism [34, 35]. A study by Arafat et al. [36]
revealed that long-term treatment of GH-deﬁcient patients
with low-dose GH results in improved insulin sensitivity
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Figure 4: IGFBP-2 stimulates Akt and AMPK activation and thus increased GLUT-4 translocation. (a) Insulin, IGF-1, and IGFBP-2
signiﬁcantly increase Akt Ser473 phosphorylation. (b) IGF-1 and IGFBP-2 but not insulin increase AMPK Thr172 phosphorylation.
∗
P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 versus control. (c) The AMPK inhibitor, Compound C, abolishes IGFBP-2-induced glucose
uptake in 3T3-L1 adipocytes. Diﬀerentiated 3T3-L1 adipocytes were incubated with 200 μM Compound C for 20 min before
treatment with IGFBP-2 for 30 min. ∗ P < 0 05 and ∗∗∗ P < 0 001. Insulin, IGF-1, and IGFBP-2 signiﬁcantly increase TBC1D1 Ser237
phosphorylation (d) and GLUT-4 translocation (e). ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001 versus control. Each experiment was
performed with three technical replicates and total number of experiments was three. The glucose uptake values are percentage of
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and enhanced glucose metabolism. This improvement in
insulin sensitivity is believed to be mediated by IGF-1, which
is secreted as a result of GH stimulation. In another clinical
study, IGF-1 combined with IGFBP-3 has been shown to
improve insulin sensitivity and to reduce complications associated with insulin resistance in HIV/AIDS patients on antiretroviral therapy [37]. Blocking the insulin receptor with
S961 or knocking down the INSR using siRNA signiﬁcantly
reduced basal and insulin-stimulated glucose uptake. The
mechanisms behind the eﬀect of S961 on basal glucose
uptake in 3T3-L1 are not known so far. However, our results
were concordant with previously reported impact of S961 on
insulin-stimulated glucose uptake in 3T3-L1 adipocytes
[38, 39]. Despite the fact that insulin and IGF-1 have diﬀerent
aﬃnities to INSR and IGF-1R, they are able to stimulate both
receptors [40]. However, blocking the IGF-1 receptor using
PPP [41] in our present study did not aﬀect the impact of
IGF-1 on glucose uptake, whereas blocking or even knocking

down the INSR did, pointing to the role of INSR in mediating
these IGF-1 eﬀects. In the study of Girnita et al. [41], PPP
eﬃciently blocked IGF-1R activity and reduced phosphorylation of Akt and extracellular signal-regulated kinase 1 and 2
(Erk1/2) in cultured IGF-1R-positive tumor cells. In an
in vitro kinase assay, PPP did not aﬀect the INSR or compete
with ATP [41]. Our ﬁndings are also supported by various
reports that demonstrated a dramatic increase in INSR and
a decrease in IGF-1R during the transition from preadipocytes to adipocytes in the 3T3-L1 cell line [42–45].
IGF-1-dependent and independent eﬀects of IGFBPs on
metabolism represent a rapidly growing ﬁeld of research.
IGFBP-1 was reported to inhibit IGF-1-stimulated glucose
uptake but not insulin-stimulated glucose uptake in 3T3-L1
adipocytes [31]. IGFBP-3 can lead to insulin resistance in
3T3-L1 adipocytes as reported by Chan et al. [46]. There is
increasing evidence for the role of IGFBP-2 in regulating
normal metabolism [47]. Low-serum levels of IGFBP-2 are
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correlated with obesity [22], metabolic syndrome [18], and
type 2 diabetes [48], whereas overexpression of IGFBP-2
protects against diabetes and obesity [22, 23]. Roles of
IGFBP-2 on metabolism such as inhibition of adipogenesis
and lipogenesis [49], enhancing insulin-stimulated glucose
uptake in skeletal myotubes [50], and inhibition of preadipocyte diﬀerentiation in vitro [14] have been reported.
However, the eﬀects of IGFBP-2 on basal glucose uptake
and the mechanisms underlying its IGF-1-independent
role on glucose uptake are not well studied. Here, we
reported signiﬁcantly increased glucose uptake in 3T3-L1
adipocytes treated with 100 nM IGFBP-2. To our knowledge,
this is the ﬁrst report to show the stimulatory eﬀects of
IGFBP-2 on basal glucose uptake in adipocytes. In addition,
our data showed a nonsigniﬁcant eﬀect for short- and
long-term treatment with IGFBP-2 on IGF-1 and IGF-1
LR3-stimulated glucose uptake. Adipocytes treated with
IGFBP-2 for 24 h followed by 30 min stimulation with
IGF-1 showed a trend increase in glucose uptake. Increased
basal glucose uptake in control cells incubated with
IGFBP-2 for 24 h may explain this increase. However,
incubation with IGFBP-2 for 24 h exerted a signiﬁcant
additive eﬀect on the insulin-stimulated glucose uptake
which coincides with the study of Yau et al. [50] who
reported similar eﬀect for IGFBP-2 in human skeletal
muscle cells in vitro. It can be postulated that the additive
increase in the acute insulin-induced stimulation of glucose
uptake after long-term treatment with IGFBP-2 is due to
the impact of IGFBP-2 on basal glucose uptake that is likely
also mediated through diﬀerent signaling pathways other
than the PI3K/Akt pathway. Moreover, these ﬁndings provide a notion that IGFBP-2 binding to IGF-1 does not inhibit
IGF-1 from exerting its biological role, at least on glucose
uptake in vitro.
In addition to its ability to bind and modulate the
activity of IGFs, IGFBP-2 can bind to proteoglycans [51]
through two heparin-binding domains (HBDs) as well as
to integrins through its integrin-binding motif, Gly-ArgAsp (RGD) [51, 52]. This may explain, at least in part,
the IGFR-independent IGFBP-2 activities [49].
Interestingly, neither S961 nor PPP blocked the stimulatory eﬀect of IGFBP-2 on glucose uptake. Moreover, INSR
knockdown even increased IGFBP-2-induced increase in
glucose uptake. These ﬁndings indicate the involvement of
other receptors or pathways in IGFBP-2-stimulated glucose
uptake in 3T3-L1 adipocytes. This is concordant with the
ﬁndings of Xi et al. [53], who reported that IGFBP-2
stimulates AMPK via its own receptor.
Signaling via INSR and IGF-1R shares many common
signaling pathways at target cells. One of the common
pathways in mediating glucose uptake and metabolism is
the PI3K pathway [40, 54]. Insulin and IGF-1 are known to
stimulate the activity of PI3K by triggering its phosphorylation at speciﬁc tyrosine residues by upstream components
of the INSR and IGF-1R signaling pathways [55]. In the
present study, the PI3K inhibitors, LY294002 and wortmannin, reduced basal and insulin, IGF-1, and even IGFBP-2stimulated glucose uptake in adipocytes, pointing to the role
of PI3K pathway in mediating the IGFBP-2 eﬀect on glucose
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uptake. We, therefore, investigated the impact of short- and
long-term treatment with IGFBP-2 on PI3K phosphorylation
in 3T3-L1 adipocytes, using insulin and IGF-1 as controls.
As expected, treatment of the adipocytes with either insulin or IGF-1 signiﬁcantly increased PI3K phosphorylation.
Similarly, IGFBP-2 induced marked increase in PI3K phosphorylation after both short- and long-term treatment, conﬁrming the involvement of PI3K activation in mediating
IGFBP-2 eﬀects.
Given that IGFBP-2 activates PI3K, we tested its eﬀect on
the downstream signaling molecules Akt and AMPK and
GLUT-4 translocation. As a result of PI3K activation, insulin
and IGF-1 stimulated the phosphorylation of Akt. These
ﬁndings are in agreement with the studies of Karlsson et al.
[56] and Zhang et al. [57]. Moreover, IGF-1 signiﬁcantly
increased AMPK phosphorylation. IGF-1 has been previously shown to stimulate the phosphorylation of AMPK at
its alpha subunit [58]. On the other hand, insulin did not
aﬀect the level of p-AMPK indicating that insulin mainly
uses the PI3K pathway to exert its eﬀects on glucose metabolism. Our ﬁndings are in agreement with Shen et al. [59] who
clearly showed that insulin does not stimulate AMPK. In the
same context, pharmacological activation of AMPK increases
glucose uptake in skeletal muscles of subjects with type 2
diabetes [60] by an insulin-independent mechanism [61].
Similarly, IGFBP-2 produced a signiﬁcant increase in Akt
phosphorylation which is attributed to its stimulatory eﬀect
on PI3K. Concordant data were reported by Yau et al. [50]
in human skeletal muscle cells. The surface proteoglycan
receptor-type protein tyrosine phosphatase β (RPTPβ) has
been identiﬁed as a functionally active cell surface receptor
that links IGFBP-2 and the activation of Akt [62]. IGFBP-2
binds RPTPβ through its HBD, resulting in inhibition of
RPTPβ phosphatase activity and subsequently phosphatase
and tensin homolog (PTEN) suppression [62]. PTEN is
known to prevent Akt activation by dephosphorylating
phosphatidylinositol-3,4,5-triphosphate (PIP3). The study
of Shen et al. [62] showed that IGFBP-2−/− mice had
increased RPTPβ activity and impaired Akt activation,
changes that were reversed by administration of IGFBP-2.
In addition, both short- and long-term treatment of the
adipocytes with IGFBP-2 induced a signiﬁcant increase in
AMPK phosphorylation. IGFBP-2 and IGF-1 have been
recently reported by Xi et al. [53] to induce stimulatory
eﬀects on AMPK in osteoblasts. Our results were further
conﬁrmed through testing the eﬀect of AMPK inhibitor,
Compound C, on IGFBP-2-stimulated glucose uptake. Incubation of the adipocytes with Compound C signiﬁcantly
abolished IGFBP-2-induced glucose uptake. Taken together,
AMPK activation plays a potential role in mediating
IGFBP-2-stimulated glucose uptake in 3T3-L1 adipocytes.
One of the major metabolic changes elicited by AMPK
activation is the promotion of glucose uptake [63]. AMPK
induces glucose uptake either acutely through GLUT-4 translocation or in the longer term via upregulation of GLUT-4
expression [63]. Here, we show that treatment of the
3T3-L1 adipocytes with IGFBP-2 for 30 min stimulates
GLUT-4 translocation to the plasma membrane. This eﬀect
is attributed to the ability of IGFBP-2 to activate AMPK. In
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addition, we show a signiﬁcant increase in the phosphorylation of the Rab-GAP protein TBC1D1 by IGFBP-2. Therefore, the mechanism underlying the IGFBP-2 impact on
GLUT-4 translocation and the subsequent promotion of
glucose uptake involves the phosphorylation of TBC1D1 at
least partly through AMPK-pathway activation. This eﬀect
is similar to the complementary regulation of TBC1D1 by
insulin and AMPK activators [64, 65]. Increased TBC1D1
phosphorylation and GLUT-4 translocation by IGFBP-2
could also be directly mediated by Akt activation. In the
skeletal muscle of rodents, Akt phosphorylates TBC1D1
[66] which promotes the hydrolysis of guanosine-5′-triphosphate on GLUT-4-containing vesicles [67].
The atypical protein kinase PKCζ/λ/GLUT-4 is another
signaling pathway we thought to have a role in mediating
the positive eﬀect of IGFBP-2 on glucose uptake in adipocytes. In our study, insulin, IGF-1, and IGFBP-2 induced
a signiﬁcant increase in PKCζ/λ phosphorylation. Since,
PKCζ/λ is dependent on PI3K activation [29, 68], it was
expected to be activated in adipocytes treated with insulin,
IGF-1, and IGFBP-2 because of their ability to activate
PI3K. Following activation, PI3K signaling diverges into
Akt-dependent and PKCζ/λ-mediated pathways [69].
PKCζ/λ is known to play little or no role in mediating
insulin eﬀects on glucose uptake in 3T3-L1 adipocytes
[70], which may explain the IGFBP-2-induced additive
increase in the insulin-induced glucose uptake after longterm treatment in our present study. However, further
studies using inhibitors or gene silencing are needed to
explore the precise involvement of PKCζ/λ in mediating
the IGFBP-2-induced increase in glucose uptake and
GLUT-4 translocation. One of the limitations of our study
was the IGFBP-2 concentrations used to elicit a signiﬁcant
impact on glucose uptake. IGFBP-2 increased glucose uptake
at concentrations 7–10-fold higher than those described in
humans. Therefore, further in vivo studies are needed to
explore the precise impact of physiological concentrations
of IGFBP-2 on glucose utilization in humans.
In summary, this study shows that IGFBP-2 stimulates
glucose uptake in 3T3-L1 adipocytes and that synergistic
activation of Akt and AMPK mediates the modulatory eﬀect
of IGFBP-2. The PI3K/PKCζ/λ/GLUT-4 signaling is here
shown to mediate the IGFBP-2-induced increase in glucose
uptake. Furthermore, we showed that IGFBP-2-induced
glucose uptake is independent of its binding to IGF-1, INSR,
and IGF-1R. Our ﬁndings highly strengthen the potential
and novel role for IGFBP-2 in glucose metabolism.
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Fermented papaya extracts (FPEs) are obtained by fermentation of papaya by Aspergillus oryzae and yeasts. In this study, we
investigated the protective eﬀects of FPEs on mammary gland hyperplasia induced by estrogen and progestogen. Rats were
randomly divided into 6 groups, including a control group, an FPE-alone group, a model group, and three FPE treatment
groups (each receiving 30, 15, or 5 ml/kg FPEs). Severe mammary gland hyperplasia was induced upon estradiol benzoate and
progestin administration. FPEs could improve the pathological features of the animal model and reduce estrogen levels in the
serum. Analysis of oxidant indices revealed that FPEs could increase superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px) activities, decrease malondialdehyde (MDA) level in the mammary glands and serum of the animal models, and
decrease the proportion of cells positive for the oxidative DNA damage marker 8-oxo-dG in the mammary glands. Additionally,
estradiol benzoate and progestin altered the levels of serum biochemical compounds such as aspartate transaminase (AST),
total bilirubin (TBIL), and alanine transaminase (ALT), as well as hepatic oxidant indices such as SOD, GSH-Px, MDA, and
8-oxo-2′-deoxyguanosine (8-oxo-dG). These indices reverted to normal levels upon oral administration of a high dose of FPEs.
Taken together, our results indicate that FPEs can protect the mammary glands and other visceral organs from oxidative damage.

1. Introduction
Fermented fruit and vegetable juices are popular functional
foods in China. They contain large amounts of probiotics,
amino acids, carbohydrates, and functional enzymes, which
can be easily digested. In addition, fermented fruit and vegetable juice exhibits antioxidant, antitumor, antidiabetic, and
anti-inﬂammatory activities [1, 2]. Papaya is used in traditional medicine because of its antioxidant, antitumor, and
immune regulatory eﬀects [3–6]; these eﬀects could be due
to the high content of α-tocopherol, ﬂavonoid, benzyl isothiocyanate, lycopene, and papain in papaya [7–10]. Fermented

papaya is used in medical treatment and has been developed
as a commercial functional food in Japan, United States, and
several European countries [11]. Studies have shown that
fermented papaya products (FPP) protect hemocytes from
oxidative damage, prevent complications of aging, and cure
Alzheimer’s disease (AD) [12–14]. Due to its antioxidant
activity, FPP exhibits potential for tumor treatment, immune
regulation, and wound healing in diabetics [4, 6, 15]. Fermented papaya extracts (FPEs) are the fermentation liquor
extracted from papaya through long-term fermentation by
Aspergillus and yeast; they are commercially available in
the form of tablets and powder. Clinically, FPEs are applied
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as functional food to regulate endocrine disorders and
antioxidant activity, as well as to improve immune and
anti-inﬂammatory responses.
Mammary gland hyperplasia is a common noninﬂammatory and nontumor disease that occurs in women of
child-bearing age. This condition accounts for 75% of all
breast diseases [16, 17]. Women suﬀering from mammary
gland hyperplasia exhibits two to three times higher risk of
breast cancer than the general population. The risk is ﬁve
to eight times higher among patients with atypical hyperplasia [18, 19]. The occurrence of mammary gland hyperplasia
is directly related to endocrine disorders, which are mainly
caused by imbalance of estrogen and progestin [20]. Hyperplasia of mammary epithelial cells can also be induced by cholesterol and its oxidative product cholesterol epoxide [21, 22].
In the present study, animal models of mammary gland
hyperplasia were established using estradiol benzoate and
progestin based on the underlying mechanism of mammary
gland hyperplasia. Using these models, the protective eﬀect,
functions, and mechanism of FPEs in estrogen-induced
mammary gland hyperplasia were investigated.

2. Materials and Methods
2.1. FPEs and Drugs. Immature papaya (half a month from
maturity) were peeled and cut into 2 mm slices after removing the seeds. The prepared papaya was fermented for 3
months through Aspergillus oryzae (isolated from millet catsup and stored at our laboratory), and then fermented for 3
months using yeasts (Saccharomyces cerevisiae, provided by
Desheng Biotechnology Co. Ltd., Zhejiang, China) with 5%
glucose at 24–28°C. The FPEs were obtained by squeezing
and ﬁltering after fermentation. Total ﬂavonoids, one of the
important functional constituents in FPEs, were nearly
11.65 mg/ml detected by UV method. Estradiol (2 mg/ml)
and progestin (10 mg/ml) were purchased from Hangzhou
Animal Pharmaceutical Factory, China.
2.2. Animals and Treatments. Thirty-six female SPF SpragueDawley (SD) rats (180–200 g, 7-8 weeks old, and at sexual
maturity) were purchased from the Shanghai Slack Laboratory Animal Co. Ltd. All animals were groomed in the
barrier system with a clean environment at 20°C–25°C
under 50–60% humidity and with a 12 h light and 12 h dark
cycle. Animal experiments were conducted in laboratories
that passed the AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care International)
authentication. The rats were randomly divided into six
groups, with each group containing six rats.
Group 1, the blank control group, received daily intramuscular injection of 0.5 ml/kg saline and were orally
administered 30 ml distilled water/kg weight. Group 2, the
FPE control group, was orally administered 30 ml of FPEs/kg
weight at the beginning of the experiment. Group 3, the model
group, received intramuscular injection of 0.5 mg (0.5 ml)/kg
estradiol benzoate from day 1 to day 25 and 4 mg (0.5 ml)/kg
progestin from day 26 to day 30. As treatment groups,
group 4, group 5, and group 6 received estradiol benzoate
and progestin the same as the model group and were orally
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treated with FPEs from day 1 to day 30. Group 4, treatment
group I, was administered an oral dose of 30 ml of FPEs/kg.
Group 5, treatment group II, was administered an oral dose
of 15 ml of FPEs plus 15 ml of distilled water/kg. Group 6,
treatment group III, was administered an oral dose of 5 ml
of FPEs plus 25 ml of distilled water/kg.
2.3. Nipple Measurement. On the 31st day, the third nipple on
the right side of the rats in each group was shaved. The diameter and height of the shaved nipple were measured using a
Vernier caliper.
2.4. Sample Collection. On the 31st day, all experimental rats
were anesthetized with 2.5% pentobarbital solution and
killed humanely. Blood and tissue samples were collected
from the mammary glands, heart, liver, spleen, lung, kidney,
ovary, and uterus. To avoid interference from blood cells, the
blood in the liver was cleared by injecting saline through the
portal vein. Once blood clotted at room temperature, the
serum was separated within 10 min by centrifugation at
3000 ×g. A portion of the serum was immediately used for biochemical detection, and the remainder was stored at −70°C
for analysis of hormones and oxidant indices. Half of the
collected tissue samples were stored in 10% formaldehyde
for pathological and immunohistochemical (IHC) tests,
and the remaining half was stored at −70°C for testing
oxidant indices and 8-oxo-2′-deoxyguanosine (8-oxo-dG).
2.5. Sex Hormone Concentrations. The concentration of
each sex hormone in the serum was tested as per standard
speciﬁcations using estradiol (E2), progesterone (P), luteinizing hormone (LH), and follicle-stimulating hormone (FSH)
detection kits (Beijing Kemei Biological Technology Co. Ltd.).
2.6. Oxidative Index Detection. Malondialdehyde (MDA)
level, superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) activities in the serum, mammary glands,
and livers were detected using commercially available
detection kits following the manufacturer’s instructions
(Sigma-Aldrich).
2.7. Blood Biochemistry. Serum biochemical parameters
including aspartate transaminase (AST), alanine transaminase (ALT), total bilirubin (TBIL), alkaline phosphatase
(ALP), creatine kinase (CK), blood urea nitrogen (BUN),
creatinine (Crea), total protein (TP), albumin (ALB), glucose
(GLU), total cholesterol (T-CHO), triglyceride (TG), potassium (K+), serum sodium (Na+), chloride (Cl−), and total
calcium (TCa) were analyzed using a Hitachi 7020 automatic
biochemical analyzer.
2.8. Detection of 8-Oxo-2′-deoxyguanosine (8-oxo-dG) through
Enzyme-Linked Immunosorbent Assay (ELISA) and IHC. The
biomarker 8-oxo-dG was detected in the mammary glands
and liver tissues through ELISA and IHC analyses. For ELISA,
50 mg of the tissues was collected. Total DNA was extracted
using a genome extraction kit (Sigma-Aldrich) and quantiﬁed
by colorimetric method. Approximately 300 ng of DNA was
extracted from each sample. The content of 8-oxo-dG in the
total DNA was determined using the EpiQuik™ 8-OHdG
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Table 1: Eﬀect of FPEs on the nipple and sex hormones in rats.
Groups
Control
SPE control
EB + PR
EB + PR+ 30 ml SPE/kg
EB + PR+ 15 ml SPE/kg
EB + PR+ 5 ml SPE/kg

Nipple (mm)
Height
Diameter
1.22 ± 0.14
1.27 ± 0.11b
1.86 ± 0.17a
1.45 ± 0.23b
1.64 ± 0.24a
1.76 ± 0.09a
b

Sex hormones
P (pg/ml)
LH (pg/ml)

E2 (pg/ml)

1.27 ± 0.10
1.29 ± 0.14b
1.78 ± 0.12a
1.41 ± 0.21b
1.46 ± 0.18ab
1.72 ± 0.16a
b

33.56 ± 12.43
38.24 ± 8.31b
166.55 ± 46.51a
62.55 ± 42.63a,b
98.24 ± 31.31ab
135.62 ± 36.89ab
b

70.44 ± 13.34
79.25 ± 16.08b
151.22 ± 26.25a
125.53 ± 19.23a,b
142.65 ± 7.19a
138.97 ± 16.52a
b

4.63 ± 0.69
5.27 ± 1.08b
9.16 ± 2.71a
5.77 ± 1.54b
7.15 ± 2.26ab
8.23 ± 1.84a
b

FSH (pg/ml)
5.17 ± 0.83b
4.63 ± 1.32b
18.46 ± 3.15a
8.64 ± 3.24b
10.52 ± 2.54ab
16.63 ± 2.11ab

SPE: fermented papaya extract; EB: estradiol benzoate; PR: progestin; E2: estradiol; P: progesterone; LH: luteinizing hormone; FSH: follicle-stimulating
hormone. Statistical diﬀerences are within the individuals at the same column. ap < 0 05 compared with control group; bp < 0 05 compared with EB + PR group.

DNA Damage Quantiﬁcation Direct Kit (Colorimetric)
(EpiGentek). The results are presented as the ratio of
8-oxo-dG-positive cells.
For IHC, mammary glands were ﬁxed in 10% formaldehyde for at least 24 h and sliced into 4 μm sections after
embedding in wax. After dewaxing, hydration, antigen
retrieval, DNA hybridization, and sealing treatment, the
slices were incubated overnight in anti-8-oxo-dG monoclonal antibody (1 : 250, Trevigen) at 4°C. Next, the slices were
incubated in DyLight 594-labled goat anti-mouse IgG
(1 : 250, Jackson) for 30 min. After washing, the slices were
evaluated using a ﬂuorescence microscope.

3.2. Eﬀect of FPEs on Nipple Size of Rats. The diameter and
height of the nipples of rats increased upon estradiol benzoate and progestin administration (compared with those in
the control group, p < 0 05). However, upon treatment with
FPEs, the diameter and height of their nipples improved. In
the larger-dose group, the diameter and height of their
nipples were signiﬁcantly attenuated (compared with those
in the model group, p < 0 05). Additionally, the middledose group apparently alleviated the diameter of nipples.
However, the smaller-dose (5 ml of FPEs/kg) group did not
show an evident modulatory role in the diameter and height
of nipples (Table 1).

2.9. Pathological Mechanism Detection. Each major visceral
organ was ﬁxed in 10% formaldehyde for at least 24 h, sliced
into 4 μm sections after embedding with wax, and dyed with
standard HE dyeing procedures. The pathological state of
each visceral organ was observed by optical microscopy.
Signs of pathological damage, such as lobule increase, acinar
increase, mammary duct and lumen ectasia, and mammary
duct and lumen secretion, were analyzed.

3.3. Protective Eﬀect of FPEs on Mammary Gland Pathology
in Model Animals. In this study, mammary gland hyperplasia
was induced by administering estradiol benzoate and progestin and treated with FPEs. Histopathological analysis showed
that the lobules and acinars in the control group and group
administered with FPEs alone showed no apparent hyperplasia, with few acinars and no clear secretion in the mammary
ducts and lumens. By contrast, severe pathological changes,
including mammary gland hyperplasia, lobule increase,
acinar increase, mammary duct and lumen ectasia, and
mammary duct and lumen secretion increase, were observed
in the model group. Table 2 shows the statistics for several
pathological features related to mammary gland hyperplasia
across the study groups. The pathology of the mammary
glands in the model rats given with the larger dose and middle dose of FPEs improved, with signiﬁcant changes observed
in lobule number, acinar number, and mammary duct and
lumen secretion. Mammary duct and lumen secretion in
the treatment group administered a high dose of FPEs almost
returned to the normal level. In addition, pathological
improvements of mammary gland hyperplasia were found
to be positively correlated with FPE dosage (Figure 1).

2.10. Statistical Analysis. Results are reported as mean ±
SEM (standard error of mean) and were analyzed using
SPSS 22.0. One-way ANOVA was conducted to compare
data among more than two groups. p < 0 05 was considered
statistically signiﬁcant.

3. Results
3.1. Protective Eﬀect of FPEs on Serum Sex Hormone Index of
Rats. The regulatory eﬀect of FPEs on sex hormone concentration in the model rats was determined by detecting serum
E2, P, LH, and FSH levels. After administering the model rats
with estradiol benzoate and progestin, the serum levels of
these hormones increased (compared with those in the
control group, p < 0 05). After treatment with FPEs, the
levels of E2 and FSH were found to be evidently decreased
(compared with those in the model group, p < 0 05) and
dose-dependent. In addition, the level of P was signiﬁcantly decreased in the larger-dose (30 ml of FPEs/kg)
group, and the level of LH was obviously reduced both
in the larger-dose group and the middle-dose (15 ml of
FPEs/kg) group (compared with those in the model group,
p < 0 05) (Table 1).

3.4. FPEs Improve Mammary Gland Hyperplasia in Model
Rats via Its Antioxidant Eﬀects. Mammary gland hyperplasia
induced by estradiol benzoate and progestin resulted in oxidative damage. Oxidant indices such as SOD and GSH-Px
activities and MDA level in the serum and mammary glands
were detected the day after mammary gland hyperplasia was
induced. Therefore, we sought to evaluate the protective
eﬀect of FPEs against oxidative damage in the mammary
glands. As shown in Figure 2, SOD and GSH-Px activities
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Table 2: Eﬀect of SM on estradiol benzoate and progestin induced mammary gland changes on histopathology.

Groups

Mammary gland
hyperplasia

Lobule increase

Acinar increase

Mammary duct and
lumen ectasia

Mammary duct and
lumen secretion

−
−
+++
+
++
+++

−
−
+++
+
++
+++

−
−
+++
+
++
+++

−
−
+++
++
+++
+++

−
−
+++
+/−
+
++

Control
FPEs control
EB + PR
EB + PR+ 30 ml FPEs/kg
EB + PR+ 15 ml FPEs/kg
EB + PR+ 5 ml FPEs/kg

FPEs: fermented papaya extracts; EB: estradiol benzoate; PR: progestin. The histopathology changes were determined at the end of experiment. −: none;
+/−: some have and some not; +: mild; ++: moderate; +++: severe.

MD

MA

MD
MA

(a)

(b)

LI

LI
MGH

MA
MA

MD
MD
MGH

(c)

(d)

LI

MD
LI

MD
MA
MA

MGH
MGH
(e)

(f)

Figure 1: Photomicrographs showing mammary gland of rats in the control and treatment groups (200x). There was no apparent hyperplasia
and no clear secretion in the mammary ducts and lumens in the control group (a) and the FPE-treatment-alone group (b). However, severe
mammary gland hyperplasia (MGH), lobule increase (LI), acinar (MA) increase, mammary duct (MD) and lumen ectasia, and mammary
duct and lumen secretion were observed in the estradiol benzoate and progestin treatment group (c). The pathology of the mammary
glands of the model rats improved upon treatment with FPEs at 30 ml/kg (d), 15 ml/kg (e) and 5 ml/kg (f). Scale bar, 100 μm.
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Figure 2: Eﬀect of FPEs on SOD and GSH-Px activities and MDA level in the serum and mammary glands, which had changed upon
treatment with estradiol benzoate and progestin. Data are presented as mean ± SEM. Ap < 0 05 compared with the control group; Bp < 0 05
compared with the EB + PR group.
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Figure 3: Eﬀect of FPEs on AST, ALT, and TBIL biochemistry indices and SOD, GSH-Px, and MDA oxidative indices in the livers, which
changed upon treatment with estradiol benzoate and progestin administration. Data are presented as mean ± SEM. Ap < 0 05 compared
with the control group; Bp < 0 05 compared with the EB + PR group.

and MDA level in the mammary glands and serum of the
model rats obviously changed compared with that in the
control group (p < 0 05). These oxidative indices in the mammary glands and serum of the model rats also signiﬁcantly
improved after treatment with FPEs both in the larger-dose
group and the middle-dose group (compared with those in
the model group, p < 0 05). SOD and GSH-Px activities
in the serum of model rats treated with high doses of
FPEs recovered to levels observed in the control group.
Moreover, SOD activity in the serum of rats treated with
FPEs alone (group 2) was higher than that in the control
group (p < 0 05). Although the smaller-dose group did not
show an apparent antioxidant eﬀect, these results indicate
that FPEs can increase the antioxidant levels and inhibit the
hyperplasia of mammary glands by antioxidants.
3.5. Blood Biochemistry. Each serum biochemical index was
determined to investigate the damage induced by estradiol
benzoate and progestin in the body and the protective eﬀect
of FPEs. The AST and TBIL indices in the model rats obviously increased, and the ALT index obviously decreased in
the model rats (compared with those in the control group,
p < 0 05). Compared with those in the model group, the
AST, TBIL, and ALT indices in the larger-dose FPE

treatment group were obviously improved and recovered to
the levels of the control group (p < 0 05). Furthermore, FPEs
showed a dose-dependent eﬀect on AST index. The TBIL
index was also evidently reduced in the middle-dose group.
However, the TBIL and ALT indices in the smaller-dose
group were not signiﬁcantly changed (compared with those
in the model group, p > 0 05) (Figure 3).
3.6. FPEs Inhibit Liver Damage in Model Rats via Their
Antioxidant Eﬀects. Estradiol benzoate and progestin can
induce mammary gland hyperplasia and change AST, TBIL,
and ALT, which suggested that estradiol benzoate and
progestin could induce damage to other visceral organs.
Pathological examination of the major visceral organs did
not reveal any obvious pathological change in the visceral
organs, except for the liver, which underwent inﬂammatory
inﬁltration. Mammary gland hyperplasia is inhibited by FPEs
mainly via antioxidants. The SOD and GSH-Px activities and
MDA levels in the liver were examined to determine whether
liver damage induced by estradiol benzoate and progestin
was caused by oxidative stress and whether the liver was protected by FPEs via antioxidants. The liver was completely
cleaned with saline to avoid interference from blood. Results
showed that SOD and GSH-Px activities were obviously

Oxidative Medicine and Cellular Longevity
decreased, and the MDA level was increased in the model
group (compared with those in the control group, p < 0 05).
These oxidative indices in the liver tissues of the model rats
treated with FPEs were obviously restored both in the
larger-dose group and the middle-dose group. The SOD
and GSH-Px activities in the larger-dose group were
increased to the same level as the control group (compared
with those in the model group, p < 0 05, and compared with
those in the control group, p > 0 05). However, the smallerdose group did not show a signiﬁcant protective eﬀect. In
addition, the SOD activity in rats orally administered FPEs
alone was higher than that in the control group (p < 0 05).
Thus, our results demonstrated that FPEs also prevented
liver damage via their antioxidant properties (Figure 3).
3.7. Treatment with FPEs Reduced the Oxidative Stress
Marker 8-oxo-dG. A part of mammary gland hyperplasia is
the early pathological changes of breast cancer. Oxidative
stress plays a crucial role in breast cancer induced by estrogen. The biomarker of 8-oxo-dG is one of the predominant
forms of free radical-induced oxidative lesions and has therefore been widely used in the evaluation of oxidative DNA
damage and carcinogenesis [23].
Results of IHC and ELISA analyses showed that the
number of cells expressing 8-oxo-dG in mammary gland
tissues was increased by estradiol benzoate and progestin.
By contrast, the number of 8-oxo-dG-positive cells was
remarkably reduced in the larger-dose and the middle-dose
FPE treatments (compared with that in the model group,
p < 0 05) (Figure 4).
ELISA was conducted to detect 8-oxo-dG content in liver
tissues. Similarly, the content of 8-oxo-dG in liver tissues of
the animal models was reduced in the larger-dose and the
middle-dose FPE treatments (compared with that in the
model group, p < 0 05). The 8-oxo-dG contents in livers of
rats administered with these two doses of FPEs had recovered
to the level in the control group (Figure 5).

4. Discussion
The pathogenesis of mammary gland hyperplasia remains
unclear, and studies suggest that this condition could be
attributed to endocrine dyscrasia [24]. Increase in estrogen
level in the body is known to promote multiplication of
mammary gland cells, and long-term high-estrogen stimulation destroys the balance of mammary gland tissue hyperplasia and recovery during menstrual cycles. These phenomena
result in gland duct expansion, adenomatosis, and acinus
increase and further cause pathological mammary gland
hyperplasia [20]. A large amount of reactive oxygen species
(ROS) was found to be produced by long-term highestrogen stimulation, which in turn caused oxidative stress
injury in mammary gland tissues [25–27]. Given the aforementioned mechanism of mammary gland hyperplasia,
estrogen and progestin can be utilized to induce mammary
gland hyperplasia in model rats [18, 28]. In the present study,
model rats with mammary gland hyperplasia induced by
estradiol benzoate and progestin exhibited obvious elevation
of estrogen level in the serum. Concomitant with this rise in
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estrogen level, severe pathological changes were observed.
Oxidative stress is also a crucial factor in mammary gland
hyperplasia. After mammary gland hyperplasia was induced
by estrogen and progestin, SOD and GSH-Px activities,
which are the major antioxidant enzymes that capture harmful active oxygen, in the serum and mammary glands of rats,
were found to be obviously decreased.
FPPs are widely applied as functional food in the treatment and remission of various diseases [29, 30]. Although
the mechanism underlying their therapeutic eﬀects still
remains unclear, antioxidant activity is one of its major functions [12, 31]. Antioxidant activity has been shown to be
eﬀective in the treatment and remission of complications
related to age [32], erythrocyte oxidative damage [13], wound
healing in diabetics [11, 33, 34], and AD [14]. In this study,
FPEs can not only improve oxidative indices in the animal
models, but can also increase SOD activity in the normal
animals. This indicates that FPEs exhibit strong antioxidant
activity, and their protective eﬀect on mammary gland
hyperplasia is likely related to this property.
Estrogen can induce cell multiplication and inhibit
DNA repair [35, 36]. Previous studies showed that breast
tumor is induced by estrogen through oxidative DNA
damage [25, 37, 38]. The biomarker 8-oxo-dG is a product
of ROS that induces oxidative DNA damage, which is
regarded as a cell marker of oxidative stress and oxidative
DNA damage, and is the most common product of oxidative
stress damage induced by estrogen [39, 40]. After long-term
estrogen inducement, 8-oxo-dG-positive cells in the mammary gland obviously increased, but improved when the
animal models were given with FPEs. This ﬁnding indicates
that, in addition to its antioxidant activity, FPEs also have
the ability to inhibit oxidative DNA damage. This is consistent with a previous report that FPP can reduce oxidative
DNA damage and improve cytokine balance [41].
In this study, a panel of blood biochemical markers in the
experimental animals were detected. The AST, ALT, and
TBIL indices in the serum of the animals with mammary
gland hyperplasia induced by estrogen were remarkably
increased. Meanwhile, these biochemical indices in the
animal models treated with FPEs had recovered to the level
of the control group. This result indicates that estrogen can
cause mammary gland hyperplasia and damage other visceral
organs. However, FPEs can protect these organs from being
injured. AST and ALT are markers of heart and liver damage,
whereas TBIL is a marker of liver damage. After pathological
detection of the major visceral organs, no obvious pathological changes to the heart, spleen, lung, kidney, ovary, and
uterus were observed. However, pathological changes in the
liver, which mainly consisted of inﬂammatory cell inﬁltration, were still induced. However, high-dose FPEs completely
protected the liver from being injured. Oxidant indices and
oxidative DNA damage markers indicate that FPE acts as
an antioxidant to protect the liver from damage. Previous
studies showed that FPP can protect liver activity and
inhibit liver cancer, which is mainly achieved via its antioxidant activity [42, 43]. Oxidative stress plays an important
role in mediating hepatotoxicity associated with many diseases [44, 45]. FPEs improve and protect the organs, and
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Figure 4: Eﬀect of SPE supplementation on oxidative stress in mammary gland hyperplasia of rats induced by estradiol benzoate
and progestin administration. (a–f) Representative images of 8-oxo-dG immunostaining in the mammary glands (200x). No apparent
8-oxo-dG-positive cells were observed in the control group (a) and the FPE-treatment-alone group (b). A high percentage of 8-oxo-dGpositive cells were observed in the estradiol benzoate and progestin treatment group (c). Scale bar, 100 μm. However, the percentage of 8-oxodG-positive cells decreased upon treatment with FPEs at 30 ml/kg (d), 15 ml/kg (e) and 5 ml/kg (f). (g) Quantiﬁcation of 8-oxo-dG-positive
cells in the mammary glands by ELISA. Data are presented as mean ± SEM. Ap < 0 05 compared with the control group; Bp < 0 05 compared
with the EB + PR group.

in turn improve blood biochemical indexes, through their
antioxidative eﬀects.
FPP is available in the market in powdered form after
papaya fermentation with edible fungi. FPEs, the extracting
solution fermented by papaya through the collaboration
of A. oryzae and yeasts for six months, can be easily prepared and consumed. Clinically, FPEs are mainly used for

improving digestion and immune regulation, endocrine
dyscrasia improvement, and weight reduction. In this
study, three FPE treatment groups (each receiving 30, 15,
or 5 ml/kg FPEs) was used for evaluating the protective
eﬀect on mammary gland hyperplasia. The results provide
convincing evidence that FPEs with higher and middle
doses could obviously improve hormone levels, clinical
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signs, oxidative indices, biochemical index, and pathological
changes in model animals of mammary gland hyperplasia,
and with smaller dose had no signiﬁcant modulatory role.
Moreover, the higher dose is the optimal dose, which was
converted into an adult dose 70 ml/kg approximately
according to body surface area. In general, the clinical dose
of adult women is 100 ml/d. A 1-month safety evaluation of
FPEs for SD rats was conducted. The results showed that
blood biochemistry, hematology, histopathology, ingestion,
and water intake of the rats administered the recommended
clinical dose of FPEs four times did not obviously change.
However, an obvious decrease in body weight was documented, which is also a possible reason for the observed
change in body shape.
Studies have shown that mammary gland hyperplasia
induced by estrogen can be eﬀectively inhibited by FPEs via
their antioxidant eﬀects. In addition, FPEs can also improve
and repair oxidative damage in the liver. FPEs contain abundant nutrients, such as alpha-tocopherol [8], ﬂavonoid [9],
glutamic acid, cystine, cytosine, nicotinic acid, pipecolic acid,
homoserine, quinic acid, and glucuronic acid, which possess
antioxidant and antitumor functions. In recent years, liquor
obtained via fruit fermentation has become popular in China
and is commonly sold as commercial food. Each active
element in FPEs should be further analyzed. Future studies
should focus on the functions and mechanism of FPEs in
various diseases and in developing FPEs as functional food.
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Diabetic encephalopathy (DE) is often a complication in patients with Alzheimer’s disease due to high blood sugar induced by
diabetic mellitus. Ergothioneine (EGT) and hispidin (HIP) are antioxidants present in Phellinus linteus. Methylglyoxal (MGO), a
toxic precursor of advanced glycated end products (AGEs), is responsible for protein glycation. We investigated whether a
combination EGT and HIP (EGT + HIP) protects against MGO-induced neuronal cell damage. Rat pheochromocytoma (PC12)
cells were preincubated with EGT (2 μM), HIP (2 μM), or EGT + HIP, then challenged with MGO under high-glucose condition
(30 μM MGO + 30 mM glucose; GLU + MGO) for 24–96 h. GLU + MGO markedly increased protein carbonyls and reactive
oxygen species in PC12 cells; both of these levels were strongly reduced by EGT or HIP with eﬀects comparable to those of
100 nM aminoguanidine (an AGE inhibitor) but stronger than those of 10 μM epalrestat (an aldose reductase inhibitor).
GLU + MGO signiﬁcantly increased the levels of AGE and AGE receptor (RAGE) protein expression of nuclear factor
kappa-B (NF-κB) in the cytosol, but treatment with EGT, HIP, or EGT + HIP signiﬁcantly attenuated these levels. These results
suggest that EGT and HIP protect against hyperglycemic damage in PC12 cells by inhibiting the NF-κB transcription pathway
through antioxidant activities.

1. Introduction
In general, there is a higher prevalence of diabetes among
patients suﬀering from various neurodegenerative disorders,
such as Alzheimer’s disease (AD) [1]. Recently, several
reports revealed an epidemiological association between
diabetes mellitus (DM) and cognitive impairment known as
diabetic encephalopathy (DE), which has been recognized
as an important CNS complication of diabetes [2]. Accumulating data indicate that DE results from neuronal cell
apoptosis in the hippocampal region due to brain insulin
deﬁciency [3], impaired brain insulin signaling [4], and
hyperglycemia-induced oxidative stress in the brain [5].
Glucose and other reducing sugars are important glycating agents; however, the most reactive and physiologically
relevant glycating agents are the dicarbonyls, in particular

methylglyoxal (MGO). Excessive glucose causes the accumulation of MGO and advanced glycation end products
(AGE). MGO can react with amino acids to induce protein
glycation and consequently form AGE [6]. Many studies
have revealed an association between MGO and AGEs in
the pathogenesis of cognitive disorders such as DE and AD
[7, 8]. In addition, the importance of the receptor for
advanced glycation end products (RAGE), which function
as signal-transducing cell surface accepters for AGE in DE
and for β-amyloid in AD, was recently highlighted [9].
MGO is more toxic and reactive than glucose and forms
adducts with proteins, phospholipids, and nucleic acids.
MGO exposure itself, without hyperglycemia, can induce
diabetes-like complications [10]. Hyperglycemic condition
is known to activate both oxidative stress and inﬂammatory
pathways. The interaction of these two pathways complicates

2
the hyperglycemia-mediated neuronal damage. Oxidative
stress-mediated inﬂammation is known to execute NF-κB,
activator protein-1 (AP-1), and MAPK pathways [11].
Ergothioneine (2-mercaptohistidine trimethylbetaine;
EGT), which is formed in some bacteria and fungi but not
in animals [12], is known to be present in the mammalian
brain at 0.2–1.0 mg per 100 g tissue [13]. In humans, EGT
is derived from a plant-based diet, primarily from edible
mushrooms. In vitro studies have shown that EGT possesses
antioxidant, antiradiation, and anti-inﬂammatory activities
[14, 15], and suﬃcient evidence suggests that EGT functions
as a physiological antioxidant [15]. EGT also protects neurons from cytotoxicity induced by various neurotoxins,
including N-methyl-D-aspartate, β-amyloid, and cisplatin
[16–18]. In our previous study, we demonstrated that EGT
protects against learning and memory deﬁcits in aging mice
treated with Aβ [19] or D-galactose [20] by improving
parameters related to oxidative stress. However, little is
known about the eﬀects of EGT on MGO-induced injuries
in neurons.
Hispidin (HIP), 6-(3,4-dihydroxystyryl)-4-hydroxy-2pyrone, is a phenolic compound ﬁrst puriﬁed from Inonotus
hispidus [21]. Later, it was found in medicinal mushrooms,
particularly the genus Phellinus (a traditional medicinal
mushroom used in Asian countries for the treatment of
various diseases). HIP has garnered signiﬁcant attention
due to its antioxidant [22], anti-inﬂammatory [23], antiproliferative, and antimetastatic eﬀects [24]. HIP also protects
against peroxynitrite-mediated DNA damage and prevents
hydroxyl radical generation [25, 26]. In addition, HIP possesses potent aldose reductase and protein glycation inhibitory activity [27, 28] and acts as an antidiabetic agent by
preventing beta cells from the damage by reactive oxygen species (ROS) in diabetes [29, 30]. Importantly, protein kinase
Cβ (PKCβ) expression in humans is activated during high
blood sugar or diabetic conditions, whereas HIP can inhibit
PKC expression and prevent diabetic complications [26].
Liu et al. [31] used high-glucose concentration (35 mM)
rather than normal-glucose concentration (5.5 mM) to
induce AGE formation. Miller et al. [32] indicated that a
high-glucose environment (30 mM D-glucose) alone does
not induce apoptosis within 7 days of incubation and that a
combination of high glucose with glyoxalase I (an MGOmetabolizing enzyme) inhibitor can maintain cells under
hyperglycemic conditions. To reduce reaction time, we use
MGO and high-glucose concentration as a high-sugar concentration. Few studies have explored the ameliorative eﬀects
of EGT, HIP, or a combination EGT and HIP on MGOinduced injuries in neuronal cells. In this study, we therefore
employed rat pheochromocytoma (PC12) cells to investigate
the cytoprotective eﬀect and possible mechanistic actions
of HIP, EGT, and their combination against neurotoxicity
induced by MGO and a high-glucose concentration.

2. Materials and Methods
2.1. Chemical Reagents. PC12 cells (BCRC 60048) were
purchased from the Food Industry Research & Development Institute (Hsinchu, Taiwan). EGT, HIP, L-glutamine,
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sodium bicarbonate (NaHCO3), horse serum (HS), fetal
bovine serum (FBS), penicillin, streptomycin, MTT: (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
tetrazolium, and all other reagents were purchased from
Sigma Chemical Company (St. Louis, MO, USA). 2′,7′Dichloroﬂuorescein diacetate (H2DCFDA) was purchased
from Molecular Probes Inc. (Eugene, OR, USA). Well plates
were bought from FALCON (Becton Dickinson, NJ, USA).
2.2. Preparation of PC12 Culture. Rat pheochromocytoma
(PC12 cells (BCRC 60048)) was obtained from the Food
Industry Research & Development Institute (Hsinchu,
Taiwan) and maintained in 5% FBS, 10% HS, 84% RPMI,
1% NEAA with 2 mM L-glutamine containing 1.5 g/L
sodium bicarbonate, and antibiotics (100 U/mL penicillin
and 100 μg/mL streptomycin) at 37°C in a humidiﬁed
atmosphere with 5% CO2. The medium was replaced every
2 days. Cells were seeded at a density of 1 × 105 cells/well onto
a 24-well plate for 24 h before sample treatment.
2.3. Cell Viability Assay. Cells were seeded at a density of
1 × 105 cells/well onto a 24-well plate (FALCON, Becton
Dickinson, NJ, USA) 24 h before the treatment. The cells
were divided in eight groups: (A) control (CON), (B) hyperglycemic conditions (30 μM MGO + 30 mM D-glucose
(GLU + MGO group)), (C) 30 mM mannitol group (excluding the impact of glucose osmosis), (D) epalrestat (EPA,
10 μM, aldose reductase inhibitor), (E) 100 nM aminoguanidine (AMG, AGE inhibitor), (F) 2 μM EGT, (G) 2 μM HIP,
and (H) EGT + HIP (2 μM + 2 μM). Groups B and C were
only treated with GLU + MGO or mannitol for 24–96 h.
PC12 cells were added to groups D, E, F, G, and H and
allowed to stand for 2 h. Then, GLU + MGO was added to
the ﬁve groups and the cells were incubated for 24–96 h.
Using 0.4% trypan blue dye, cell viability was calculated with
a hemocytometer in an inverted microscope (BestScope
International Limited, Beijing, China) at 100x magniﬁcation.
The percentage of cell viability was calculated as follows: cell
viability on treatment/cell viability in control × 100%. All
tests were performed at least in triplicate, and graphs were
plotted using an average of three measurements.
2.4. Measurement of Intracellular ROS. Intracellular ROS
levels were measured using the ﬂuorogenic probe 2′,7′dichlorodihydroﬂuorescein diacetate (H2DCFDA) to detect
H2O2 levels, as previously described [33]. Cells were seeded
at 1 × 106 cells/mL in a 10 cm dish and incubated for 24 h.
Cells in the D, E, F, G, and H groups were incubated for
2 h, then GLU + MGO was added and incubated for 24,
48, and 72 h. Then, H2DCFDA (5 μM) was added at
37°C for 30 min, and the cells were centrifuged at 4°C,
900g for 5 min. The cell pellet was collected, and 1 mL
of 1 × PBS was added and mixed before being transferred
to a ﬂow cytometer tube for measurement of ROS level
using ﬂow cytometry.
2.5. Measurement of Protein Carbonyl. Protein carbonyl
content was measured as described by Reznick and Packer
[34] with minor modiﬁcations. Cells (2 × 106 cells/mL) were
seeded in a 6-well plate and incubated for 24 h. Groups D,
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2.6. Determination of AGE and RAGE. The levels of AGE
and RAGE were assessed using ELISA kit (Cell Biolabs
Inc. CA, USA) according to the manufacturer’s instructions.
We detected AGE content by carboxymethyllysine (CML).
CML, also known as N(epsilon)-(carboxymethyl) lysine, is
an advanced glycation end product (AGE) found on proteins
and lipids as a result of oxidative stress and chemical glycation. The quantity of AGE adduct in protein samples is
determined by comparing its absorbance (450 nm) with that
of a known AGE-BSA standard curve. The minimum detectable concentration was 0.39 μg/mL for AGEs and 0.41 ng/mL
for RAGE.
2.7. Measurement of Protein Expression of NF-κB with
Western Blotting. After incubation with GLU + MGO, cells
were collected and resuspended in radio immunoprecipitation assay (RIPA) buﬀer (Millipore, Bedford, MA, USA)
containing inhibitor cocktail (protease and phosphatase
inhibitor) to obtain whole cell lysates. Cytoplasmic and
nuclear lysates were isolated by NE-PER nuclear and cytoplasmic extraction reagents (Thermo Scientiﬁc, Rockford,
IL, USA) according to manufacturer’s protocol. Total protein
contents of whole cell lysates or cytoplasmic and nuclear
extracts were assayed using Bradford’s reagent (Bio-Rad
Hercules, CA, USA). Then, a portion of the protein (50 μg)
was subjected to 10% SDS-PAGE and transferred onto the
PVDF membranes. After blocking with 5% skimmed milk
for 2 h at 37°C, the membranes were incubated with primary
antibodies (IκBα (Santa Cruz Biotechnology) at 1 : 500
dilution, nuclear factor-kappa B (NF-κB) p65 (Santa Cruz
Biotechnology) at 1 : 200 dilution, and β-actin (Santa Cruz
Biotechnology) at 1 : 500 dilution). After being washed
with Tris-buﬀered saline with Tween 20 (TBS-T), the membranes were then incubated with goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies (Sigma,
St. Louis, MO) for 1 h at 1 : 2000 dilution at room temperature. The immunoreactive bands were visualized using
an enhanced chemiluminescence kits (Amersham; ECL kits)
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Cell viability (% of control)

E, F, G, and H were pretreated with GLU + MGO for 2 h
and incubated with GLU + MGO for 24, 48, and 72 h. Then,
the cells were centrifuged at 1500 rpm for 5 min, collected,
and mixed to 1.5-fold with Triton X-100 (0.5%/PBS). These
cells were frozen in liquid nitrogen for 1 min and placed in
a water bath at 37°C for 5 min. Next, the cells were centrifuged at 4°C, 12,000 ×g for 10 min. To collect protein,
100 μL of supernatant and 0.5 mL of 10 mM DNPH/2N
HCl were mixed in the dark at room temperature and kept
for 1 h with shaking every 15 min. The protein was precipitated by adding 0.6 mL of 20% TCA and centrifugation at
10000 rpm for 10 min. The supernatant was removed, and
the precipitate was washed thrice with ethanol/ethyl acetate
(1 : 1, v/v) to remove residual DNPH. The precipitate was
dissolved using 1 mL of 6 M guanidine-HCl (pH 2.3) and
incubated at 37°C for 1 h. Then, the sample was centrifuged
at 12000 rpm for 15 min. The absorption of protein carbonyl was measured at 370 nm using a spectrophotometer
(E370 = 2.2 × 103 M−1 cm−1 terms of protein carbonyl).
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Figure 1: Eﬀects of glucose (GLU), methylglyoxal (MGO), and
GLU + MGO on viability of PC12 cells. Cell viability was estimated
by trypan blue dye exclusion method. Values (means ± SD of
triplicate tests) without a superscript letter are signiﬁcantly
diﬀerent (P < 0 05).

and quantiﬁed with densitometry analysis—Amersham
Imager 600 (GE, USA). β-Actin was used as a loading control.
2.8. Statistical Analysis. Data are expressed as means ± SD
and analyzed using one-way ANOVA followed by Fisher’s
protected LSD test for multiple comparisons of group
means. All statistical analyses were performed using SPSS
for Windows, version 10 (SPSS, Inc.); a P value < 0.05 is
considered statistically signiﬁcant [35].

3. Results
3.1. Eﬀects of High-Glucose Concentration on PC12 Cell
Viability. As shown in Figure 1, after treatment with
GLU + MGO for 24, 48, and 72 h, the viability of PC12 cells
signiﬁcantly decreased with time compared with treatment
with GLU or MGO only (P < 0 05). After treatment of
PC12 cells with GLU + MGO for 72 h, the cell viability
decreased to about 45%, which was lower than that after
treatment with GLU (78%) or MGO (75%). Therefore, we
chose 30 mM GLU and 30 μM MGO for the hyperglycemic
condition for PC12 cells.
3.2. Eﬀects of EGT, HIP, and EGT + HIP on PC12 Cell
Viability at High-Glucose Concentration. Figure 2 shows that
the viability of cells treated with GLU + MGO was signiﬁcantly decreased with increasing culture time (70%, 50%,
and 45% at 24, 48, and 72 h, resp.). On the contrary, the cell
viability of the group treated with mannitol to induce high
osmotic pressure was above 80% even after 72 h of incubation, indicating that GLU + MGO decreases cell viability by
other actions such as glycation besides high osmotic pressure.
However, both EGT (2 μM) and HIP (2 μM) alone signiﬁcantly attenuated cytotoxicity induced by GLU + MGO.
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Figure 2: Eﬀects of ergothioneine (EGT), hispidin (HIP), and
EGT + HIP on viability of PC12 cells treated with 30 mM
glucose and 30 μM methylglyoxal (GLU + MGO). PC12 cells were
pretreated with epalrestat (EPA), aminoguanidine (AMG), ETG,
HIP, and EGT + HIP for 2 h and incubated with GLU + MGO or
mannitol for 24, 48, and 72 h. Cell viability was estimated by
the trypan blue dye exclusion method. Values (means ± SD of
triplicate tests) without a superscript letter are signiﬁcantly
diﬀerent (P < 0 05).

Figure 3: Eﬀects of ergothioneine (EGT), hispidin (HIP), and
EGT+HIP on protein carbonyl levels in PC12 cells treated with
30 mM glucose and 30 μM methylglyoxal (GLU + MGO). PC12
cells were pretreated with epalrestat (EPA), aminoguanidine
(AMG), ETG, HIP, and EGT + HIP for 2 h and incubated with
GLU + MGO or mannitol for 24, 48, and 72 h. Values (means ± SD
of triplicate tests) without a superscript letter are signiﬁcantly
diﬀerent (P < 0 05).

EGT and HIP were signiﬁcantly more eﬀective than 10 μM
EPA and 100 nM AMG (55% and 72% at 72 h of incubation)
(P < 0 05). The cell viability of the EGT + HIP group
increased to 82–90% after 24, 48, and 72 h of incubation,
and the viability was not signiﬁcantly diﬀerent (P > 0 05)
from that in the EGT or HIP group.

intracellular ROS levels in the EGT, HIP, and EGT + HIP
groups were signiﬁcantly decreased (to 28.1%, 25.2%, and
23.4% after 72 h of incubation, resp.), as compared with
that in the GLU + MGO group (Figure 4(b)). Treatment
with EGT, HIP, or EGT + HIP inhibited ROS by 54.8%,
65.0%, and 71.4%, respectively, but no synergistic eﬀect
of EGT and HIP was observed. The inhibitory eﬀect of
EGT + HIP on ROS (71.4% at 72 h) in PC12 cells under
high-glucose concentration was stronger than that of EPA
(21.6%) and AMG (61.1%).

3.3. Eﬀects of EGT, HIP, and EGT + HIP on Protein Carbonyl
Levels in PC12 Cells under Hyperglycemic Condition. As
shown in Figure 3, treatment with GLU + MGO signiﬁcantly
increased protein carbonyl levels in PC12 cells at each incubation time (24, 48, and 72 h), and the highest level was
detected at 48 h of incubation. Treatment with EGT alone
signiﬁcantly decreased protein carbonyl, and the eﬀect of
EGT was roughly comparable to those of 10 μM EPA and
100 nM AMG. HIP alone signiﬁcantly decreased protein
carbonyls at 48 and 72 h, but not at 24 h, of incubation, and
EGT + HIP produced no synergistic inhibition on protein
carbonyls, as compared with the GLU + MGO group.
3.4. Eﬀects of EGT, HIP, and EGT + HIP on ROS in PC12 Cells
under Hyperglycemic Condition. As shown in Figure 4(a),
after 48 and 72 h of incubation, the ROS levels in PC12 cells
induced by GLU + MGO (36% and 43.6%) were signiﬁcantly
increased, as compared with that in the control group (12.7%
and 15.3%, at 48 and 72 h, resp.). In the mannitol group,
the ROS levels (12.1% at 48 h and 18.5% at 72 h) were not
signiﬁcantly diﬀerent from those of the control. The result
revealed that the intracellular ROS production induced by
GLU + MGO was not due to the osmotic eﬀect. In addition,

3.5. Eﬀects of EGT, HIP, and EGT + HIP on AGE and RAGE
Levels in PC12 Cells under Hyperglycemic Condition.
Table 1 shows that the AGE and RAGE levels were signiﬁcantly increased in the GLU + MGO group, as compared with those in the control group (P < 0 05) during
incubation of PC12 cells for 72 and 96 h. AGE levels were
signiﬁcantly higher (at 72 h) in cells treated with EGT, HIP,
or EGT + HIP than in their absence (control), because after
adding the EGT, HIP, or EGT + HIP for 2 h, the cells were
added with GLU + MGO. After PC12 cells were treated with
GLU + MGO for 72 h, AGE levels in cells treated with EGT,
HIP, or EGT + HIP were signiﬁcantly lower (at 72 h) than
those of the GLU + MGO-treated group but were signiﬁcantly higher than those of the control group. AGE and
RAGE levels in the group treated with mannitol (to induce
high osmotic pressure) were signiﬁcantly higher than those
in the control group (P < 0 05) but were signiﬁcantly lower
than those in the GLU + MGO group after 72 h of incubation
(P < 0 05). AGE level of the mannitol-treated group was not
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Figure 4: Eﬀects of ergothioneine (EGT), hispidin (HIP), and EGT + HIP on ROS production in PC12 cells treated with 30 mM glucose and
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Table 1: Eﬀects of ergothioneine, hispidin, and ergothioneine + hispidin on production of advanced glycated end products and receptor for
advanced glycated end products in PC12 cells induced by glucose + methylglyoxal.
Treatments
CON
Mannitol
GLU + MGO1
+EPA
+AMG
+EGT
+HIP
+(EGT + HIP)

72 h
191 ± 10a4
230 ± 6bc
294 ± 18d
235 ± 11bc
202 ± 9a
264 ± 14c
296 ± 14d
231 ± 10bc

AGE (ng/mL)
IP %3
96 h

20.07
31.29
10.20
−0.68
21.43

302 ± 13bc
308 ± 10bc
411 ± 11d
299 ± 9bc
269 ± 8b
275 ± 8b
296 ± 10bc
233 ± 14a

IP %

72 h

27.25
34.55
33.09
27.98
43.31

2.8 ± 0.5a
24.9 ± 1.2b
32.0 ± 1.6c
32.6 ± 1.3c
29.9 ± 1.0c
26.9 ± 1.2b
31.7 ± 2.4c
24.5 ± 2.6b

RAGE (ng/mL)
IP %
96 h

−1.88
6.56
15.94
0.94
23.44

11.4 ± 1.0a
24.1 ± 0.5c
43.0 ± 1.1e
25.1 ± 0.6c
20.7 ± 1.7b
20.3 ± 0.7b
28.6 ± 0.9d
22.9 ± 1.5bc

IP %

41.63
51.86
52.79
33.49
46.74

1
GLU + MGO: 30 mM glucose (GLU) and 30 μM methylglyoxal (MGO); EPA: epalrestat; AMG: aminoguanidine. 2PC12 cells were pretreated with EPA, AMG,
ETG, HIP, and EGT + HIP for 2 h and incubated with GLU + MGO for 72 h and 96 h. 3IP% = 1 − sample/ GLU + MGO × 100. 4Values (means ± SD of
triplicate tests) without a superscript letter are signiﬁcantly diﬀerent (P < 0 05).

signiﬁcantly diﬀerent from that of the control group after
96 h incubation (P > 0 05), and RAGE level did not increase
after 72–96 h of incubation. These results indicate that
GLU + MGO increases AGE and RAGE levels by glycation
besides high osmotic pressure.
Treatment of EGT alone signiﬁcantly decreased AGE and
RAGE levels, as compared with that of GLU + MGO, and the
eﬀect was comparable to that of EPA and AMG treatment
alone. However, treatment of HIP alone only signiﬁcantly
decreased AGE or RAGE levels at 96 h (but not at 72 h)
of incubation, as compared with that of GLU + MGO.
EGT + HIP signiﬁcantly inhibited AGE and RAGE levels
induced by GLU + MGO, but the combined treatment only
signiﬁcantly decreased AGE levels at 96 h of incubation, as
compared with the EGT treatment alone. The combined
treatment did not signiﬁcantly decrease RAGE levels, as
compared with that of EGT alone at either 72 or 96 h
of incubation.
3.6. Eﬀects of EGT, HIP, and EGT + HIP on NF-κB-Associated
Pathways in PC12 Cells under Hyperglycemic Condition.
As shown in Figure 5, after exposure of PC12 cells to
GLU + MGO for 72 h, the cytoplasmic NF-κB was signiﬁcantly decreased (P < 0 05) and the nuclear NF-κB was
signiﬁcantly increased (P < 0 05). However, no diﬀerence in
cytoplasmic IκB was observed between the GLU + MGO
and control groups (P > 0 05). In contrast, when PC12 cells
were pretreated with EPA, AMG, HIP, or EGT, nuclear
NF-κB activation induced by GLU + MGO was markedly
inhibited (P < 0 05). We also found that EGT + HIP increases
the regulation of cytoplasmic NF-κB expression and decrease
nuclear NF-κB expression compared with EGT or HIP alone.
The expression of cyt-IκB in cells treated with EGT + HIP
was somewhat decreased, but not signiﬁcantly decreased,
as compared with that of the control. The quantiﬁed
results of cytoplasmic IκB and NF-κB and nuclear NF-κB
protein levels are presented in Figures 5(b), 5(c), and
5(d), respectively. These results suggest that EGT, HIP,
and EGT + HIP inhibit GLU + MGO-mediated inﬂammatory
responses through NF-κB cleavage from IκB.

4. Discussion
The aim of this study was to evaluate the neuroprotective
eﬀect of EGT, HIP, and EGT + HIP on hyperglycemic
condition-mediated cytotoxicity and the possible pathways
in PC12 cells for gaining insights to prevent cognitive
impairment induced by DM. In Figure 1, we provide the
evidence that GLU + MGO more strongly decreased the
cell viability in PC12 cells than did GLU or MGO alone.
Thus, GLU + MGO was used as a glycemic-inducing agent
in the following experiment. In our study, we found that
cytotoxicity, protein carbonyl levels, and ROS levels were
signiﬁcantly increased under hyperglycemic condition. Both
EGT and HIP alone can increase cell viability, ameliorate
the antioxidant status, and reduce glycation levels in PC12
cells. Though EGT + HIP demonstrated higher cell viability,
ROS production, and cytoplasmic NF-κB expression than
EGT or HIP alone, no synergistic eﬀect was observed.
Numerous studies have reported the role of EGT in
diseases and its physiological antioxidant activities under
experimental conditions involving oxidative stress [15].
Cheah et al. [36] demonstrated that declining EGT levels
in elderly subjects are associated with age and incidence of
mild cognitive impairment. EGT ameliorates the response
to acetylcholine in the arteries of rats with streptozotocininduced diabetes and reduces diabetic embryopathy in pregnant rats with diabetes, probably through the modulation of
hyperglycemia-mediated oxidative stress [37]. Servillo et al.
[38] indicated that the antioxidant mechanisms of EGT
may provide new perspectives in targeted therapies against
the production of ROS in diabetes. Our results also revealed
that EGT signiﬁcantly decreased ROS and protein carbonyl
levels induced by GLU + MGO in PC12 cells. In addition,
EGT supplementation decreased the secretion of AGE and
RAGE in PC12 cells and inhibited the expression of the
NF-κB transcription factor in the nucleus. These results
demonstrate that EGT, through its antioxidant activities,
can mitigate the damage caused by DE.
HIP, a PKC inhibitor, possesses strong antioxidant, anticancer, and antidiabetic activities [26, 29, 39]. HIP exhibits
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Figure 5: Eﬀects of ergothioneine (EGT), hispidin (HIP), and EGT + HIP on cytoplasm IκB (Cyt-IκB), cytoplasm NF-κB (Cyt-NF-κB), and
nuclear NF-κB (Nu-NFκB) protein expression in PC12 cells treated with 30 mM glucose and 30 μM methylglyoxal GLU + MGO) or 30 mM
mannitol (to exclude the impact of glucose osmosis). β-Actin serves as an internal control. PC12 cells were pretreated with epalrestat (EPA),
aminoguanidine (AMG), ETG, HIP, and EGT + HIP for 2 h and incubated with GLU + MGO for 72 h. A: control; B: GLU + MGO; C: 30 mM
mannitol; D: 10 μM EPA; E: 100 nM AMG; F: 2 μM EGT; G: 2 μM HIP; H: 2 μM EGT + 2 μM HIP. (b–d) Quantitative data for Cyt-IκB,
Cyt-NF-κB, and Nu-NF-κB expression. A portion of the protein (50 μg) was loaded to 10% SDS-PAGE. Values (means ± SD of triplicate tests)
without a superscript letter are signiﬁcantly diﬀerent (P < 0 05).

potent α-glucosidase inhibitor activity, with IC50 value of
297 μg/mL, and aldose reductase inhibitor activity, with
IC50 value of 48 μg/mL [39]. These ﬁndings suggest that
HIP may be an eﬀective antidiabetic agent. However, to the
best of our knowledge, no study has examined the action of
HIP against oxidative stress or the detailed molecular mechanism underlying its preventive eﬀect against DE. Our
present results indicated that HIP signiﬁcantly decreased
AGE and RAGE levels induced by GLU + MGO at 96 h of
incubation. In addition, HIP inhibited the levels of ROS
and protein carbonyl as well as the activation of NF-κB transcription factor to obstruct mitochondria-associated apoptosis pathways, leading to an increase in cell viability. Epalrestat
is an aldose reductase inhibitor that is used for the improvement of subjective neuropathy symptoms [40]. Recently,
hispidin was shown to exhibit potent aldose reductase inhibitory activity. Thus, we used epalrestat as a positive control to
understand whether hispidin has protective eﬀects on PC12
cells in addition to aldose reductase inhibitory eﬀect.

NF-κB is a pleiotropic regulator of many cellular signaling pathways, providing a mechanism for the cells in
response to various stimuli associated with inﬂammation
and oxidative stress. IκB degradation triggers NF-κB release,
and the nuclear-translocated heterodimer (or homodimer)
can associate with the κB sites of promoter to regulate the
gene transcription [41]. NF-κB can regulate the transcription
of genes such as chemokines, cytokines, proinﬂammatory
enzymes, adhesion molecules, and other factors to modulate
the neuronal survival [41]. Both high glucose and ROS activate signal transduction cascade (PKC, mitogen-activated
protein kinases, and janus kinase/signal transducers and
activators of transcription) and transcription factors (NFκB, activated protein-1, and speciﬁcity protein 1) further
promote the formation of AGEs [42]. Morgan and Liu [43]
pointed out that ROS interacts with NF-κB signaling pathways in many ways. The transcription of NF-κB-dependent
genes inﬂuences the levels of ROS in the cell, and in turn,
the levels of NF-κB activity are regulated by the levels of ROS.

8

Oxidative Medicine and Cellular Longevity
HIP Aldose reductase [27]
Fructose

GLU + MGO
HIP traps MGO [47–49]

EGT

Antiglycation [28]
Antioxidation [14‑15]

AGE
formation

AGE/RAGE-related signal pathway
EGT + HIP

NF-휅B active of transcription factor

ROS

Anti-inflammation
Related mitochondrial
apoptotic pathway

Cell death

Figure 6: Proposed protective pathways of ergothioneine and hispidin against glycation induced by glucose + methylglyoxal in PC12 cells.

It is true that blots of cyt-NFκB had higher density than
those of Nu-NFκB, but this only occurred in the control
group. In contrast, in GLU + MGO-treated PC12 cells, NuNFκB expression was signiﬁcantly increased, and cyt-NFκB
expression was decreased. Besides, ROS, protein carbonyl,
and AGE levels were signiﬁcantly induced by GLU + MGO.
Thus, our data suggested that GLU + MGO increased NFκB translocation. The present study showed that EGT and
HIP protect PC12 cell damage under high-glucose condition
by inhibiting NF-κB transcription cascade to inhibit ROS
production and AGE formation.
A previous study reported that the binding of AGE to
RAGE induces pathophysiological cascades linked to the
downstream activation of NF-κB, which in turn leads to
ROS generation [11] and inﬂammatory processes [44].
Haslbeck et al. [45] reported that the AGE/RAGE/NF-κB
pathway may contribute to the pathogenesis of polyneuropathy in impaired glucose tolerance. NF-κB is a transcription
factor that upregulates the gene expression of proinﬂammatory cytokines and also is responsible for the induction of
neuronal apoptosis. Activation of NF-κB also suppresses
the expression of antioxidant genes by downregulating the
Nrf-2 pathway and thus indirectly weakening the innate antioxidant defense [46]. Several natural inhibitors of NF-κB
such as curcumin, resveratrol, and melatonin have been
used in experimental diabetic animals. The use of NF-κB
inhibitors can prevent the AGE-mediated proinﬂammatory
cytokine production and thus halts the events associated
with neuroinﬂammation [11].
Our results showed that the AGE/RAGE/NF-κB system
was signiﬁcantly activated in the GLU + MGO-treated

cells but was markedly inhibited by EGT + HIP. These
results suggest that EGT + HIP protects PC12 cells against
GLU + MGO-induced cytotoxicity by inhibiting the AGE/
RAGE/NF-κB pathway. We hypothesize that EGT + HIP
involved two quite diﬀerent pathways in synergistic eﬀects
of glycation; one was the inhibition of aldose reductase
activity (HIP) [39], and the other was the inhibition of
the production of reactive oxygen species in the AGE/
RAGE/NF-κB pathway (EGT) [38]. Thus, we speculate that
EGT, HIP, and EGT + HIP have the potential to improve
DE induced by DM and that their eﬀects are comparable to
those of AMG (an AGE inhibitor) added at 100 nM and
better than those of EPA (an aldose reductase inhibitor)
added at 10 μM.
Combination of EGT and HIP had the ability of the
synergistic eﬀects of inhibition of the formation of AGE
to inhibit the AGE/RAGE/NF-κB pathway; however, EGT
and HIP did not exhibit a synergistic eﬀect in increasing
cell viability and decreasing protein carbonyl and ROS
levels. However, EGT and HIP did not exhibit a synergistic
eﬀect in increasing cell viability and decreasing protein carbonyl and ROS levels. Intriguingly, our results displayed
that the treatment with EGT in combination with HIP
(EGT + HIP) was more eﬀective than that with EGT or HIP
alone in inhibiting the AGE/RAGE/NF-κB pathway induced
by GLU + MGO in PC12 cells. Thus, we speculated that
EGT + HIP plays synergistic role in antiglycation activity,
but not antioxidant activity.
Evidence shows that tea polyphenols have strong MGOtrapping abilities to form mono- and di-MGO adducts under
physiological conditions (pH 7.4, 37°C) [47, 48]. Shao et al.

Oxidative Medicine and Cellular Longevity
[49] also reported that apple polyphenol-phloretin traps
more than 80% MGO within 10 min, and phloridzin traps
more than 70% MGO within 24 h under physiological
conditions. Thus, HIP could trap MGO and lead to decreased
AGE formation. In addition, S-cysteinyl compounds could
react with polyphenol (catechin, chlorogenic acid, dihydrocaﬀeic acid, hydroxytyrosol, nordihydroguaiaretic acid, and
rosmarinic acid) to form S-cysteinyl polyphenols under
peroxidase-catalyzed oxidation [50]. Thus, we speculated
that EGT could react with HIP to decrease the MGOtrapping ability of HIP. Therefore, this may explain why no
synergistic eﬀect in antioxidant activity of EGT + HIP in
protecting PC12 cells.
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[8]
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[10]

5. Conclusion
In conclusion, the present study shows that HIP inhibits
aldose reductase activity and reduces AGE/RAGE levels
(i.e., the antiglycation pathway). HIP may also trap MGO
directly [47–49]. HIP + EGT further reduces the activation
of NF-κB leading to reduced inﬂammation and oxidative
response in PC12 cells (Figure 6). In contrast, EGT can
reduce AGE formation primarily through its antioxidant
capacity. EGT and HIP do not show a synergistic protective
eﬀect in PC12 cells, possibly because EGT may react with
HIP in vitro. In vivo studies are required to elucidate
whether EGT and HIP exert a synergistic eﬀect on protection
against DE.
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Renal cell carcinoma (RCC) incidence has increased over the past two decades. Recent studies reported microRNAs as promising
biomarkers for early cancer detection, accurate prognosis, and molecular targets for future treatment. This study aimed to evaluate
the expression levels of miR-34a and 11 of its bioinformatically selected target genes and proteins to test their potential
dysregulation in RCC. Quantitative real-time PCR for miR-34a and its targets; MET oncogene; gene-regulating apoptosis
(TP53INP2 and DFFA); cell proliferation (E2F3); and cell diﬀerentiation (SOX2 and TGFB3) as well as immunohistochemical
assay for VEGFA, TP53, Bcl2, TGFB1, and Ki67 protein expression have been performed in 85 FFPE RCC tumor specimens.
Clinicopathological parameter correlation and in silico network analysis have also implicated. We found RCC tissues displayed
signiﬁcantly higher miR-34a expression level than their corresponding noncancerous tissues, particularly in chromophobic
subtype. MET and E2F3 were signiﬁcantly upregulated, while TP53INP2 and SOX2 were downregulated. ROC analysis showed
high diagnostic performance of miR-34a (AUC = 0.854), MET (AUC = 0.765), and E2F3 (AUC = 0.761). The advanced
pathological grade was associated with strong TGFB1, VEGFA, and Ki67 protein expression and absent Tp53 staining. These
ﬁndings indicate miR-34a along with its putative target genes could play a role in RCC tumorigenesis and progression.

1. Introduction
Renal cell carcinoma (RCC) accounts for approximately 3%
of human malignancies, and its incidence appears to be
increasing globally [1]. RCC is not a single disease; although
it is derived from cells of the renal tubular epithelium, it has
several histological subtypes which diﬀer in their clinical outcome and biological features. It is classiﬁed into clear cell
RCC accounting for (75%) of cases, papillary RCC (10–
15%), chromophobe RCC (5%), collecting duct RCC (<1%),

and unclassiﬁed subtype [2]. For the reﬁnement of RCC therapeutic strategies, a better realization of the RCC-underlying
molecular mechanisms will be mandatory [3].
Over the past few years, emerging numerous bioinformatic tools have been developed to identify candidate
disease-causing genes [4], including microRNA (miRNA)
genes. This class of noncoding RNAs is small, single
stranded, and 19–25 nucleotide long that act as negative
regulators involved in posttranscriptional silencing of the
gene expression [5]. An aberrant miRNA expression could
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contribute to cancer development and progression [6, 7] and
could aﬀect their target genes that are involved in many biological processes, such as cell diﬀerentiation, proliferation,
apoptosis, metabolism, and development [8]. Recently, the
potential therapeutic use of miRNAs has been evaluated
due to their dynamic and reversible properties. This may
include oncomir (oncogenic miRNA) inhibition, or tumor
suppressor-miRNA replacement therapies [6, 9].
MicroRNA-34a gene (MIR-34A) that is located on chromosome 1p36 belongs to one of evolutionary-conserved
miRNA families (MIR-34 family) that consists of three members: MIR-34A, MIR-34B, and MIR-34C [10]. MIR-34A has
its own transcript and is expressed at higher levels than MIR34B/C in most tissues, and this expression could be dysregulated in multiple diseases, especially in cancers [11]. It is
involved in p53 pathways and is implicated in cell death/survival signaling, the cell cycle, and diﬀerentiation, thereby
playing a regulatory role in carcinogenesis [12]. Previous
studies have reported that several key molecules were identiﬁed as targets of miR-34a, including Bcl-2 (B-cell lymphoma
2) [13], TGFB (transforming growth factor-beta) [14], the
transcription inducer of cell cycle progression E2F3a [15],
MET oncogene [16, 17], and vascular endothelial growth
factor (VEGF) [18]. In addition, our bioinformatic analysis
that has been discussed in details in Materials and Methods
section of the current work has revealed other miRNA-34apredicted target genes that could be involved in cancerrelated biology, including genes for apoptosis [TP53INP
(tumor protein p53 inducible nuclear protein), Tp53, and
DFFA (DNA fragmentation factor subunit alpha)], cell proliferation (Ki67), and cell diﬀerentiation SOX2 (sex-determining
region Y-box 2). As miR-34a has many diﬀerent targets in
regulating diﬀerent kinds of human cancer, Yu et al. [18]
suggested the role of miR-34a is possibly tumor-speciﬁc and
highly dependent on its targets in diﬀerent cancer cells.
Whether miR-34a or any one of its selected aforementioned 11 putative target genes or proteins could be related
to RCC pathogenesis and/or progression in our population
still lacks of solid evidence. Therefore, we aimed to investigate the expression level of miR-34a and a panel of selected
putative targets in an attempt to better understand the
molecular mechanisms that underlie the tumorigenesis and
progression of RCC. This could represent potential future
therapeutic targets in renal cell carcinoma.

2. Materials and Methods
2.1. Study Population. Eighty-ﬁve archived formalin-ﬁxed
paraﬃn-embedded (FFPE) renal samples that have been
taken from patients who underwent radical nephrectomy
for a primary RCC and dating back for 3 years were collected
from Pathology laboratory of Mansoura Oncology Center,
Mansoura and Pathology laboratory of the Suez Canal University Hospital, Ismailia, Egypt. None of the patients
received any neoadjuvant chemotherapy or radiotherapy.
Complete clinicopathological data, including (patients’ age,
sex, and tumor’s site and size), were obtained from patient
medical records. Sections of cancer-free tissues adjacent to
the tumor were cut, examined, and collected to serve as
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controls during the genetic proﬁling. Samples that were not
homogeneous, histologically well-characterized primary
renal cancer, nor had cancer-free adjacent tissues determined
by an experienced pathologist have been excluded. The study
was conducted in accordance with the guidelines in the
Declaration of Helsinki and approved by the Medical
Research Ethics Committee of Faculty of Medicine, Suez
Canal University. Written informed consent was obtained
from all participants before providing the archived tissue
samples as part of their routine register in our University
Teaching Hospitals.
2.2. Bioinformatic Selection of miRNA-34a and the Study
Molecular Targets. Predicted and experimentally validated
miRNAs that signiﬁcantly target renal cell carcinoma KEGG
pathway (hsa05211) were identiﬁed by DIANA-mirPath v3.0
web server via Reverse Search module and TarBase v7.0 pipeline [19]. The most top and highly signiﬁcant miRNA
involved in this pathway was hsa-miR-34a-5p (p = 1 275767
e − 88) with 28 target genes, including MET oncogene and
three angiogenesis-related genes (VEGFA, TGFB1, TGFB3).
Assessment of miR-34a regulatory roles in cancer biology
was performed by DIANA-mirPath v3.0 online software
(Figure 1).
The list of all experimentally validated target genes for
miR-34a-5p was retrieved from miRTarBase v20 (http://
mirtarbase.mbc.nctu.edu.tw/) [20] and DIANA-TarBase
v7.0 (http://diana.imis.athena-innovation.gr/) [21]. A panel
of other targets involved in cancer-related biology was chosen. It included genes for apoptosis (Tp53, TP53INP2, and
DFFA), antiapoptosis (BCL2), cell proliferation (E2F3 and
Ki67), and cell diﬀerentiation (SOX2) (Figure 2). Structural
analysis of MIR-34A gene and transcripts were retrieved
from http://Ensembl.org. Gene expression of MIR-34A across
normal human tissues was obtained from http://BioGPS.org
and Expression Atlas. Complementary base pairing of
miR-34a-5p seed region with the selected mRNA targets
was conﬁrmed by both http://microRNA.org resource [22]
and miRTarBase v20. Prior publications demonstrating
functional experimental validation of miRNA-target interactions by diﬀerent methods (as luciferase reporter assay, western blot, microarray, qRT-PCR, and immunocytochemistry)
are listed in Supplementary Table S1 available online at
https://doi.org/10.1155/2017/3269379. A functional interaction network of selected target proteins was implemented
using STRING v10 program (http://string-db.org), inferring
protein-protein associations from coexpression data [23].
2.3. MicroRNA-34a and Gene Expression Analysis. Total
RNA, including the small RNAs, was isolated from FFPE tissue sections (5 to 8 μm thick) using miRNeasy FFPE Kit
(Qiagen, 217504) following the protocol supplied by the
manufacturer. Brieﬂy, after the removal of paraﬃn by xylene
and washing the sample with ethanol several times, proteins
were degraded by incubation with proteinase K solution at
45°C for a few hours and later incubation with DNAses for
DNA digestion. Total RNA quantity and quality were measured by Nanodrop ND-1000 (NanoDrop Technologies,
Wilmington, DE). Samples with a 260/280 nm absorbance
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Figure 1: Predicted target genes of miRNA-34a in renal cell carcinoma pathway [KEGG hsa05211]. Disease pathways for each pathological
subtype are shown. Hsa-miR-34a-5p can target several genes in RCC pathway. They have complementary regions at their 3′UTR, 5′UTR, or
coding sequence (CDS): HIF-1, VEGF, and TGF-β signaling pathways in clear cell and papillary type II RCC (eosinophilic), as well as MAPK
signaling pathway in papillary RCC type I (basophilic). However, candidate genes and the role of miR-34a in oncocytoma and chromophobic
RCC pathways are still undetermined. Colored box: miRNA-34a target gene; green color: target on 3′UTR sequence; blue color: target on
5′UTR sequence; pink color: target on CDS; white box: not predicted target.

ratio less than 1.8 were discarded, and new sections of the
corresponding tissue block were cut and puriﬁed, if possible.
Subsequent reverse transcription (RT) and ampliﬁcation of
cDNA by real-time PCR using StepOne™ Real-Time PCR
System (Applied Biosystems) were done as described in
details previously [8, 24]. As the quantitation cycle (Cq)
values of RNU6B small RNA and GAPDH were uniformly
and stably expressed with no signiﬁcant diﬀerence between
cancer and noncancer tissues, they have been run for normalization of miRNA-34a and target gene mRNA expression
analysis, respectively. All the PCR reactions were carried
out in accordance with the Minimum Information for Publication of Quantitative Real-Time PCR Experiments guidelines [25]. Ten percent randomly selected study samples
were reevaluated in separate runs for the study gene expressions to test the reproducibility of the qPCR which showed
very close Cq value results and low standard deviations.
2.4. Histopathological Examination. Sections of 4 μm thickness have been cut from FFPE blocks of RCC tissues for

routine H&E examination, and other sections were prepared
on charged slides for immunohistochemistry. Examination
of three tumor slides from each specimen was done with an
Olympus CX31 light microscope. Photos were obtained by
a PC-driven digital camera (Olympus E-620). Cases were
reviewed to determine the histological type according to the
International Society of Urological Pathology (ISUP) Vancouver Modiﬁcation of WHO (2004) Histologic Classiﬁcation of Kidney Tumors [26]. Nuclear grade is assessed
according to Fuhrman et al. [27]. Tumors were staged
according to the International Union Against Cancer [28].
2.5. Immunohistochemistry Examination and Analysis.
Immunohistochemical analysis for p53 protein, Bcl2 protein,
Ki67, TGFb, and VEGF with a labelled streptavidin-biotinperoxidase complex technique was performed on tumor
sections. The primary antibodies were mouse monoclonal
antibodies against p53 (clone BP-53-12, monoclonal mouse
anti-human p53, c-Kit, Genemed, California, USA, diluted
1 : 50), Bcl2 (code 226M98, monoclonal mouse anti-human
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Figure 2: miR-34a target genes regulating the hallmarks of cancer. Eleven targets were investigated in the study. (a) List of targets analyzed by
either immunohistochemistry (blue box) or quantitative real-time PCR (yellow box). (b) Classiﬁcation of the miR-34a target genes and proteins
according to their major role in cancer-related biology. They are enrolled in cellular diﬀerentiation, proliferation, apoptosis, and angiogenesis.

Bcl2, cell marque, prediluted), Ki67 (code number 1633,
monoclonal mouse anti-human MIB1, DAKO corporation
Carpinteria CA, USA, prediluted), TFGFB (ab9248, monoclonal mouse anti-TFGFB, abcam, USA, diluted 1 : 50), and
VEGF (clone, GTX102643, monoclonal mouse anti-VEGFA,
GeneTex, USA, diluted 1 : 50). A high sensitive kit has been
used as a detection kit (DakoCytomation EnVision and dual
link system peroxidase code K4061) using DAB as a chromogene. Antigen retrieval required pretreatment with 1 mM
EDTA (at pH 8.0) for 20 minutes (p53, Bcl2, and VEGF)
and 60 minutes (Ki67, and TGFb) in microwave oven. Proper
positive and negative controls were performed. As a positive
control, breast carcinoma has been run for p53, tonsils for
Ki67, lymph node for Bcl2, and cells of proximal and distal convoluted tubules of nearby tumor-free kidney for
TGFb. In addition, placental tissue was stained for VEGF
as a positive control for VEGF antibody. As a negative
control, sections were stained without the addition of a
primary antibody.
For the immunohistochemistry assessment, examination
of all prepared slides from each specimen was done with an
Olympus CX31 light microscope. Photos were obtained from
a PC-driven digital camera (Olympus E-620) and analyzed
by Olympus Soft Imaging. Slides were scanned by ×40 magniﬁcation. Ten cellular areas were selected (i.e., the so-called
hot spots) and evaluated at ×400 magniﬁcation. Positive p53
protein staining was deﬁned as nuclear staining, and cytoplasmic staining was considered nonspeciﬁc and ignored.
The percentage of tumor cell nuclei with positive staining
was evaluated in relation to the total number of neoplastic

nuclei in at least 10 ﬁelds observed at magniﬁcation ×400.
Scoring of immunostained was categorized as mentioned in
previous literature as follows: 3+ = high level (91–100% of
positive cells), 2+ = medium level (11–90% of positive cells),
1+ = low level (up to 10% of positive cells), − = negative cells
(0% of positive cells) [29].
Ki-67 antigen labeling was localized to the nucleus with a
ﬁne, strong, and homogenous brown granularity. Staining
was considered positive if any nuclear staining was seen.
Ki67 labeling index was done by calculating the ratio of positive nuclei in relation to the total number of neoplastic
nuclei in 10 HPFs. Ki67 was considered to be abnormal when
>10% tissue positivity was observed. The labeling index
(number of positive tumor cells/total number of tumor cells
expressed as a percentage) was calculated in every specimen.
The Ki67 proliferation index was considered low if 0–30% of
tumor cells was positive, moderate PI if 31–69% was positive,
and high if ≥70% was positive. Unequivocal nuclear reactivity was considered positive [30, 31].
The BCL2 positivity was determined by cytoplasmic
staining (brown) of neoplastic cells which are deep colored.
The percentage of positive cells at the whole section after
exclusion of the areas of reactive T cells was determined. It
was scored negative if 5% or less of neoplastic cells was
stained. The value of BCL2 was considered weak positive if
6% to less than 50% was brown stained, and strong positive
if ≥50% of tumor cells was brown stained [32].
TGFB immunohistochemistry specimens were classiﬁed
based on the intensity of staining as follows: weak or absent
staining (< 10% of cells), intermediate (10–25%), focally

Oxidative Medicine and Cellular Longevity

5

strong (25–50%), and strong (> 50% of cells) [33]. VEGF sections were considered positive for VEGF if the membranes or
cytoplasm of more than 10% of tumor cells was stained [34].

Table 1: Clinicopathological characteristics of renal cell carcinoma
patients (n = 85).

2.6. Statistical Analysis. Data were managed using the R
package (version 3.3.2). Categorical variables were compared
using the chi-square (χ2) or Fisher’s exact tests where appropriate, while Mann–Whitney U (MW) and Kruskal-Wallis
(KW) tests were used to compare continuous variables. The
correlation between miR-34a level and mRNAs and protein
expression was calculated by Spearman’s rank correlation
analysis. A two-tailed p value of < 0.05 was considered statistically signiﬁcant. The receiver operating characteristic
(ROC) curves were performed to get the best cutoﬀ values
of either miR-34a or mRNAs for discriminating RCC from
noncancer tissues. The fold change of miRNA and mRNA
expressions in each patient cancer tissue relative to the
corresponding cancer-free tissue was calculated via Livak
method based on the quantitative cycle (Cq) values
with the following equation: relative quantity = 2−ΔΔCq,
where ΔΔCq = (Cq miRNA–Cq NBU6)RCC − (Cq miRNA–Cq
NBU6)NAT in case of miR-34a analysis and where ΔΔCq =
(Cq mRNA–Cq GAPDH)RCC − (Cq mRNA–Cq GAPDH)NAT
in case of study gene target analysis [35].

Age
20 y
40 y
60 y
Gender
Females
Males
Aﬀected side
Right
Left
Histological type
Clear cell RCC
Papillary RCC
Chromophobic RCC
Unclassiﬁed
Pathological grade
Grade 1
Grade 2
Grade 3
Tumor size
T1
T2
T3
LN involvement
Negative
Positive
Capsular inﬁltration
Negative
Positive
Vascular inﬁltration
Negative
Positive
Renal pelvis inﬁltration
Negative
Positive

3. Results
3.1. Baseline Characteristics of the Study Population. In the
current study, 85 patients (32 females and 53 males) were
enrolled in the study. Their age ranged from 20 to 79 years
old with mean ± SD of 52.23 ± 11.12. Renal cancer samples
were compared to normal tissues. There was no signiﬁcant
diﬀerence in age and gender between FFPE tumor samples
and normal renal tissues (p = 0 087 and p = 0 214, resp.).
The clinicopathological characteristics of renal cell carcinoma patients are demonstrated in Table 1. According to
the 2004 WHO classiﬁcation, several histological RCC
subtypes were recognized in the study population. The
most frequent histological subtypes included clear cell
renal cell carcinomas (ccRCC), papillary renal cell carcinomas (pRCC), and chromophobe renal cell carcinomas
(crRCC). Most cancer specimens were moderately or poorly
diﬀerentiated; nevertheless, low proportions of tumors had
high tumor size (T3), positive lymph node involvement,
capsular and pelvic inﬁltration, and vascular invasion.
3.2. Gene and Protein Expression Analysis. Using qRT-PCR
technology and immunohistochemistry, gene and protein
expression analyses were used to identify diﬀerential molecular changes between tumor and normal renal tissues. Gene
expression proﬁling revealed a signiﬁcant overexpression of
miR-34a in almost all RCC patients (91.7%) with an overall
median and quartile values of 7.97 (2.37–29.54). In addition,
among the 6 genes that have been predicted to be targeted by
miR-34a via the in silico computational tools, two genes were
signiﬁcantly upregulated (MET and E2F3) in 87.1% of FFPE
samples, while two others were downregulated (TP53INP2
and SOX2) in almost all RCC patients compared to noncancer tissues (Figure 3). However, correlation analysis revealed

Variables

N

%

5
47
33

5.9
55.3
38.8

34
51

40.0
60.0

47
38

44.7
55.3

47
15
13
10

55.3
17.6
15.3
11.8

11
51
23

12.9
60.0
27.1

25
42
18

29.4
49.4
21.2

77
8

90.6
9.4

60
25

70.6
29.4

71
14

83.5
16.5

79
6

92.9
7.1

Data are presented as N (number) and % (percentage); RCC: renal cell
carcinoma; T: tumor size; LN: lymph node.

no signiﬁcant relationship of miR-34a with the tested target
genes (Supplementary Table S2 and Figure S1).
Immunohistochemistry of renal tissue samples demonstrated variable staining patterns (Figure 4). Ki-67 expression, a cell proliferation marker, was detected in all cases of
RCC but with variable level of expression. Low level of
expression (<10%) was detected in 28 cases (70%), while high
expression (≥10%) was noted in 12 cases (30%). Similarly, the
angiogenesis-mediated protein (VEGFA) and the antiapoptotic marker (Bcl2) were expressed in all cancer tissues.
Eighty percent of patients had high expression of VEGFA,
while only 20% demonstrated weak staining. Antihuman
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Figure 3: Gene expression proﬁling in cancer and normal renal tissues. Data are represented as medians. The box deﬁnes upper and lower
quartiles (25% and 75%, resp.), and the error bars indicate upper and lower adjacent limits. Expression levels of miR-34a and targets in cancer
and normal tissues were normalized to RNU6B and GAPDH, respectively. Fold change was calculated using the delta-delta CT method
(2−ΔΔCT) in comparison to normal renal tissues. The gray dash line represents the expression level of normal renal tissues (equivalent to
1.0). p values < 0.05 were considered statistical signiﬁcant. Mann–Whitney U test was used for comparison. Median and quartile values of
patients are noted in red.

Bcl2 antibody was widely distributed all over the renal cancer
tissues. Strong expression was noted in 75% of samples. For
TGFB1 protein, most of cancer tissue attained moderate to
strong expression in the cytoplasm, but the protein was less
intense in approximately one-ﬁfth of patients and absent
in three samples only. In contrast, expression of the tumor
suppressor protein (Tp53) was not detected by immunohistochemistry in less than half of tumor specimens.
Unlike tumor cells, which had nuclear staining, lining cells
of the proximal tubules stained the cytoplasm only.
ROC curve analysis of all genes and proteins showed
signiﬁcant high diagnostic performance of miR-34a
(AUC = 0.854), MET (AUC = 0.765), and E2F3 (AUC =
0.761) in diﬀerentiating between cancer specimens and
noncancer tissues (Table 2).
3.3. Association of Gene and Protein Signature with
Clinicopathological Features. The expression of miR-34a
was markedly higher in RCC samples with chromophobic
renal cell carcinoma and lower in clear cell type (p = 0 039)

(Figure 5(a)). In addition, its level was inversely correlated
with the tumor pathological grade (r = −0 301, p = 0 037).
Among the target genes, lower levels of three genes E2F3,
SOX2, and DFFA were signiﬁcantly associated with capsular,
pelvic, and vascular invasion, respectively (Figures 5(b), 5(c),
and 5(d)). These ﬁndings were consistent with Spearman’s
correlation analysis (Supplementary Table S3).
Immunohistochemistry photos of the target proteins in
renal tissues in relation with pathological parameters are
illustrated in Figure 6. The advanced pathological grade
was signiﬁcantly associated with strong expression of Ki67
(p = 0 001), TGFB1 (p = 0 034), VEGFA proteins (p = 0 001),
and absent Tp53 staining (p = 0 029) (Figures 7(a), 7(b), 7(c),
and 7(d)). Larger tumor size and capsular inﬁltration also
showed higher Ki67 expression (p = 0 027 and p = 0 014,
resp.) (Figures 7(e) and 7(f)). Additionally, there was differential expression of TGFB1 and Tp53 proteins according
to the specimen histopathological diagnosis, with stronger staining in chromophobic renal cell carcinoma type
(Figures 7(g) and 7(h)). Similarly, correlation analysis
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Figure 4: Frequency of Immunohistochemistry markers of miR-34a putative target proteins in RCC specimens. Five protein markers were
examined, Bcl2, Tp53, TGFB1, VEGFA, and Ki67.

Table 2: ROC curve of miRNA-34a and target genes in renal cancer and normal tissues.
Variable(s)

Area

Standard error

p value

miR-34a
MET
E2F3
SOX2
TGFB3
DFFA
TP53INP2
Combined ﬁrst three markers
All combined markers

0.854
0.765
0.761
0.571
0.553
0.118
0.587
0.793
0.589

0.051
0.059
0.063
0.094
0.081
0.053
0.062
0.034
0.030

<0.001
0.005
0.006
0.479
0.586
0.068
0.173
<0.001
0.014

95% conﬁdence interval
Lower bound
Upper bound
0.754
0.648
0.638
0.388
0.395
0.014
0.466
0.727
0.530

0.954
0.881
0.884
0.755
0.711
0.222
0.709
0.859
0.648

Bold values are statistically signiﬁcant at p < 0 05.

between proteins and clinicopathological characteristics
demonstrated moderate correlation of Ki67 with histopathological diagnosis (r = −0 419, p = 0 007), grade (r = 0 690,
p < 0 001), tumor size (r = 0 389, p ≤ 0 001), LN invasion
(r = 0 351, p = 0 026), and capsular inﬁltration (r = 0 431,
p = 0 006). TGFB1 protein showed moderate correlation
with histopathological diagnosis (r = 0 427, p = 0 006) and
tumor grade (r = 0 441, p = 0 004). VEGFA protein also
showed a signiﬁcant positive correlation with pathological
grade (r = 0 563, p < 0 001). In contrast, there was a negative

correlation between Tp53 and grade (r = −0 403, p = 0 010)
(Supplementary Table S3).
3.4. In Silico Data Analysis. Hsa-miR-34a is encoded by
MIR-34A gene (ENSG00000284357), mapped at 1p36.22.
The gene has a single exon which contains a p53-binding site
within a CpG island about 30 kb upstream of the mature
MIR-34A sequence and encodes for a transcript of 110 bp
in length. The precursor miRNA stem-loop is processed in
the cytoplasm of the cell, with the predominant miR-34a
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Figure 5: Association of miR-34a and target genes with the clinicopathological features in RCC patients. (a) Higher expression of miR-34a
was signiﬁcantly associated with chromophobic RCC subtype. (b) Lower levels of E2F3 were associated with capsular inﬁltration. (c)
Lower levels of SOX2 had higher frequency of pelvic inﬁltration in RCC tumor tissues. (d) DFFA downregulation was associated with
vascular inﬁltration.

mature sequence excised from the 5′ arm of the hairpin. Secondary structure of hsa-miR-34a stem-loop predicted by
computational programs is illustrated in Figure 8(a). Functional characterization of miR-34a based on diﬀerential
expression experiments revealed its control on numerous
cancer-related molecular pathways and cellular processes. It
can control up to 115 genes involved in pathways in cancer
(hsa05200), in addition to dozens of genes in particular
tumor types (Figure 8(b)). As shown in the heat map, the
most top ﬁve signiﬁcant pathways targeted by miR-34a were
microRNAs in cancer, fatty acid biosynthesis, proteoglycans
in cancer, adherence junction, and cell cycle (Figure 8(b)
and Supplementary Table S4).
Interaction of mature miR-34a-5p with complementary
sites of selected experimentally validated targets is shown
in Supplementary Figure S2. Protein-protein interaction
between the targets is shown in Supplementary Figure S3.
Enrichment analysis of the target panel elucidated their functional impact on numerous biological processes and cancer
KEGG pathways (Supplementary Table S5 and S6).

4. Discussion
A key goal in clinical oncology is the development of therapeutic strategies that impede speciﬁc deregulated biological

pathways in cancer. Understanding these pathways which
involve candidate disease-causing genes will provide new
therapeutic modalities for renal cancer.
In the current study, upregulation of miR-34a was
observed in more than 90% of RCC patients, with median
fold change of 7.97 in RCC FFPE tissues compared to noncancer tissues. ROC analysis revealed a high diagnostic performance of miR-34a in discriminating between cancer and
noncancer tissues. However, higher levels showed a better
prognosis (i.e., it was moderately correlated with well diﬀerentiated tumors). In addition, expression proﬁles in chromophobic RCC samples were markedly greater than that of clear
cell and papillary subtypes.
According to a survey across diverse normal human tissues, miR-34a was downregulated in most human normal tissues, including renal cortex and medulla (data source:
U133plus2 Aﬀymetrix microarray from http://BioGPS.org).
Consistent with our ﬁndings in renal cancer tissues,
miRNA-34a has been reported to support cell proliferation
in oxidative stress-induced renal carcinogenesis rat model
[36] and it has been found to be overexpressed in various
types of human cancer [37–40]. As one of the upregulated
miRNAs in RCC, it has been speculated to function by downregulating tumor suppressor genes including secreted
frizzled-related protein 1 (SFRP1) [41]. In addition, miR-
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Figure 6: Immunohistochemistry images according to type and grade of RCC. Clear cell RCC (Ng1) weakly expresses bcl2 (x100), (photo 1),
clear cell RCC (Ng2) with focal strong cytoplasmic bcl2 (x100) (photo 2), chromophobe RCC (Ng2) with diﬀuse moderate expression of bcl2
(x400) (photo 3), and papillary RCC (Ng2) with diﬀuse strong expression of bcl2 (x200) (photo 4). Clear cell RCC (Ng1/2) with diﬀuse strong
nuclear expression of P53 (x100) (photo 5), clear cell RCC clear cell RCC (Ng3) showed scarce cell nuclei express P53 (X200) (photo 6),
chromophobe RCC (Ng2) diﬀusely and strongly express P53 (X100) (photo 7), and papillary RCC do not express p53 (x100) (photo 8).
Clear cell RCC (Ng2) with weak expression of TGFB1 (x100) (photo 9), RCC (Ng3) with strong expression of TGFB1 (x200) (photo 10),
chromophobe RCC with focal strong expression of TGFB1 (X200) (photo 11), and papillary with focal strong expression of TGFB1
(X200) (photo 12). Clear cell RCC (Ng1) with diﬀuse weak expression of VEGFR (X100) (photo 13), clear RCC (Ng3) with diﬀuse
moderate expression of VEGFR (X200) (photo 14), chromophobe RCC with weak expression of VEGF (X100) (photo 15), papillary RCC
with intermediate expression of VEGFR (X200) (photo 16). RCC (Ng2) with low expression of Ki67 (X100) (photo 17), RCC (Ng3) with
high expression of Ki67 (X200) (photo 18), and papillary RCC does not express Ki 67 (x100) (photo 19), and chromophobe RCC do not
express Ki67 (x200) (photo 20).

34a was identiﬁed to be a direct target of the tumor suppressor Tp53 protein in human and mouse cells and mediates
some of its proapoptotic biological functions [42, 43]. Similarly, He et al. found that deregulation of miR-34a on
response to DNA damage and oncogenic stress depends on
p53 in vitro and in vivo [13].
In vitro, miR-34a was coexpressed with Tp53 at high
levels in colorectal cancer cell lines and in irradiated mice
but was not expressed in Tp53-knockout mice [44]. These
ﬁndings could explain the good prognosis that is implied by
higher levels of miR-34a in the current samples with low

pathological grade and in chromophobic RCC subtype. It
has been found that miR-34a expression could suppress
the cell proliferation [38, 44], promote apoptosis through
the induction of caspase-dependent apoptotic pathways
[42, 45] in several cancer cell lines [46–48], and cause dramatic reprogramming of gene targets that regulate apoptosis,
DNA repair, cell cycle progression, epithelial-mesenchymal
transition, and angiogenesis [42, 49]. In addition, miR-34a
restoration in cancer cells was shown to induce cell cycle
arrest at G1 and G2/M phases and sensitized the cells to
chemo- and radiotherapy [16, 50]. However, low expression
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Figure 7: Association of immunohistochemistry markers with the clinicopathological features in RCC patients. The ﬁgures illustrated higher
intensity of Ki67, TGFB1, VEGFA, and Tp53 in RCC tumors with advanced pathological grade (a–d), extensive staining of Ki67 antibodies in
T3 samples and capsular inﬁltration (e-f), and diﬀerential expression of Tp53 and TGFB1 in various histopathological subtypes (g-h).

of miR-34a was noted in other types of cancer [46, 51–54], in
glioblastoma and glioma with mutant Tp53 [55], in chronic
lymphocytic lymphoma with Tp53 deletion [56], and in metastatic hepatocellular carcinoma [57], reﬂecting that miRNA34a can work in a cell type-speciﬁc manner with a diﬀerential
p53 pathway inactivation [36].
Taken our results with the ﬁndings of prior studies, we
could support the hypothesis that miR-34a overexpression
in the current study is a secondary consequence in cancer
cells elucidated to compete the DNA damage and uncontrolled growth proliferation. Accumulation of further mutations in higher pathological grade tumors, especially those

related to Tp53 gene activity or 1p36 locus itself, could
account for the fall of miR-34a expression proﬁle in those
patients. Further functional studies are recommended to
unravel the molecular mechanisms underlying the chromophobic RCC which has the best prognosis among all other
subtypes in our cases [58–60].
In silico analysis of miR-34a targets in databases
revealed numerous candidate gene targets. Functional
annotation and enrichment analysis showed high linkage
of miR-34a with cancer-related pathways. It can inﬂuence
several pathways involved in all cancer hallmarks acquired
during the multistep development of human tumors, by
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Figure 8: Structural analysis of MIR-34A gene locus and transcripts. (a) Homo sapiens hairpin secondary structure of pre-miR-34a stemloop. Mature miR-34a-5p highlighted in red [data source: miRTarBase v20]. (b) Enrichment pathway analysis for miR-34a. Heat map
showing targeted pathways, diseases, and cancers for both hsa-miR-34a-5p and hsa-miR-34a-3p with p values < 0.05 and microT-CDS
threshold 0.4. A total of 33 pathways have target genes (in CDS or 3′ UTR regions) for miR-34a. The enrichment results of validated
target genes showed that most pathways were related to cancer and cancer-related pathways. KEGG pathway annotations related
speciﬁcally to current RCC work had been labeled (red). Degree of color is based on the signiﬁcant p values of the predicted algorithm by
DIANA tools; the red has the top signiﬁcance estimated by false discovery rate (data source: DIANA-miRPath v2.0 web server).

sustaining proliferative cell signaling, evading growth suppressors, resisting apoptosis, inducing angiogenesis, and activating invasion and metastasis. In the current study, we
identiﬁed predicted putative miR-34a binding sites within
the 3′ UTR, 5′UTR, or coding regions of eleven mRNAs.
These selected genes were functionally validated in prior
experiments listed in Supplementary Table S1. Nevertheless,
our data did not reveal inverse correlations of these targets
with miR-34a. This could be explained by the fact that their
gene expressions result from several integrated cell responses
and cross talk between signaling pathways. Additionally,
according to miRNA databases, there are multiple-tomultiple relationships between microRNAs and target genes;
one miRNA may regulate transcription of many genes,
and a single gene could be targeted by multiple miRNAs

simultaneously, thus forming complex genetic circuits in
human cancer [61, 62]. Liu et al., in addition, speculated
the identiﬁed putative targets of miRNA could be regulated
by translation inhibition rather than degradation. Subsequently, this would leave mRNA levels unaﬀected but reduce
the protein levels. This speculation warrants the need of protein level measurement in tumor/normal samples along with
the miRNA and mRNA levels for the same gene to identify
such type of regulation [41].
Of the deregulated target genes expressed signiﬁcantly
in the current renal cancer specimens, MET and E2F3
were signiﬁcantly upregulated in RCC compared to noncancer tissues with high diagnostic performance. The Met
protooncogene, mapped at 7q31.2, has two alternative
spliced isoforms (http://genecards.org). We identiﬁed two
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putative miR-34a binding sites within the 3′ UTR and 5′
UTR of the human c-Met mRNA. Similarly, Li et al.
[16] and Hu et al. [17] reported that c-Met is directly
targeted by miR-34a. The MET gene encodes a receptor
tyrosine kinase that is activated by hepatocyte growth factor (HGF) [16]. Ligand binding at the cell surface induces
autophosphorylation of carboxyl terminus of MET on its
intracellular domain that generates docking sites for second
messengers, which activate several signaling pathways
involving RAS-ERK, mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3-kinase- (PI3K-) AKT, signal transducer and activator of transcription (STAT), and
phospholipase C [63]. Such downstream signaling pathways
evoke a variety of pleiotropic physiological processes, including survival, morphogenesis, diﬀerentiation, epithelialmesenchymal transition, and regulation of cell migration
[64]. However, improper activation of c-MET may confer
proliferative and invasive/metastatic abilities of cancer cells
[65]. Similar to our ﬁndings in RCC patients, MET overexpression was associated with multiple human cancers
[63, 66–71]. Its aberrant expression by diﬀerent mechanisms, including point mutations [72], gene ampliﬁcation
[73], and oncogenic deletion [74, 75, 76], may lead to a
more aggressive cancer phenotype and may be a prognostic indicator of poor overall survival and resistance to
therapy [74–76].
The second upregulated gene in most of the current RCC
samples was the transcription factor E2F3. ROC analysis
showed its high discrimination accuracy in RCC diagnosis.
In addition, its expression proﬁle was associated with capsular inﬁltration. E2F3 gene lies on chromosome 6p22.3 and
has 3 transcript variants encoding 3 proteins of 465, 334,
and 128 amino acids long. In contrast to full-length E2F3
protein, which is expressed only at the G1/S boundary,
truncated isoforms are expressed throughout the cell cycle
[77, 78]. E2F3 recognizes a speciﬁc sequence motif in DNA
and interacts directly with the tumor suppressor retinoblastoma protein (pRB) to regulate the expression of genes
involved in the G1/S boundary of the cell cycle and DNA replication; hence, E2F3 has a critical role in the control of cellular proliferation [79]. Acute loss of E2F3 activity aﬀected the
expression of genes encoding DNA replication and mitotic
activities [80]. In vitro and in vivo studies showed a failure
of division and proliferation in E2F3-null retinal progenitor
cells [81] and early embryonic death in E2F3-null mice
[82, 83]. Dysregulation of E2F3 and altered copy number
and activity of this gene have been observed in a number
of malignant tumors [84–92] and correlated with several
pathological features of cancer like the pathological grade
and tumor cell proliferation rate [91], as well as tumor
aggressiveness and poor overall survival [91, 92]. However,
transgenic mice expressing inducible E2F3 resulted in
hyperplasia, but not tumor development [93], supporting
its role in tumor progression rather than initiation.
As an excellent marker to determine the growth fraction
of a given cell population, the expression of proliferationrelated Ki67 antigen was investigated in the current study.
The fraction of Ki67 positive cells is often correlated with
the clinical course of the tumors. Currently, this marker of
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proliferation was detected in all cases of RCC, but with variable levels of expression. High expression of Ki67 was associated with advanced pathological grade, large tumor size,
lymphatic invasion, and capsular inﬁltration. In addition,
strong staining was correlated with chromophobic RCC subtype. Antigen Ki67 is a nuclear protein, encoded by MKI67
gene that is mapped at 10q26.2. It has ﬁve splice variants;
only two of them are translated to synthesize a long form
(3256 aa/ 395 kDa) and a short form (2896 aa/345 kDa) proteins that diﬀer only by the presence or absence of exon 7
[94]. Antigen Ki67 is associated with cellular proliferation
[95]. During interphase, the Ki67 protein can be exclusively
detected within the cell nucleus, whereas in mitosis, most of
the protein is relocated to the surface of the chromosomes
[96]. Ki67 protein is present during all active phases of the
cell cycle (G1, S, G2, and mitosis) but is absent from resting
cells (G0) [95, 97]. GO annotation identiﬁed the gene to
play vital roles in chromosomal segregation regulation
and organization, nuclear division, cell cycle, organ regeneration, and stress response (http://genecards.org). It is
also associated with ribosomal RNA transcription and synthesis [98, 99]. Several lines of evidence have implicated the
importance of Ki67 index in multiple cancers [100–106]
and reported its prognostic value for survival and tumor
recurrence [107–114].
Regarding the TGFB superfamily proteins, they were
known to be implicated in cell growth and diﬀerentiation.
These growth factors bind various TGF-beta receptors, leading to recruitment and activation of SMAD family transcription factors which regulate the expression of the downstream
genes, including interferon gamma and tumor necrosis factor
alpha [115]. We examined the expression proﬁle of TGFB1
protein and TGFB3 gene. In RCC samples, TGFB3 mRNA
did not show diﬀerential expression compared to noncancer
tissues. However, TGFB1 protein showed moderate to strong
cytoplasmic staining in most samples. Higher protein level
expression was associated with poor tumor diﬀerentiation
and chromophobic subtype. This protein is involved in
embryogenesis and cell diﬀerentiation and may play an
important role in apoptosis, immune defense, inﬂammation,
and tissue repair [115, 116]. Overexpression or alterations of
its active protein induced by gene somatic mutations were
frequently observed in several tumor cells [117–121] and
were correlated with tumor aggressiveness, invasion, angiogenesis, metastasis, immune surveillance inhibition [122],
and epithelial-mesenchymal transformation [117].
SOX2 is a critical transcription factor for self-renewal and
maintenance of undiﬀerentiated embryonic stem cells [123].
SOX2 gene is mapped at 3q26.33, consisting of a single
exon that encodes a protein of 318 amino acid residues
(http://genecards.org). It was reported to be involved in
embryonic development regulation and in the cell fate determination, and its over expression can induce reprogramming
of somatic cells to acquire pluripotency characteristics
[124, 125]. SOX2 was identiﬁed as an oncogenic factor and
was reported to be overexpressed in certain types of cancer
[123, 126–129]. Knockdown of SOX2 could inhibit cell viability and tumorigenesis in vitro and in vivo [123, 126] by
potentiating cell cycle arrest associated with decreased levels
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of CCND1 and phosphorylated Rb and/or by upregulating of
p27Kip1 level [130]. In our samples, no diﬀerential expression was observed between cancer and noncancer tissues;
nevertheless, lower expression of SOX2 mRNA was correlated with cancer inﬁltration of renal pelvic tissues.
In the current study, one antiapoptotic and three proapoptotic miR-34a targets regulating essential cancer-related
pathways were examined. The apoptotic regulator BCL2
gene, mapped at 18q21.33, has 2 alternative transcripts and
encodes an integral outer mitochondrial membrane protein
[131]. It has two protein isoforms, Bcl2a (5.5-Kb mRNA/
239 aa) and Bcl2b (3.5-Kb/205 aa), which are identical except
for the C-terminal portion. The former contains a hydrophobic tail for membrane anchorage which seems to be necessary
for antiapoptotic ability [132]. Bcl2 is found on the outer
membrane of mitochondria. It functions as an apoptosis
inhibitor by forming complexes with caspase-9 and APAF1,
thus prevent them to initiate the protease cascade and apoptosis through caspase-3 cytochrome C-dependent activation [133]. In 2002, Marsden et al. [134] discovered that
Bcl2 can also function independently via other pathways.
Bcl2 constitutively blocks p53-induced apoptosis and enables
the survival of colorectal cancer cells [135]. Overexpression
of Bcl2 blocks TNF-related apoptosis-inducing ligand(TRAIL-) induced apoptosis in human lung cancer cells
[136]. In addition to the antiapoptotic function, Bcl2 is
known to regulate mitochondrial fusion and ﬁssion dynamics [137]. Bcl2 acts as a potent regulator of cell survival in
neurons both during development and throughout adult life
[138]. In cancer, overexpression of the antiapoptotic Bcl2
can result in a distinct cellular growth advantage due to lack
of cell death, a hallmark of cancer. In the present study, Bcl2
protein was expressed in all cancer tissues. Similarly, in previous studies, Bcl2 upregulation has been reported in many
types of cancer [139–142]. Moreover, it has also been associated with poor clinical outcome and shorter overall survival
in cancer patients [143]. It can confer resistance to chemotherapy and radiotherapy in some types of cancer [144,
145]. In addition, targeting Bcl2 by miR-125a, miR-206,
and miR-34a was reported to inhibit the cell proliferation
and induce apoptosis in multiple cancer cells [146–148].
The tumor suppressor protein Tp53, the guardian of the
genome, is essential for the carcinogenesis prevention. In
the current study, it was not detected by immunohistochemistry in less than one half of the specimens. Absent staining of
Tp53 protein in tumor cell nuclei was signiﬁcantly associated
with advanced pathological grade, while positive staining was
observed in the chromophobic RCC, known to have the best
prognosis. The transcription factor Tp53 is encoded by TP53
gene mapped at 17p13.1. This gene has a complex transcriptional expression pattern encoding 28 diﬀerent mRNA variants through the use of an internal promoter in intron 4
and alternative splicing machinery. All variants could be
detected in all tissues, and only 5 is exclusively transcribed
in tissue-speciﬁc manner [149]; each isoform has distinct
biological activity and subcellular localizations [150]. Normally, Tp53 is expressed at low levels and kept inactive
through the action of MDM2 (mouse double minute 2
homolog) which promotes its degradation [150]. However,
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during cellular stresses or DNA damage, activated Tp53
induces cell cycle arrest for DNA repair or force apoptosis.
It binds to DNA and regulates transcription of target genes
that induce cell cycle arrest, apoptosis, and DNA repair
[150–152]. It can trigger cell death independently of its transcriptional activity through subcellular translocation and
activation of proapoptotic Bcl-2 family members [153].
Attenuation of Tp53 activity would render the cells more susceptible to further genetic damage and therefore to neoplastic
transformation and tumor progression.
Another apoptotic gene, Tp53INP2, is located at
20q11.22 with 4 transcripts and encodes for 3 putative protein variants of 220, 88, and 77 amino acid long. It is thought
to be a scaﬀold protein that is normally expressed upon
induction by the Tp53 protein [154]. The protein encoded
by this gene has two distinct functions depending on its cellular localization [155]. It is essential for proper autophagy,
a self-degradative process that occurs at critical times in
development to recycle unnecessary intracellular components and damaged organelles [156]. Tp53INP2 protein
shuttles between the nucleus and the cytoplasm, depending
on cellular stress conditions, and relocates in the autophagosomes during autophagy activation. It recruits Atg8-like proteins to the autophagosome membrane by interacting with
the transmembrane protein VMP1 (vacuole membrane protein 1) [154]. Failure of autophagy is thought to be one of the
main reasons for the accumulation of cell damage and aging
[157]. In addition to its role in autophagy, it serves as a
transcriptional coactivator for several nuclear receptors,
such as the glucocorticoid receptor, vitamin D receptor
(VDR), and peroxisome proliferator-activated receptor
gamma [155], thus possess a tumor suppressor-like functionality similar to Tp53 [158, 159]. Dysregulation of Tp53INP2
expression was found diﬀerently in several types of cancer
tissues [160–164]. Therefore, our results along with previous
data highlight its putative role in cancer development
and progression.
Low levels of the apoptotic gene, DFFA, were observed in
almost all RCC samples. Lower expression was associated
with vascular inﬁltration. DFFA gene is located in the same
region of miR-34a at 1p36.22 which is commonly deleted in
human tumors. DFFA plays an essential role in apoptosis.
When cleaved by caspase-3, it induces the release of its partner DFFB, which in turn triggers DNA fragmentation by its
nuclease activity [165]. Hence, absence of this protein could
result in aberrant apoptosis, invasive growth, and metastasis
[166]. Similar to our ﬁndings, downregulated DFFA expression was observed during the exponential phase of growth
in several human colonic cancer cell lines [167]. DFFA
(−/−) mice exerted severe genomic instability and tumor progression in colon epithelial cells [168]. Moreover, low DFFA
expression was associated with poor prognosis in esophageal
cancer [169] and neuroblastoma tumors [170].
As angiogenesis is of central importance in the growth
and metastasis of tumors [171], we investigated the
expression of the angiogenesis-mediated protein, VEGFA
in RCC compared to noncancer tissues. VEGFA protein
expression was detected in all RCC tissues, with 80% of
samples showing strong staining. Elevated levels were
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associated with advanced tumor grade. VEGFA protein is
encoded by the VEGFA gene, mapped at 6p21.1, a highly
polymorphic region that showed association with cancer
susceptibility, aggressiveness, and therapeutic response in
various tumor types [172, 173]. Alternative exon splicing
can generate up to 29 transcript variants with diﬀerent isoforms (http://Ensembl.org). There was also evidence for
alternative translation initiation codons resulting in additional isoforms. VEGFA promotes proliferation and migration of vascular endothelial cells both in vitro and in vivo
and is essential for both physiological and pathological
angiogenesis [172]. This prosurvival eﬀect is mediated via
PI3-kinase/Akt signal transduction pathway [174]. In addition, it induces permeabilization of blood vessels, thus known
as a vascular permeability factor [175]. It induces endothelial
fenestration in vascular beds [176] and enhances vasodilatation in vitro in a dose-dependent manner [177]. In addition,
VEGFA promotes apoptosis and induces expression of the
antiapoptotic protein Bcl-2 [178]. In vivo, VEGFA inhibition
results in abnormal embryonic blood vessel formation and
extensive apoptotic changes in the vasculature of neonatal
mice [179, 180]. Within tumors, cancer cells and cancerassociated stroma are the major source of VEGFA [173]. It
inﬂuences the newly formed blood vessels, but not the established ones. In agreement with our ﬁndings, VEGFA was
reported to be overexpressed in several diﬀerent tumor types
[171, 181–183]. Anti-VEGF antibodies were implicated as
potent inhibitory eﬀectors [184, 185]. Furthermore, VEGFA
expression is correlated with tumor stage and progression.
It was found to be associated with high pathological grade,
tumor size, lymph node metastasis, poor prognosis, resistance to chemotherapy, and poor overall survival and outcomes in several types of cancer [171, 172, 186–189].

5. Conclusions
The current study does conﬁrm the association of miR-34a
overexpression with RCC in our population, suggesting its
potential role in pathogenesis and progression of this type
of cancer. Furthermore, chromophobic RCC subtype has
been postulated to attain diﬀerent transcriptomics and proteomics characteristics compared to other subtypes. It has been
found to have higher MIR-34A, Tp53, Ki67, and TGFB
expressions. Hence, the molecular mechanism and genes
involved in this particular type need to be validated in large
scale multicenter study for better disease outcome and
response to treatment predictions. In addition, the exact
molecular interplay between the potential miR-34a target
genes is still unclear and will warrant further detailed studies.
One of the limitations that need to be considered is that the
protein levels of the selected target genes in tumor/normal
samples were not measured along with the mRNA levels.
Hence, we could not suggest if the selected potential targets
could be aﬀected by translation inhibition rather than degradation in light of absence of miRNA34a-selected targets
anticorrelation. Another limitation is the lack of the functional analysis either on tumor cell lines or on RCC rat
models to validate the current ﬁndings and explore the
detailed biological mechanisms and the potential therapeutic
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roles of miR-34a in RCC. This will be considered the logic
next step in our ongoing research.
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Simvastatin is a lipid-lowering agent used to treat hypercholesterolemia and to reduce the risk of heart disease. This study
scrutinized the beneﬁcial eﬀects of simvastatin on experimental diabetic cardiomyopathy (DCM), pointing to the role of
hyperglycemia-induced oxidative stress and inﬂammation. Diabetes was induced by intraperitoneal injection of streptozotocin
and both control and diabetic rats received simvastatin for 90 days. Diabetic rats showed signiﬁcant cardiac hypertrophy, body
weight loss, hyperglycemia, and hyperlipidemia. Serum creatine kinase MB (CK-MB) and troponin I showed a signiﬁcant
increase in diabetic rats. Simvastatin signiﬁcantly improved body weight, attenuated hyperglycemia and hyperlipidemia, and
ameliorated CK-MB and troponin I. Simvastatin prevented histological alterations and deposition of collagen in the heart of
diabetic animals. Lipid peroxidation and nitric oxide were increased in the heart of diabetic rats whereas antioxidant defenses
were decreased. These alterations were signiﬁcantly reversed by simvastatin. In addition, simvastatin decreased serum
inﬂammatory mediators and expression of NF-κB in the diabetic heart. Cardiac caspase-3 was increased in the diabetic heart
and decreased following treatment with simvastatin. In conclusion, our results suggest that simvastatin alleviates DCM by
attenuating hyperglycemia/hyperlipidemia-induced oxidative stress, inﬂammation, and apoptosis.

1. Introduction
Cardiovascular disease (CVD) is the leading cause of
morbidity and mortality in the world. Diabetes mellitus
(DM) is a major contributing factor to CVD and heart failure
[1]. A causative relationship between myocardial abnormalities and diabetes has been well demonstrated [2]. Diabetic
cardiomyopathy (DCM) is the clinical condition associated
with cardiac abnormalities provoked by diabetes [2]. It has
been estimated that DCM aﬀects approximately 12% of the
diabetic patients and may lead to heart failure and death

[3]. Cardiac hypertrophy, oxidative stress, inﬂammation,
apoptosis, and myocardial interstitial ﬁbrosis are the major
features of DCM [4].
Persistent hyperglycemia in diabetes provokes excessive
production of reactive oxygen species (ROS) and inﬂammation which play a key role in DCM [5, 6]. Hyperglycemia
induces glucose auto-oxidation and surplus generation of
ROS. Hyperlipidemia can also increase ROS production
through stimulating nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases and inducing leakage of the
mitochondrial electron transport chain [7]. Excess ROS

2
activates protein kinase C and subsequently nuclear factorκB (NF-κB), leading to myocardial injury [5, 6]. NF-κB is
a redox-sensitive protein complexes with a central role in
inﬂammation [8]. Activated NF-κB promotes the transcription and release of inﬂammatory mediators such as
tumor necrosis factor-α (TNF-α) and thereby provokes
myocardial inﬂammation [8].
Statins are hydroxymethylglutaryl coenzyme A (HMGCoA) reductase inhibitors with lipid-lowering eﬀect. Statins
are the ﬁrst-line treatment for coronary artery disease and
are widely prescribed to prevent hypercholesterolemia [9].
Studies have shown the beneﬁcial outcomes of statins on
the cardiovascular system. In this context, Liu et al. [10]
have recently reported that rosuvastatin postconditioning
can protect isolated hearts against ischemia-reperfusion
injury. Independently of their lipid-lowering eﬀects, chronic
pretreatment with statins preserved the integrity of microvasculature after acute myocardial infarction [11]. Improved
myocardial perfusion and decreased infarction areas after
ischemic reperfusion have been associated with early and
chronic pretreatment with statins [11, 12]. The beneﬁcial
therapeutic outcomes of statins have been attributed to their
ability to activate protein kinase B and endothelial nitric
oxide synthase (eNOS) [13] and to attenuate oxidative stress
[14, 15]. Previous studies have shown that simvastatin
inhibits hypertrophy of cultured cardiomyocytes [16, 17]
and in isoproterenol-induced rats [15]. In addition, simvastatin exerted protective eﬀect against cardiac hypertrophy
in a rat model of abdominal aortic constriction [18].
Recently, González-Herrera et al. [19] demonstrated that
simvastatin can improve the pathophysiological condition
in chronic Chagas cardiomyopathy experimental animal
model. However, the protective eﬀect of simvastatin against
DCM has not yet been reported. Therefore, this study scrutinized the possible cardioprotective eﬀect of simvastatin in a
rat model of DCM.

2. Materials and Methods
2.1. Chemicals and Reagents. Simvastatin, streptozotocin
(STZ), pyrogallol, reduced glutathione (GSH), malondialdehyde (MDA), thiobarbituric acid, and Griess reagent were
supplied by Sigma-Aldrich (USA). Cholesterol, high-density
lipoprotein (HDL) cholesterol, and triglyceride assay kits
were supplied by Accurex (Mumbai, India). Antibodies for
NF-κB p65 (Cat. number sc-372), caspase-3 (Cat. number
sc-7148), and β-actin (Cat. number sc-47778) were purchased from Santa Cruz Biotechnology (USA). Other chemicals and reagents were supplied by Sigma-Aldrich or
other standard suppliers.
2.2. Experimental Animals. Ten-week old male Wistar rats
weighing 160–180 g were included in this investigation.
The animals were supplied by the College of Pharmacy
at King Saud University (Riyadh, Saudi Arabia) and were
provided free access to standard laboratory diet of known
composition and water ad libitum. The rats were maintained at normal atmospheric temperature (23 ± 2°C) on
a 12 h light/dark cycle. The experimental protocol and all
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animal procedures were approved by the Institutional
Research Ethics Committee, College of Pharmacy at King
Saud University (Riyadh, Saudi Arabia).
2.3. Experimental Design and Treatments. Type 1 DM was
induced by a single intraperitoneal (i.p.) injection of
55 mg/kg body weight STZ to overnight fasted rats. STZ solution was freshly prepared by dissolving in 0.1 M cold citrate
buﬀer (pH 4.5). Diabetes was conﬁrmed through the
determination of blood glucose levels at 72 hr using MEDISAFE MINI blood glucose reader (TERUMO Corporation,
Tokyo, Japan). Rats with blood glucose levels higher than
200 mg/dl were considered diabetic and selected for further
experiments. Diabetes was further veriﬁed by measuring
blood glucose levels 7 days after STZ injection. Normal control rats received a single i.p. dose of physiological saline.
Thirty-two rats (16 diabetic and 16 normal) were divided
into 4 groups (N = 8) as follows:
Group I (control): Nondiabetic rats received physiological saline orally for 90 days.
Group II (SIM): Nondiabetic rats received simvastatin
(10 mg/kg) [15] dissolved in saline by oral gavage for 90 days.
Group III (diabetic): Diabetic rats received physiological
saline by oral gavage for 90 days.
Group IV (diabetic + SIM): Diabetic rats received simvastatin (10 mg/kg) for 90 days.
2.4. Sample Collection and Preparation. Twenty-four hours
after the last treatment, overnight fasted rats were sacriﬁced
by cervical dislocation. Blood was collected and processed
to separate serum. Hearts were excised, washed, and weighed.
Samples from the heart were homogenized in cold
phosphate-buﬀered saline (10% w/v), and clear homogenate
was collected to assay MDA, nitric oxide (NO), GSH, and
superoxide dismutase (SOD). Other samples were collected
on neutral buﬀered formalin for histological and immunohistochemical processing while others were kept at −80°C
for Western blotting.
2.5. Biochemical Assays
2.5.1. Assay of Creatine Kinase MB (CK-MB) and Troponin I.
Serum CK-MB and troponin I were determined using speciﬁc ELISA kits supplied by EIAab (Wuhan, China).
2.5.2. Assay of Serum Lipids and Cardiovascular Risk Indices.
Total cholesterol [20], triglycerides [21], and HDL cholesterol [22] were assayed in serum of normal and diabetic rats
using reagent kits purchased from Accurex (Mumbai, India).
Low-density lipoprotein (LDL) cholesterol level was determined using the formula
LDL cholesterol
= total cholesterol −

triglycerides
+ HDL cholesterol
5
1

Very low-density lipoprotein (vLDL) cholesterol was
calculated using the formula
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vLDL cholesterol =

triglycerides
5

3

2

Cardiovascular risk indices [23] and atherogenic index of
plasma (AIP) were calculated as follows:
total cholesterol
,
HDL cholesterol
LDL cholesterol
cardiovascular risk index 2 =
,
HDL cholesterol
triglycerides
AIP = Log10
HDL cholesterol

cardiovascular risk index 1 =

bands was quantiﬁed using ImageJ (NIH, USA). Results were
normalized to β-actin and presented as percent of control.
2.8. Statistical Analysis. Results were presented as mean
± standard error of the mean (SEM). All statistical comparisons were made by means of the one-way ANOVA test
followed by Tukey’s test post hoc analysis using GraphPad
Prism (GraphPad Software, CA, USA). A P value <0.05 was
considered signiﬁcant.

3. Results
3

2.5.3. Assay of Tumor Necrosis Factor Alpha (TNF-α) and
C-Reactive Protein (CRP). Serum TNF-α and CRP were
determined using speciﬁc rat ELISA kits purchased from
Merck Millipore (USA) and Abcam (USA), respectively.
2.5.4. Assay of Lipid Peroxidation, NO, GSH, and SOD.
MDA, an index of lipid peroxidation, GSH, and SOD were
assayed in the heart homogenates according to the
methods described by Preuss et al. [24], Beutler et al. [25],
Marklund and Marklund [26], respectively. NO in the heart
homogenates was determined as nitrite content using Griess
reagent [27].
2.6. Histopathology and Immunohistochemistry. Immediately
after sacriﬁce, the hearts were excised, washed, and ﬁxed in
10% neutral buﬀered formalin for 24 hr. Five μm-thick parafﬁn sections were prepared, cut, and stained with hematoxylin
and eosin (H&E). Other sections were stained with Masson’s
trichrome. Stained heart sections were scanned and examined using light microscopy.
Other heart sections were blocked via incubation in 3%
hydrogen peroxide and washed in Tris-buﬀered saline
(TBS; pH 7.6). The slides were incubated with protein
block (Novocastra) to prevent nonspeciﬁc binding of antibodies and probed with rabbit anti-caspase-3 (Santa Cruz
Biotechnology, USA). The sections were then probed with
anti-rabbit secondary antibody, washed, and counterstained with hematoxylin. Negative control sections were
similarly processed with omission of incubation with the
primary antibody.
2.7. Western Blot. To investigate the eﬀect of simvastatin on
NF-κB expression in the heart of normal and diabetic rats,
Western blotting was applied as we recently reported [28].
Brieﬂy, heart samples were homogenized in RIPA buﬀer containing proteinase inhibitors. Total protein content was
assayed using Bradford reagent, and 40 μg proteins were separated on SDS-PAGE, electrotransferred onto nitrocellulose
membranes and blocked in 5% skimmed milk in TBS Tween
20. The blocked membranes were probed with rabbit antiNF-κB p65 and mouse anti-β-actin primary antibodies
(Santa Cruz Biotechnology, USA). After washing, the membranes were incubated with the secondary antibodies and
developed using enhanced chemiluminescence kit (Bio-Rad,
USA). The blots were scanned and intensity of the obtained

3.1. Simvastatin Attenuates Body Weight Loss, Cardiac
Hypertrophy, and Hyperglycemia in Diabetic Rats. Diabetic
rats showed a signiﬁcant (P < 0 001) body weight loss when
compared with the control group (Figure 1(a)). Simvastatin
signiﬁcantly (P < 0 01) attenuated body weight loss in diabetic rats when supplemented for 90 days (Figure 1(a)). Normal rats that received simvastatin for 90 days showed
nonsigniﬁcant (P > 0 05) changes in body weight when compared with the control group (Figure 1(a)).
Heart weight/body weight ratio (HW/BW) was signiﬁcantly (P < 0 01) increased in diabetic rats when compared
with the control group; an eﬀect that was signiﬁcantly (P <
0 05) repressed by simvastatin (Figure 1(b)). Simvastatin
treatment for 90 days did not aﬀect the HW/BW of normal
rats as represented in Figure 1(b).
Blood glucose levels showed a signiﬁcant (P < 0 001)
increase when compared with the control rats (Figure 1(c)).
Ninety days after, diabetic rats exhibited a signiﬁcant (P <
0 001) increase in blood glucose when compared with the
control rats. Simvastatin-treated diabetic rats showed a signiﬁcant (P < 0 001) improvement in blood glucose levels
when compared with the diabetic control rats (Figure 1(c)).
Supplementation of simvastatin to normal rats did not aﬀect
blood glucose levels.
3.2. Simvastatin Prevents Hyperglycemia-Induced Damage
and Collagen Deposition in the Diabetic Heart. To investigate hyperglycemia-induced myocardial injury and the
possible protective role of simvastatin, we determined
circulating CK-MB and troponin I levels and performed
a histological study.
Diabetic rats showed signiﬁcantly (P < 0 001) increased
serum CK-MB. In contrast, diabetic rats treated with simvastatin exhibited a marked (P < 0 001) improvement in
CK-MB (Figure 2(a)).
Similarly, diabetic rats showed a notable (P < 0 001)
elevation in circulating levels of troponin I as showed in
Figure 2(b). Treatment with simvastatin markedly (P <
0 001) improved serum troponin I levels in diabetic rats.
Treatment of normal rats with simvastatin did not induce
signiﬁcant changes in either CK-MB or troponin I.
Histopathological study of heart sections of normal
control rats revealed normal histological appearance of
both cardiomyocytes cytoplasm and nuclei (Figure 3(a)).
Normal rats treated with simvastatin exhibited normal heart
histology as showed in Figure 3(b). On the contrary, heart
sections of diabetic rats showed myocardial degeneration
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Figure 1: Simvastatin attenuates body weight loss (a), cardiac hypertrophy (b), and hyperglycemia (c) in STZ-induced diabetic rats. Data are
M ± SEM (N = 8). ∗ P < 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001. STZ: streptozotocin; SIM: simvastatin; HW: heart weight; BW: body weight;
ns: nonsigniﬁcant.
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Figure 2: Simvastatin decreases serum CK-MB (a) and troponin I (b) levels in STZ-induced diabetic rats. Data are M ± SEM (N = 8).
∗∗∗
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Figure 3: Heart of (a) normal control rats and (b) normal rats treated with simvastatin showing normal histological appearance of both
myocardial cell cytoplasm (arrow) and nuclei (arrow head), (c) STZ-induced diabetic rats showing many myocardial cells with
degenerated cytoplasm (arrow) and pyknotic nuclei (arrow head), and (d) diabetic rats treated with simvastatin showing decreased
degeneration of myocardial cell cytoplasm (arrows) and nuclei (arrow heads). (H&E).

and pyknotic nuclei (Figure 3(c)). Simvastatin markedly
prevented diabetes-induced myocardial damage as depicted
in Figure 3(d).
The heart sections showing collagen deposition were represented in Figure 4. Control (Figure 4(a)) and simvastatintreated rats (Figure 4(b)) showed normal interstitial collagen. Diabetic rats showed increased collagen deposition in
the endomysium, especially surrounding blood vessels
(Figure 4(c)). Diabetes-associated collagen deposition was
markedly prevented in the heart of diabetic rats treated
with simvastatin (Figure 4(d)).
3.3. Simvastatin Ameliorates Hyperlipidemia and Prevents
Atherogenesis in Diabetic Rats. The impact of simvastatin
on serum lipids and cardiovascular risk indices is depicted
in Figure 5.
Diabetic rats showed an atherogenic lipid proﬁle characterized by signiﬁcant (P < 0 001) increase in serum triglycerides (Figure 5(a)) and total (Figure 5(b)), LDL
(Figure 5(c)), and vLDL cholesterol (Figure 5(d)) when
compared with the normal control rats. HDL cholesterol
was signiﬁcantly (P < 0 001) declined in serum of STZinduced diabetic rats when compared with the control
group (Figure 5(e)). Treatment of the diabetic rats with

simvastatin signiﬁcantly (P < 0 001) reversed these lipid
proﬁle derangements.
To evaluate the impact of hyperlipidemia on the
heart and blood vessels and the protective eﬀect of simvastatin, the cardiovascular risk indices and AIP were
determined. Cardiovascular risk indices showed a pronounced (P < 0 001) increase in STZ-induced diabetic rats
(Figures 5(f) and 5(g)) and AIP (Figure 5(h)). Treatment
with simvastatin signiﬁcantly (P < 0 001) decreased cardiovascular risk indices and AIP of the diabetic rats.
Normal rats that received simvastatin for 90 days showed
nonsigniﬁcant (P > 0 05) changes in lipid proﬁle, cardiovascular risk indices, and AIP.
3.4. Simvastatin Suppresses Diabetes-Induced Oxidative Stress
in the Diabetic Heart. The eﬀect of simvastatin on the myocardial redox status of normal and diabetic rats was investigated via assessment of MDA, NO, GSH, and SOD.
Diabetic animals exhibited a remarkable (P < 0 001)
increase in the myocardial MDA (Figure 6(a)) and NO
(Figure 6(b)). Treatment with simvastatin signiﬁcantly (P <
0 001) decreased cardiac levels of MDA and NO in diabetic
rats. In normal rats, simvastatin administration for 90 days
did not aﬀect MDA and NO levels.
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Figure 4: Heart of (a) control rats, (b) simvastatin-supplemented rats revealing normal amount and distribution of interstitial collagen
(arrow), (c) STZ-induced diabetic rats with marked increase in the amount of collagen tissue in the endomysium especially surrounding
blood vessels (arrows), and (d) diabetic rats treated with simvastatin showing decreased collagen deposition (arrow). (Masson’s trichrome).

The antioxidant GSH was signiﬁcantly (P < 0 001)
declined in the heart of STZ-induced diabetic rats when compared with the control group (Figure 6(c)). In addition, diabetic rats showed a signiﬁcant (P < 0 01) decrease in cardiac
SOD activity (Figure 6(d)). Simvastatin, supplemented for
90 days, signiﬁcantly ameliorated GSH content (P < 0 001)
and SOD (P < 0 05) activity in the heart of diabetic rats while
exerted nonsigniﬁcant (P > 0 05) eﬀect in normal rats.
3.5. Simvastatin Inhibits Inﬂammation and Myocardial
Apoptosis in Diabetic Rats. The ameliorative eﬀect of simvastatin on diabetes-associated inﬂammation was explored
via determination of serum TNF-α and CRP levels and
cardiac NF-κB expression. TNF-α (Figure 7(a)) and CRP
(Figure 7(a)) were signiﬁcantly (P < 0 001) increased in
diabetic rats. Simvastatin signiﬁcantly decreased TNF-α
and CRP in serum of the STZ-induced diabetic rats. Oral
administration of simvastatin to control rats exerted nonsigniﬁcant (P > 0 05) eﬀects on serum TNF-α and CRP.
Protein expression of NF-κB was signiﬁcantly (P < 0 001)
upregulated in the heart of STZ-induced diabetic rats
(Figure 7(c)). Diabetic rats treated with simvastatin showed
a signiﬁcant (P < 0 001) downregulation of cardiac NF-κB
expression. Simvastatin did not aﬀect NF-κB expression
levels in the heart of control rats (Figure 7(c)).

To investigate the protective eﬀect of simvastatin on
myocardial apoptosis in diabetes, the expression of caspase3 was assessed by immunohistochemistry (Figure 7(d)).
Heart sections of normal (Figure 7(d)-A) and simvastatin
supplemented rats (Figure 7(d)-B) did not show caspase-3
immunopositive reaction of cardiomyocytes. STZ-induced
diabetic rats showed marked increase in caspase-3 immunopositive stained cardiomyocytes (Figure 7(d)-C), an eﬀect
that was prevented by simvastatin (Figure 7(d)-D).

4. Discussion
Cardiomyopathy is an independent complication of DM
which occurs in the absence of other heart diseases [29].
Hyperglycemia/hyperlipidemia-induced oxidative stress,
inﬂammation, and apoptosis are probably involved in the
pathogenesis of DCM [30, 31]. Here, we demonstrated the
ameliorative potential of simvastatin on DCM in a rat model
of STZ-induced diabetes. We provide the evidence that
simvastatin ameliorates DCM via its ability to mitigate
hyperglycemia, hyperlipidemia, oxidative stress, inﬂammation, and apoptosis.
The principal approach to control DM is lowering
blood glucose levels. Here, STZ-induced diabetic rats
exhibited a signiﬁcant increase in blood glucose levels with
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Figure 5: Simvastatin ameliorates hyperlipidemia and prevents atherogenesis in STZ-induced diabetic rats. Data are M ± SEM (N = 8).
∗∗∗
P < 0 001. STZ: streptozotocin; SIM: simvastatin; T cholesterol: total cholesterol; LDL: low-density lipoprotein; HDL: high-density
lipoprotein; vLDL: very low density lipoprotein; ns: nonsigniﬁcant.

8

Oxidative Medicine and Cellular Longevity
⁎⁎⁎

⁎⁎⁎

60

60

NO (nmol/100 mg)

MDA (nmol/100 mg)

80

40
ns
20

0
STZ
SIM

−
−

−
+

+
−

40

20
ns

0
STZ
SIM

+
+

−
−

−
+

(a)

+
+

⁎⁎

20

ns

ns
⁎⁎⁎

⁎

15

20

SOD (U/g)

GSH (nmol/100 mg)

+
−
(b)

⁎⁎⁎

30

⁎⁎⁎

⁎⁎⁎

10

10
5

0
STZ
SIM

−
−

−
+

+
−

+
+

(c)

0
STZ
SIM

−
−

−
+

+
−

+
+

(d)

Figure 6: Simvastatin suppresses hyperglycemia-induced oxidative stress in the heart of STZ-induced diabetic rats. Data are M ± SEM
(N = 8). ∗ P < 0 05, ∗∗ P < 0 01, and ∗∗∗ P < 0 001. STZ: streptozotocin; SIM: simvastatin; MDA: malondialdehyde; NO: nitric oxide; GSH:
reduced glutathione; SOD: superoxide dismutase; ns: nonsigniﬁcant.

concomitantly declined body weight as we previously
reported [32]. Treatment with simvastatin signiﬁcantly
improved blood glucose levels in diabetic rats. Similar
ﬁndings have been described in type 1 [14] and type 2
diabetic rodent models [33]. The antihyperglycemic eﬀect
of statins may be attributed to their pleotropic eﬀects,
including increased insulin release and improved insulin
signaling and protection of pancreatic β-cells from ROS
[34, 35]. Additionally, statins have been proven to inhibit
the activity of dipeptidyl peptidase IV (DPP-IV) [36]. In
the same context, we have recently reported attenuated
hyperglycemia and DCM in diabetic rats treated with the
DPP-IV inhibitor sitagliptin [32]. The improved glycemic
status following simvastatin treatment may have contributed to the alleviated body weight.
Oxidative stress and inﬂammation are known to promote
cardiomyocyte hypertrophy in hyperglycemic conditions
[37]. Here, diabetic rats exhibited cardiac hypertrophy evidenced by the increased HW/BW ratio. Similar ﬁndings have
been reported in our recent study [32]. In our study, cardiac
hypertrophy was associated with increased TNF-α and cardiac NF-κB expression. TNF-α has been reported to reduce
degradation and increase synthesis of proteins in feline

cardiomyocytes. These derangements occur through a mechanism involving preserved interaction between the extracellular matrix and cell integrins [38] and activation of NF-κB
[39]. Increased rate of fatty acid (FA) oxidation in the
diabetic myocardium results in lipid accumulation and
subsequently cardiac hypertrophy [40]. Myocardial hypertrophy has also been reported to occur after 8 weeks of
diabetes [41]. Simvastatin treatment prevented cardiac
hypertrophy in the diabetic rats. This eﬀect might be attributed to the attenuated inﬂammation and oxidative stress. In
consistent with our ﬁndings, simvastatin has prevented
isoproterenol-induced cardiac hypertrophy in rats as we
previously reported [15]. In addition, Liu et al. [18] showed
the capacity of simvastatin to prevent in vitro and in vivo
myocardial hypertrophy.
Hyperglycemia provoked cardiomyocyte damage as
evidenced by the myocardium degeneration and pyknotic
nuclei and elevated serum CK-MB and troponin I. These
derangements are direct consequences of hyperglycemiainduced oxidative stress, inﬂammation, and other alterations.
Elevated serum level of CK-MB is a powerful and sensitive
tool to predict the risk of cardiac complications [42]. The
onset of myoﬁbrillar disintegration and inﬂammation-
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Figure 7: Simvastatin inhibits inﬂammation and myocardial apoptosis in STZ-induced diabetic rats. Simvastatin decreased serum levels
of (a) TNF-α and (b) CRP and (c) NF-κB p65 expression in the heart of diabetic rats. Data are M ± SEM (N = 8). ∗∗∗ P < 0 001. STZ:
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induced increase in permeability are associated with elevated
circulating CK-MB and troponin I [43]. Previous research
from our lab showed increased CK-MB and troponin I
in serum of rat models of myocardial hypertrophy [15]
and DCM [32]. Hyperlipidemia is another factor that contributes to cell death and cardiac dysfunctions in diabetes.
Hyperlipidemia promotes the deposition of triglycerides
and cholesterol in the myocardium and inﬂuences cardiac
toxicological consequences [44]. Simvastatin signiﬁcantly
ameliorated indices of myocardial damage in diabetic
animals. Therefore, reduced CK-MB and troponin I in
simvastatin-treated diabetic rats supports the role of lipidlowering agents in reducing hyperglycemia/hyperlipidemiainduced myocardial damage.
Given its role in inducing the production of ROS [45] and
deposition of lipids in the myocardium [44], hyperlipidemia
exerts a direct impact on the myocardium and increases the
risk of coronary heart disease [46]. Here, STZ-induced
diabetic rats exhibited an atherogenic lipid proﬁle characterized by signiﬁcant increases in serum cholesterol, triglycerides, LDL cholesterol, and vLDL cholesterol. In contrast,
the cardioprotective HDL cholesterol [47] was signiﬁcantly
declined in the diabetic rats. Moreover, diabetic rats
showed signiﬁcantly increased values of the cardiovascular
risk indices and AIP which is a frequently used predictor
of atherosclerosis [48]. Simvastatin signiﬁcantly reduced
hyperlipidemia, cardiovascular risk indices, and atherogenic
index in diabetic rats, indicating its potent lipid-lowering,
antiatherogenic, and cardioprotective eﬀects.
Counteracting oxidative stress is another mechanism we
assumed have mediated the protective eﬀect of simvastatin
on DCM. Hyperglycemia/hyperlipidemia-induced production of ROS and reactive nitrogen species (RNS) constitutes
a major contributing factor in the development of DCM.
Hyperglycemia promotes generation of ROS and RNS in
the mitochondria [49], and increased cardiac FAs activate
NADPH oxidases and induce leakage of the mitochondrial
electron transport chain [7]. Excess ROS promote upsurges
in lipid peroxidation and consequently alter membrane
structure and enzyme activity [50]. In the present study,
diabetic rats exhibited signiﬁcantly elevated lipid peroxidation and NO in the myocardium. NO and superoxide radicals can react and produce peroxynitrite, leading to DNA
fragmentation and protein damage [51]. Diabetic rats
exhibited reduced cardiac GSH, indicating its overutilization in the redox-challenged cellular microenvironment.
GSH depletion induces further oxidative damage and
necrotic cell death [52, 53]. SOD, an enzyme catalyzing
the dismutation of superoxide, showed declined activity in
the diabetic heart. Simvastatin reduced lipid peroxidation
and NO and alleviated antioxidants in the diabetic heart.
Accordingly, simvastatin decreased lipid peroxidation and
increased hepatic and renal GSH levels in diabetic rats
[14]. We have previously demonstrated the ability of simvastatin to decrease ROS generation and enhance antioxidant
defenses in a rodent model of cardiac hypertrophy [15].
Therefore, the eﬃcacy of simvastatin to attenuate oxidative
stress may mediate, at least in part, its protective eﬀect
against DCM.
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Cardiac inﬂammation, apoptosis, and ﬁbrosis have been
deﬁned in the diabetic heart [31]. Seddon et al. [54] reported
that cardiac inﬂammation occurs as a consequence of
hyperglycemia-induced excessive ROS generation in diabetes. In our study, diabetic rats showed a signiﬁcant increase
in circulating TNF-α and CRP. Previous experimental studies demonstrated the contributing role of chronic inﬂammatory status in DCM [55–57]. TNF-α has been reported to
exert a crucial role in the development of myocardial hypertrophy and dysfunction [55–57]. In the study of Bozkurt
et al. [58], exogenous administration of TNF-α induced
in vivo cardiac inﬂammation and dysfunction. The role of
TNF-α in DCM has been further supported through observing similar eﬀects in a mouse model with cardiomyocytespeciﬁc TNF-α overexpression [59]. Additionally, in a
murine model of pressure overload, genetic disruption of
TNF-α hampered cardiac hypertrophy, dysfunction, and
ﬁbrosis [60]. In STZ-induced DCM, TNF-α antagonism protected against myocardial inﬂammation, leukocyte inﬁltration, and ﬁbrosis [61].
Elevated CRP in STZ-induced diabetic rats in the present investigation was in agreement with the ﬁndings of previous studies showing increased serum CRP levels in
diabetic patients [62] and STZ-induced type 1 diabetic animals [63]. Interestingly, diabetic rats treated with simvastatin showed signiﬁcantly reduced serum TNF-α and
CRP levels. Therefore, the beneﬁcial eﬀect of simvastatin
is connected to its ability to reduce inﬂammation. In accordance, we have previously reported attenuated inﬂammation
in a rat model of cardiac hypertrophy following simvastatin
administration [15].
Next, we demonstrated the eﬀect of simvastatin on NFκB expression in the diabetic heart. In consistent with the
increased serum levels of TNF-α and CRP, cardiac NF-κB
was upregulated in the diabetic rats. Diﬀerent mechanisms
implicated in the establishment of inﬂammation in the diabetic myocardium were reported to converge towards NFκB activation. Hyperglycemia promotes NF-κB transcription
through activation of NADPH oxidase and production of
ROS [64], degradation of IκB [8], and activation of Erk1/2
[65] and mitogen-activated protein kinase (MAPK) [66].
Activated NF-κB induces the upregulation of TNF-α and
other molecules contributing to cardiovascular damage [8].
Increased circulating lipids may also contribute to NF-κB
activation in diabetes [67]. Treatment of the diabetic rats
with simvastatin prevented NF-κB activation in the myocardium, conﬁrming its anti-inﬂammatory eﬃcacy. In an experimental model of cardiac hypertrophy, we have reported the
ability of simvastatin to reduce NF-κB expression in the
heart. This anti-inﬂammatory eﬀect could be directly connected to its lipid-lowering mechanism.
Hyperglycemia-induced ROS generation can induce
myocardial apoptosis and ﬁbrosis [32, 54]. Myocardial
inﬂammation promotes cardiomyocyte death and therefore
contributes to cardiac remodeling [37]. Here, diabetic rats
showed increased expression of the apoptosis marker
caspase-3 in the myocardium. Apoptosis in the diabetic heart
occurs as a direct result of sustained ROS production and
inﬂammation. In this context, Haudek et al. [68] reported
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that sustained TNF-α signaling provokes both intrinsic and
extrinsic cell death pathways, increases caspase-3 activation,
and promotes cardiomyocyte apoptosis. The proapoptotic
eﬀects of TNF-α are likely mediated via NF-κB activation
[69]. Simvastatin markedly prevented hyperglycemiainduced cardiomyocyte apoptosis in STZ-induced diabetic
rats via attenuating inﬂammation and ROS production.
Histological examination of the diabetic heart revealed
myocardium degeneration and increased collagen deposition as we recently reported [32]. Oxidative stress, inﬂammation and cell injury are well-known causes of the cardiac
ﬁbrosis [61]. Cytokines and proﬁbrotic factors released by
cardiomyocytes and inﬂammatory cells stimulate ﬁbrosis in
the diabetic heart. Through its ability to activate WNT1
inducible-signaling pathway protein 1 (WISP1), TNF-α
directly induces proliferation of cardiac ﬁbroblast and
production of collagen [70]. In addition, the proﬁbrotic
eﬀects of cytokines have been shown to be boosted by ROS
[55, 57]. Treatment with simvastatin markedly reduced collagen production and ﬁbrosis, probably through its dual ability
to enhance the antioxidant defenses and to reduce chronic
inﬂammation in the heart of diabetic rats. Accordingly,
statins have reduced cardiovascular events and mortality
in diabetic patients [71]. Atorvastatin reduced myocardial
inﬂammation and ﬁbrosis in a diabetic rat model [72].
This eﬀect was believed to be independent of atorvastatin’s
LDL cholesterol-lowering capacity [72]. Fluvastatin has also
been reported to attenuate cardiac dysfunction and myocardial interstitial ﬁbrosis in diabetes [73]. Therefore, lipidlowering treatments seem to be eﬀective in the attenuation
of diabetes-associated cardiac ﬁbrosis and cell injury together
with a role in the primary prevention of the disease.
In conclusion, simvastatin has a protective eﬀect on
DCM. Simvastatin attenuated hyperglycemia/hyperlipidemia-induced oxidative stress and enhanced antioxidant
defenses in the myocardium of diabetic rats. Simvastatin
showed a strong modulatory eﬀect against cardiac hypertrophy, inﬂammation, apoptosis, and ﬁbrosis. Therefore, simvastatin and possibly other lipid-lowering agents can protect
against DCM.
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Xanthine oxidase and xanthine dehydrogenase have been implicated in producing myocardial damage following reperfusion of an
occluded coronary artery. We investigated and compared the eﬀect of febuxostat and allopurinol in an experimental model of
ischemia-reperfusion (IR) injury with a focus on the signaling pathways involved. Male Wistar rats were orally administered
vehicle (CMC) once daily (sham and IR + control), febuxostat (10 mg/kg/day; FEB10 + IR), or allopurinol (100 mg/kg/day;
ALL100 + IR) for 14 days. On the 15th day, the IR-control and treatment groups were subjected to one-stage left anterior
descending (LAD) coronary artery ligation for 45 minutes followed by a 60-minute reperfusion. Febuxostat and allopurinol
pretreatment signiﬁcantly improved cardiac function and maintained morphological alterations. They also attenuated oxidative
stress and apoptosis by suppressing the expression of proapoptotic proteins (Bax and caspase-3), reducing TUNEL-positive cells,
and increasing the level of antiapoptotic proteins (Bcl-2). The MAPK-based molecular mechanism revealed suppression of
active JNK and p38 proteins concomitant with the rise in ERK1/ERK2, a prosurvival kinase. Additionally, a reduction in the
level of inﬂammatory markers (TNF-α, IL-6, and NF-κB) was also observed. The changes observed with febuxostat were
remarkable in comparison with those observed with allopurinol. Febuxostat protects relatively better against IR injury than
allopurinol by suppressing inﬂammation and apoptosis mediating the MAPK/NF-κBp65/TNF-α pathway.

1. Introduction
Ischemic heart disease is the major cause of morbidity and
mortality worldwide. Ischemia stimulates metabolic and
ionic disturbance in the myocardium and leads to rapid
deterioration of cardiac function. Hence, thrombolytic therapy or primary percutaneous coronary intervention is imperative for salvaging the myocardium and improving clinical
outcome [1]. However, restoration of blood ﬂow to the
ischemic myocardium termed reperfusion unavoidably leads
to a number of complications such as stunning (diminished

contractile function), rhythm abnormalities, and sequentially
heart failure. Paradoxically, reperfusion may also induce
death of cardiomyocytes which were viable prior to therapeutic procedure and can worsen infarct size, an entity termed
myocardial ischemia-reperfusion (IR) injury [2]. Therefore,
developments of eﬀective therapeutic strategies are necessary
to protect heart against the inimical consequences of reperfusion injury.
There are substantial evidences that oxidative stress
plays a crucial role in IR injury [3]. Oxidative stress in turn
produces mitochondrial impairment which leads to the
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release of inﬂammatory cytokines and subsequent cell death
[4, 5]. Subsequently, there is stimulation of intracellular signaling pathways such as mitogen-activated protein kinases
(MAPKs) [6]. The subfamilies of MAPKs identiﬁed in the
cardiomyocyte are c-Jun NH-terminal kinases (JNKs), extracellular signal-regulated kinase-1/2 (ERK1/2, also known as
p42/p44 MAPK), and p38 MAPKs [7]. The activation of
MAPKs may further activate transcription factors, inducing
exaggerated synthesis of proinﬂammatory cytokines, subsequently triggering inﬂammatory responses and institution
of the apoptotic cascade [8]. NF-κB is a nuclear transcription
factor which regulates gene expression critical to inﬂammation and apoptosis during various pathologies including IR
injury [9–11]. NF-κB, when inactive, is sequestered in the
cytoplasm, where it is bound by the IκB family proteins
including IκB-α. Upon stimulation, NF-κB gets phosphorylated and IκB-α is degraded by IKK. The NF-κB subunits
translocate from the cytoplasm to the nucleus where they
induce gene expression of inﬂammatory cytokines [11].
The role of NF-κB subunit p65 has been demonstrated in
diﬀerent ischemic reperfusion injuries including cardiac
injury [12–14].
Xanthine oxidase (XO) is involved in free radical generation following hypoxia as well as during reperfusion [15, 16].
Under normal physiological conditions, XO occurs mainly in
the dehydrogenase form (XDH), while during reperfusion,
the dehydrogenase form is converted to XO by posttranslational modiﬁcations [17]. Both XDH and XO are important
enzymes that produce oxidative stress during reperfusion
injury [18]. Allopurinol and its metabolites are structural
analogues of both purines and pyrimidines, whereas febuxostat is a nonpurine inhibitor of XO. In contrast to allopurinol,
febuxostat suppresses both oxidized and reduced forms of
XO which may contribute to its superiority in limiting
oxidative stress [17, 18]. Xanthine oxidase inhibitors (XOI)
have demonstrated beneﬁcial eﬀects on myocardial IR injury
[19]. The mitigation of oxidative stress, apoptosis, and
inﬂammation by febuxostat has been extensively studied
and documented [18, 19]. Febuxostat has also been shown
to aﬀect the MAPK pathway by inhibiting JNK phosphorylation in macrophages [20]. Since febuxostat has also demonstrated favorable outcomes in heart failure patients and
ischemia-reperfusion injury is one of the precursors of heart
failure, we proposed a hypothesis of the utility of febuxostat
in reducing ischemia-reperfusion injury; thereby, febuxostat
can be clinically translated as a preventive measure in heart
failure. We have focused on the molecular pathways because
to the best of our knowledge, there is no study depicting the
role of XOI on MAPK modulation in the heart. Therefore,
this study was conducted in order to investigate and delineate
the downstream and upstream components of febuxostatand allopurinol-mediated MAPK modulation in cardiac IR
injury in rats.

2. Materials and Methods
2.1. Animals. Healthy adult male Wistar albino rats, 10 to 12
weeks old, weighing 150 to 200 g were used in the present
study. The rats were maintained at standard laboratory
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conditions and provided food and water ad libitum. The
experiments were conducted following the animal ethics
approval from the Institutional Animal Ethics Committee
of the All India Institute of Medical Sciences, New Delhi,
India, with reference number IAEC No. 893/IAEC/15. The
handling of the animals during experiments was carried out
in accordance with the Indian National Science Academy
Guidelines for the use and care of experimental animals.
2.2. Chemicals. Febuxostat (Febutaz) was purchased from
Sun Pharma, Sikkim, India, and allopurinol (Zyloric) was
purchased from GlaxoSmithKline, Mumbai, India. The drugs
were suspended in carboxymethyl cellulose (0.5% CMC).
The kits for TNF-α and IL-6 were purchased from RayBiotech Inc., Norcross, GA. The CK-MB kit was purchased from
Logotech Private Limited, India.
The primary antibodies for caspase-3 (#9662S), Bcl-2
(#2876S), and β-actin (#4967S) were procured from Cell Signaling Technology, MA, USA, and those for Bax (#7480),
NF-κBp65 (#109), p-NF-κBp65 (Ser536) (#101752), JNK
(#572), p-JNK (#6254) (Thr 183/Tyr 185), ERK1/2
(#135900), p-ERK1/2 (#16982) (Thr 202/Tyr 204), and
p-p38 (#17852) (Thr 180/Tyr 182) as well as antirabbit (#2004) and anti-goat (#2020) secondary antibodies were procured from Santa Cruz, California, USA.
Antibody for p38 (#197348) was purchased from Abcam
Technologies, USA.
2.3. Experimental Protocol. A total of 38 rats were randomly
distributed into 4 groups. The doses of febuxostat and
allopurinol were chosen based on a dose-response study
in our laboratory [21] and previous studies [22]:
Group 1 (sham; n = 8): administered 0.5% CMC (2 mL/
kg/day; p.o.) for 14 days. On day 15, IR surgery
was performed and thread was passed beneath
the left anterior descending (LAD) coronary
artery but the coronary artery was not occluded.
Group 2 (IR-control; n = 10): administered 0.5% CMC
(2 mL/kg/day; p.o.) for 14 days. On day 15,
surgery was performed for LAD coronary
artery ligation for 45 min following reperfusion
for 60 min.
Group 3 (FEB10 + IR; n = 10): administered febuxostat
(10 mg/kg/day; p.o.) for 14 days. On day 15,
surgery was performed for LAD coronary
artery ligation for 45 min following reperfusion
for 60 min.
Group 4 (ALL100 + IR; n = 10): administered allopurinol
(100 mg/kg/day; p.o.) for 14 days. On day 15,
surgery was performed for LAD coronary artery
ligation for 45 min following reperfusion for
60 min. There was no eﬀect of febuxostat and
allopurinol on normal heart (per se) in our
preliminary morphological assessment (data
not shown) which is in keeping with previous
studies [19, 23].
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2.4. Experimental Procedure for Myocardial Injury Induction
and Hemodynamic Parameter Measurement. The experimental procedure followed for induction of ischemia and
reperfusion and assessment of hemodynamic and ventricular
function has been described by Agrawal et al. [24]. Brieﬂy,
following anesthesia with intraperitoneal injection of pentobarbitone sodium (60 mg/kg), monitoring and maintenance
of body temperature were carried out at 37°C throughout
the experiment. A ventral midline incision was made after
opening the neck, a tracheostomy was performed, and the
rats were ventilated with room air from a positive pressure
respirator (TSE animal respirator, Germany) using compressed air at the rate of 70 strokes per minute and a tidal volume of 10 mL/kg. 0.9% saline was infused continuously
through a polyethylene tube with which the left jugular vein
was cannulated. After that, the right carotid artery was cannulated, and the cannula ﬁlled with heparinised saline was
connected to a pressure transducer (Gould Statham P231D,
USA) for the assessment of blood pressure (mean arterial
pressure (MAP) and heart rate (HR)). A left thoracotomy
was then performed at the ﬁfth intercostal space, and the
heart was exposed after opening the pericardium. After that,
the LAD coronary artery was ligated using a 5-0 silk suture 45 mm from its origin with an atraumatic needle, and ends of
this ligature were passed through a small vinyl tube to form a
snare. Upon completion of this step, the heart was then
returned back into the thorax. After stabilization of the animals for 15 minutes, LAD coronary artery ligation was carried out and myocardial ischemia was induced by one-stage
occlusion of the LAD coronary artery by pressing the polyethylene tubing against the ventricular wall and then ﬁxing
it in place by clamping it with a hemostat (except in IRsham rats). In addition to the above parameters, the maximum rates of rise and fall of left ventricular pressure (peak
+LVdP/dt and peak −LVdP/dt) as well as of preload, that
is, left ventricular end-diastolic pressure (LVEDP), were
recorded using Biopac system software BSL 4.0 MP36 by
introducing a sterile metal cannula into the cavity of the left
ventricle. The ischemic region appeared grossly as an area
of epicardial cyanosis. After 45 minutes, the snare was
released gently thereby allowing reperfusion to commence
which was evident from an area of hyperaemia in the previously cyanosed region. After 60 minutes of reperfusion,
blood was drawn from the heart and rats were sacriﬁced with
an overdose of pentobarbitone sodium (150 mg/kg; i.p.).
Blood was withdrawn from the heart and centrifuged at
5000 rpm (Heraeus Biofuge, Germany) for 10 min to obtain
serum for biochemical analysis. Hearts were then excised,
rinsed in ice-cold saline, and stored for biochemical, histopathological, and ultrastructural evaluation; terminal deoxynucleotide transferase dUTP nick end labeling (TUNEL)
assay; immunohistochemistry (IHC); and Western blot analysis. For biochemical estimations, hearts were stored in liquid
nitrogen, whereas for immunohistochemistry, hearts were
ﬁxed in 10% buﬀer formalin.
2.5. Assessment of Biochemical Parameters. A 10% homogenate of the heart was prepared in ice-cold phosphate buﬀer
(0.1 M, pH 7.4), and an aliquot was used to estimate
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thiobarbituric acid reactive substance (TBARS) and reduced
glutathione (GSH). The supernatant obtained following the
centrifugation of homogenate at 4930g for 15 minutes was
used for the estimation of catalase and superoxide dismutase
(SOD) activities. Serum samples were used for the estimation
of lactate dehydrogenase (LDH) and creatine kinase-MB
(CK-MB) isoenzyme activities and interleukin-6 (IL-6) and
tumor necrosis factor-α (TNF-α) levels.
2.6. Measurement of MDA Level and Reduced GSH Content.
Tissue MDA level was measured by the method published
by Ohkawa et al. [25]. This method assesses the ability of
MDA to react with thiobarbituric acid in acidic conditions
leading to the development of pink color adducts whose
absorbance was read at 532 nm.
Reduced GSH level was assessed by the method described
by Moron et al. [26]. This method is based on the generation
of yellow color when 5,5′-dithiobis(2-nitrobenzoic acid)
(DTNB) is added to compounds containing sulfhydryl group
like glutathione. The homogenate was centrifuged with equal
parts of 10% tricarboxylic acid (TCA) at 5000 rpm for
10 min. The supernatant containing glutathione (which has
a thiol (-SH) group) reacted with DTNB at pH 8.0 to produce
a yellow-colored ion whose concentration was measured at
412 nm.
2.7. Measurement of Activities of Enzymes SOD and CAT.
The activity of SOD was determined by the method described
by Marklund S and Marklund G [27] measuring the extent of
inhibition of pyrogallol autoxidation at pH 8.4. The activity
of CAT was determined by the method described by Aebi
measuring diﬀerence in H2O2 extinction per unit time [28].
2.8. CK-MB and LDH Enzyme Activities. The activities of
myocardial enzymes, CK-MB isoenzyme and LDH, were
determined in serum according to the manufacturer’s
instructions which have been extensively described previously [29].
2.9. Estimation of Serum TNF-α and IL-6 Levels. The levels of
proinﬂammatory cytokines, TNF-α and IL-6, were estimated
in serum following the manufacturer’s instructions as previously described [29].
2.10. Histopathological Evaluation. The protocol followed for
histopathological studies was described previously [30]. The
formalin-ﬁxed and paraﬃn-embedded heart tissues were
cut to get cross sections of 5 μm thick. The sections were
stained with hematoxylin and eosin (H&E) and examined
by a pathologist using a light microscope (DeWinter Technologies, Italy). The pathologist was unaware of the experimental groups and treatments. Three hearts from each
group were examined for histological examination and
graded for the severity of changes using a score on a scale
of severe (+++), moderate (++), mild (+), and nil (−).
2.11. Ultrastructural Evaluation. The protocol followed for
ultrastructural studies was described previously [30]. Karnovsky’s ﬁxed heart tissues were processed and embedded
in araldite CY212 to cut thin sections (70–80 nm) using an
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ultracut microtome (Reichert, Australia) and stained with
uranyl acetate and lead acetate. The visualization was performed using a transmission electron microscope (Morgagni
268D, Fei Company, the Netherlands) operated at 80 kV and
evaluated by a cytologist masked to the experimental groups
and treatments.
2.12. Immunostaining for Myocardial Apoptosis Markers. The
protocol followed for immunostaining for detection of apoptosis markers in the heart was described previously [30].
The sections after deparaﬃnization were processed for
immunostaining using primary rabbit monoclonal antibodies (mAb) against Bax, Bcl-2, and caspase-3 for 48 h followed
by incubation with horse radish peroxidase- (HRP-) conjugated secondary antibodies. 3,3-Diaminobenzidine (DAB)
was added for the initiation of colorimetric reaction and
assessment under the light microscope (DeWinter Technologies, Italy) following the methods described [30].
2.13. Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling. The TUNEL assay for analysis of apoptosis in heart
sections was performed using the ApoBrdU DNA fragmentation assay kit (Biovision, USA; #K403-50), and the steps for
the assessment are described previously [9]. The sections
were deparaﬃnized and processed to visualize the antigenantibody interaction, and the counterstaining was then done
with hematoxylin visualized under a light microscope. At
least 5 ﬁelds in each slide were examined for any TUNELpositive cells in each group by the pathologist unaware of
the experimental groups and treatments.
2.14. Assessment by Western Blot. The heart tissue homogenate was prepared using RIPA buﬀer supplemented with
protease inhibitor cocktail. The protein concentration was
measured by the method described by Bradford [31]. The
protocol followed for Western blotting has been described
previously [32]. Brieﬂy, each well was loaded with equal
amounts of proteins (40 μg) in 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to the nitrocellulose transfer membrane (BioTrace™ NT, Pall Corporation, USA) which was blocked
for 1 h with 3% bovine serum albumin or 5% nonfat dried
milk and incubated for 12 h at 4°C with primary antibodies.
The primary antibodies used were against β-actin, total and
phosphorylated IKK-β, total and phosphorylated NFκBp65, total and phosphorylated p38, total and phosphorylated JNK, and total and phosphorylated ERK1/2 which
were detected with HRP-conjugated anti-rabbit/anti-goat
secondary antibodies. The antibody-antigen complexes were
visualized using an enhanced chemiluminescence kit (Thermo
Fischer Scientiﬁc Inc., USA) under the FluorChem M Protein
Imaging System (ProteinSimple, USA) and were quantiﬁed
using ImageJ software.
2.15. Statistical Analysis. The data were expressed as
mean ± SEM. Statistical analysis was performed by ANOVA
followed by the multiple comparison post hoc Bonferroni test
which was done using GraphPad InStat 3 software (GraphPad Software Inc., San Diego, USA). The value of p < 0 05
was considered statistically signiﬁcant.
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3. Results
3.1. Mortality. During the course of this study, 4 out of 38 rats
(translating to a mortality of 11%) died; one rat died in the
IR-control group, two died in the FEB10 + IR group, and
one died in ALL100 + IR group. The rats that died were not
considered during statistical analysis, and the reason of the
death was excessive bleeding during either carotid artery
cannulation or coronary artery ligation.
3.2. XOI Improved Hemodynamic and Ventricular
Dysfunction after IR. Reperfusion following cardiac ischemia
in rats led to a signiﬁcant fall in heart rate and mean arterial
pressure (MAP) as compared to the sham group at all time
points. Pretreatment with febuxostat (10 mg/kg) or allopurinol (100 mg/kg) signiﬁcantly improved heart rate and MAP
as compared to IR-control rats during reperfusion (Figure 1).
The induction of IR also signiﬁcantly depressed ventricular
function as depicted by elevated LVEDP and reduced
+LVdP/dtmax as well as −LVdP/dtmax as compared to the
sham group at all time points (Figure 2). This was ameliorated
by febuxostat and allopurinol during reperfusion. There was
no signiﬁcant diﬀerence between the improvements by allopurinol and febuxostat.
3.3. XOI Augmented Antioxidants, Improved Cardiac Injury,
and Reduced Inﬂammatory Markers after IR. As depicted in
Figure 3, there was a signiﬁcant (p < 0 001) rise in oxidative
stress as evidenced by an increase in the lipid peroxidation
product, MDA, with a signiﬁcant (p < 0 001) fall in the antioxidant system, that is, GSH, SOD, and catalase levels in the
IR-control group when compared to the sham group.
Febuxostat and allopurinol pretreatment in IR-injured rats
signiﬁcantly (p < 0 001, p < 0 01) reduced the level of MDA
concomitant with the signiﬁcant (p < 0 001, p < 0 01) rise
in GSH level and also increased the activities of the
endogenous antioxidants SOD and catalase in comparison
to the IR-control group. Improvement by febuxostat was more
signiﬁcant (p < 0 05) when compared to that by allopurinol.
As illustrated in Figure 4, there was a signiﬁcant (p < 0 001)
increase in the CK-MB isoenzyme and LDH in the IR-control
group when compared to the sham group. The XOIs also
signiﬁcantly (p < 0 01, p < 0 05) preserved the level of the
CK-MB isoenzyme and LDH, respectively. Improvement by
febuxostat was more signiﬁcant (p < 0 05) when compared
to that by allopurinol. Since inﬂammation is a critical point
in IR injury, we assessed TNF-α and IL-6 in the serum as
these are usually low in normal heart. As anticipated, we
observed a signiﬁcant (p < 0 001) increase in cytokines
TNF-α and IL-6 in the IR-control group when compared to
the sham group, while febuxostat and allopurinol treatment
signiﬁcantly downregulated TNF-α (p < 0 001 and p < 0 05)
and IL-6 (p < 0 001 and p < 0 05) (Figure 4). Improvement
by febuxostat was more signiﬁcant (p < 0 05) when compared to that by allopurinol with TNF-α but not with IL-6.
3.4. XOI Preserved Myocardial Architecture Histologically
and Ultrastructurally after IR. The light microscopic
examination of heart sections from the myocardial IR group
showed myoﬁbrillar membrane damage with extensive
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Figure 1: Eﬀect of XOI on arterial pressure and heart rate. IR + control: ischemia-reperfusion control; FEB10 + IR: febuxostat 10 mg/kg/day
+ ischemia-reperfusion; ALL100 + IR: allopurinol 100 mg/kg/day + ischemia-reperfusion. Data are expressed as the mean ± SEM; n = 6 in
each group. ∗∗ p < 0 01 and ∗∗∗ p < 0 001 versus sham; #p < 0 05 and ##p < 0 01 versus IR + control.

myonecrosis, edema, and inﬂammatory cell inﬁltration as
compared to the light microscopic examination of heart sections from the sham group (Figure 5). On the other hand,
XOI pretreatment in the IR rats showed scanty areas of myoﬁbril loss with necrosis with little edema and inﬂammatory
cell inﬁltration. However, the degree of myoﬁbril loss, necrosis, edema, and inﬂammatory cell inﬁltration seen with allopurinol was higher than that seen with febuxostat (Table 1).
Ultrastructural examination by electron microscopy revealed
cardiomyocytes with intact myoﬁbrils, mitochondria with
well-preserved cristae, and nucleus with uniformly dispersed
chromatin in the sham group (Figure 5). Loss of cytoplasmic
organelles, myoﬁbril disintegration, presence of lipid droplets, mitochondrial damage, and chromatin condensation
were observed in the IR-control group. Pretreatment with
febuxostat and allopurinol displayed lesser mitochondrial
swelling and cristae disruption and fewer vacuoles with
a better preservation seen with febuxostat as compared
to allopurinol.
3.5. XOI Modulated Apoptosis, MAPKs, and Inﬂammation
after IR. The underlying molecular mechanism through
which XOI exerts protection following cardiac IR was
evaluated. The expression of various key regulatory proteins
(caspase-3, Bax, and Bcl-2) in apoptosis was studied using

immunohistochemistry studies. The TUNEL assay was also
carried out to detect DNA fragmentation in apoptotic nuclei.
Photomicrographs represented in Figure 5 demonstrate the
eﬀect of febuxostat and allopurinol on caspase-3, Bax, and
Bcl-2 proteins and TUNEL-positive cells, respectively. As
anticipated, expressions of caspase-3 and Bax proteins were
increased and that of Bcl-2 was decreased in the IR-control
group as compared to the sham group. Moreover, TUNELpositive cells were increased in the IR-control rats as compared to the sham group (Figure 5). The XOI pretreatment
decreased caspase-3 and Bax and increased Bcl-2 levels. Further, it also reduced TUNEL-positive cells when compared
with IR-control group. It was remarkable that the changes
produced in the febuxostat group were more marked in
comparison to those produced in the allopurinol group. We
further demonstrated the role of inﬂammation in IR injury
by assessing the expression of NF-κBp65 in the myocardium
using Western blot. In rats subjected to IR, we observed
signiﬁcantly (p < 0 001) increased expression of NF-κBp65
in the myocardium, whereas XOI pretreatment signiﬁcantly
reduced its expression when compared to IR-control
(Figure 7(b)). The levels of inﬂammatory markers were
reduced more signiﬁcantly by febuxostat (p < 0 05) as
compared to allopurinol. We further assessed whether the
cardioprotective eﬀect of XOI was MAPK dependent by
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Figure 2: Eﬀect of XOI on ventricular function. (a) LVEDP, (b) maximal positive rate of the left ventricular pressure (+LVdP/dtmax), and (c)
maximal negative rate of the left ventricular pressure (−LVdP/dtmax). IR + control: ischemia-reperfusion control; FEB10 + IR: febuxostat
10 mg/kg/day + ischemia-reperfusion; ALL100 + IR: allopurinol 100 mg/kg/day + ischemia-reperfusion. Data are expressed as the mean
± SEM; n = 6 in each group. ∗∗ p < 0 01 and ∗∗∗ p < 0 001 versus sham; #p < 0 05, ##p < 0 01, and ###p < 0 001 versus IR + control.

investigating their eﬀect on phosphorylation of MAPK proteins. We did not observe any signiﬁcant change in total
p38, JNK, and ERK protein expressions in any of the groups.
Though there was a signiﬁcant (p < 0 001) decrease in
expression of p-ERK and increase in expressions of pp38 and p-JNK in the IR-control group as compared to the
sham group. These ﬁndings were normalized by febuxostat
(p-ERK: p < 0 01, p-JNK: p < 0 001, and p-p38: p < 0 001)
and allopurinol (p < 0 05) pretreatment. Interestingly,

febuxostat increased p-ERK and decreased p-p38 and JNK
more signiﬁcantly (p < 0 05) as compared to allopurinol
(Figures 7(a) and 7(b)).

4. Discussion
Although numerous studies have described the fundamental
role of XO in IR injury, however, the molecular mechanisms
underlying the inhibition of XO in cardiac IR injury are not
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known. Thus, our study design attempted to examine the
eﬀects of selective and potent inhibitor of XO, febuxostat,
in comparison to the classical XOI, allopurinol, in a rat model
of myocardial infarction. In this study, we observed that
febuxostat signiﬁcantly diminished ischemia-reperfusion-

induced myocardial injury and the eﬀect was superior to that
of allopurinol. This was evident from suppression of
oxidative stress and apoptosis in the febuxostat treatment
group. We further explored the eﬀect of febuxostat pretreatment on MAPK-mediated inﬂammation and observed that
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Figure 5: Eﬀect of XOI on (a1–d1) histopathology (n = 3) (20x; scale bar 100 μm) and (a2–d2) ultrastructure (n = 3). (a) Sham; (b)
IR + control: ischemia-reperfusion control; (c) FEB10 + IR: febuxostat 10 mg/kg/day + ischemia-reperfusion; (d) ALL100 + IR: allopurinol
100 mg/kg/day + ischemia-reperfusion.

Table 1: Eﬀect of XOI on histological scoring of cardiac tissue.

Sham
IR-C
FEB10 + IR
ALL100 + IR

Myonecrosis
neg
3+
1+
2+

Inﬂammatory cells
neg
3+
1+
2+

Edema
neg
4+
1+
2+

(3+) severe; (2+) moderate; (+) mild; (neg) nil. IR-C: ischemia-reperfusion
control; FEB10 + IR: febuxostat 10 mg/kg/day + ischemia-reperfusion;
ALL100 + IR: allopurinol 100 mg/kg/day + ischemia-reperfusion.

febuxostat pretreatment ameliorated the cardiac dysfunction
induced by reperfusion injury, primarily via the activation of
the ERK1/2 pathway and suppression of the p38/JNK/NFκBp65/TNF-α pathway. Further, febuxostat modulated these
regulatory proteins more markedly than allopurinol.
The rat model of myocardial IR injury is a clinically relevant model and mimics the human pathophysiological condition. This IR model has been standardized as ischemia for
45 min followed by reperfusion for 60 min in our laboratory
[9, 30, 33]. The occlusion of the LAD coronary artery results
in myocardial ischemia which initiates complex cascade of
cellular events leading to myocardial cell death. Reperfusion
(restoration of blood ﬂow), on the other hand, aggravates
myocardial injury, induces metabolic derangement, and
diminishes cardiac contractile function. In the present study,
the IR group exhibited signiﬁcant impairment of systolic and
diastolic function, depicted by a decrease in MAP, as well as

by impaired inotropic and lusitropic state, represented by a
fall in +LVdP/dtmax and −LVdP/dtmax, respectively, along
with increased LVEDP which characterizes increased preload
on the compromised heart. These hemodynamic changes
were improved by pretreatment with febuxostat or allopurinol. A more pronounced and earlier onset of improvement
was observed in the febuxostat group. This improvement
could be attributed to the faster acting property of febuxostat.
Additionally, the histological examination of heart sections
in the IR group revealed inﬂammatory cells, necrosis, edema,
and replacement of myoﬁbrils by interﬁbrillar spaces. The
pretreatment with XOI mitigated these changes. Further,
pretreatment with febuxostat showed more marked restoration as compared to that with allopurinol. In the IR group,
ultrastructural ﬁndings further corroborated the myocardial
injury and swollen as well as irregular mitochondria with loss
of cristae and chromatin condensation, whereas pretreatment with febuxostat showed only mild separation of the
mitochondrial cristae with negligible swelling and vacuolation. This cardioprotective eﬀect was less pronounced in
the allopurinol group. The plausible reason for the cardioprotective eﬀect of febuxostat is the inhibition of XOmediated oxidative stress and inﬂammation and augmented
mitochondrial protection.
XO-mediated oxidative stress has been extensively demonstrated by numerous investigators [1, 15, 33]. Its levels
have also been found to increase in heart tissue during reperfusion following myocardial ischemia [15, 17]. Ischemic
injury leads to energy charge depletion from the cell that subsequently results in accumulation of hypoxanthine from ATP
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Figure 6: Eﬀect of XOI on (a1–d1) caspase-3 immunohistochemistry (n = 3) (20x; scale bar 100 μm), (a2–d2) Bax immunohistochemistry
(n = 3) (20x; scale bar 100 μm), (a3–d3) Bcl-2 immunohistochemistry (n = 3) (20x; scale bar 100 μm), and (a4–d4) TUNEL positivity
(20x; scale bar 100 μm). (a) Sham; (b) IR + control: ischemia-reperfusion control; (c) FEB10 + IR: febuxostat 10 mg/kg/day + ischemiareperfusion; (d) ALL100 + IR: allopurinol 100 mg/kg/day + ischemia-reperfusion.

breakdown as well as concomitant conversion of xanthine
dehydrogenase (XDH) to its XO isoform, a reaction which
is mediated by sulfhydryl oxidation [17]. XDH exhibits
NADH oxidase activity under acidic conditions like ischemia
and XDH oxidizes NADH rather than xanthine, it has also
been shown that a tissue likely remains in a reductive state
(low NAD+-to-NADH ratio) in the early reperfusion period
which favors oxidative stress in terms of ROS generation by
XDH. Therefore, accumulated hypoxanthine as well as a
reductive state (higher NADH relative to NAD+) during
reperfusion produces a burst in superoxide production
[17, 34]. Interestingly, while allopurinol can inhibit the generation of superoxide by XO, the drug has no eﬀect on the
NADH oxidase activity of XDH. Therefore, we hypothesized
that febuxostat should be superior to allopurinol in ameliorating myocardial IR injury. Febuxostat has been shown to
attenuate pressure overload in the left ventricle as well as it
protects the kidneys from IR injury via suppression of oxidative stress [19, 35]. From our study, it is evident that febuxostat alleviated oxidative stress by restoring the antioxidant
enzymes SOD and catalase and preventing depletion of
GSH concomitant with the inhibition of lipid peroxidation
as evidenced by decreased MDA formation. Febuxostat
exerted a signiﬁcantly better antioxidant eﬀect than allopurinol. Oxidative stress-mediated lipid peroxidation also

denatures cellular proteins and DNA resulting in loss of
membrane integrity. Consequently, cardiac enzymes such
as LDH and CK-MB are released from the intracellular compartment to the extracellular ﬂuid [36, 37]. In our study, we
observed that cardiac enzyme levels were raised in the IRcontrol group. However, febuxostat pretreatment reduced
the serum LDH and CK-MB levels more potently as compared to allopurinol pretreatment. This further validates that
febuxostat has a superior antioxidant property. Studies have
proposed that MAPK pathway activation is mediated via oxidative stress by the inactivation of MAPK phosphatases
(MKPs). It has been demonstrated that ERK is responsible
for promoting cell survival, while p38 MAPKs/JNKs are
involved in cell death and a tight regulation of these pathways
is an important determinant of cell survival [37–39].
The free radicals generated from the mitochondria
induces DNA damage and membrane peroxidation that promotes outer membrane permeabilization and facilitates
translocation of Bax and cytochrome C from the mitochondria to the cytosol with subsequent activation of caspases to
initiate and execute apoptosis [32, 40]. The antiapoptotic
protein, Bcl-2, maintains the external mitochondrial membrane integrity and thereby prevents the release of cytochrome C from the mitochondria. On the contrary, the
proapoptotic protein, Bax, induces mitochondrial injury that
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Figure 7: Eﬀect of XOI on MAPK protein expressions. (a) (A) p38 and p-p38 and (B) JNK and p-JNK; (b) (A) NFκBp65 and p-NFκBp65
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results in cell death [41, 42]. MAPK also arbitrates apoptosis
directly by activating Bax during reperfusion. The apoptosisinduced cardiac damage following IR is halted by the activation of ERK1/ERK2 [43]. There is substantial evidence
regarding improvement of cardiac function following IR
injury by suppressing cardiomyocyte apoptosis through targeted inhibition of p38 MAPK [36, 39, 44]. The present study
ﬁndings reveal for the ﬁrst time that febuxostat modulates
the MAPK in the heart tissue as evidenced by enhanced activities of ERK1/ERK2, increased Bcl-2, decreased Bax, reduced
caspase-3, and fewer DNA fragments in febuxostat-treated
groups relative to the untreated group. This observation is
in aﬃrmation with the MAPK-regulating property of febuxostat explored previously in the macrophages [20], whereas
allopurinol, on the other hand, demonstrated a milder eﬀect
when compared to febuxostat. It appears from the present
study that MAPK is a downstream component of oxidative
stress and an upstream component of apoptosis. Furthermore, we can convincingly state that oxidative stress can activate apoptosis directly as well as indirectly by modulation of
the MAPK pathway.
The components of the MAPK pathway are known to
induce nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), an important inﬂammatory transcription factor [10, 17, 34]. NF-κB plays a key role in the process
of inﬂammation and apoptosis induced by IR injury [10].
Previous studies have shown that the NF-κB subunit p65 is
activated during IR injury in the rat steatotic liver [13]. This
has been further supported by the suppression of NF-κB
using its inhibitor BAY 11-7802 or the inhibition of IκB
phosphorylation which has been shown to reduce the inﬂammation and apoptosis induced by myocardial as well as cerebral IR injury [12, 14]. Previous studies have also shown that
NF-κB activation is associated with the release of proinﬂammatory cytokines such as TNF-α [9, 13, 18]. In addition, the
TNF-α-induced secretion of IL-6 is mediated by NF-κB signaling as evidenced by reduced expression of IL-6 when
NF-κB is inhibited [45]. It was also evident from our study
that upon reperfusion, there was increased phosphorylation
of NF-κB and IκB, along with increased expression of TNFα and IL-6. This transcription factor phosphorylation and
cytokine increase were signiﬁcantly diminished by febuxostat
pretreatment. This is in agreement with the previously documented NF-κB inhibitory eﬀect of febuxostat [34]. In the
present study, however, a signiﬁcantly lower protection was
observed with allopurinol. These two drugs have been previously compared in intestinal IR injury where febuxostat
emerged superior to allopurinol in ameliorating the reperfusion injury [22]. Wang and colleagues have also demonstrated the antioxidant and antiapoptotic eﬀect of XOI on
cardiac ischemia-reperfusion injury in vitro and in vivo
[19]. To our knowledge, the present study for the ﬁrst time
focused on the signaling pathway through which XOI mediated their cardioprotective eﬀect. A convincing reason for
the superior eﬀect of febuxostat as a cardioprotective agent
in IR injury is the ability of this drug to inhibit both
XDH and XO thereby abolishing the NADH-derived as well
as hypoxanthine-derived sources of free radical-mediated
cell damage.
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To conclude, using an experimental model of cardiac IR
injury, our study provides convincing data on the improved
eﬃcacy of febuxostat in ameliorating the cardiac damage
induced by IR injury following LAD coronary artery occlusion. The eﬀect of febuxostat appears to be mediated by
attenuation of XO-mediated oxidative stress as well as suppression of apoptosis and inﬂammation mediating the
MAPK signaling pathway. In view of the favorable properties
of febuxostat vis a vis allopurinol, the former may be further
evaluated for its usefulness in halting the damage produced
in the heart by revascularization procedures in humans.
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