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A B S T R A C T

Infertility is a common complication in diabetic men, mainly due to the loss of germ cells by apoptotic cell death.
However, effective and safe approaches to prevent diabetic induction of testicular apoptosis for diabetic patients
have not been available. Resveratrol (RSV), a group of compounds called polyphenols from plants, has been
indicated its promising used clinically for cancers and cardiovascular diseases. Therefore, the present study
aimed determining whether RSV attenuates type 1 diabetes (T1D)-induced testicular apoptotic cell death in a
mouse model. We found that testicular apoptosis and oxidative stress levels were significantly higher in T1D
mice than control mice. In addition, the phosphorylation level of metabolism-related Akt and GSK-3β was
downregulated and Akt negative regulators PTEN, PTP1B and TRB3 were upregulated in the T1D group. These
effects were partially prevented by RSV treatment. Nrf2 and its downstream genes, such as NQO-1, HO-1, SOD,
catalase and metallothionein were significantly upregulated by RSV treatment. In addition, RSV-induced Nrf2
activation was found due to Keap1 degradation, mainly reliant on p62 that functions as an adaptor protein
during autophagy. These results indicate that the attenuation of T1D-induced testicular oxidative stress and
apoptosis by RSV treatment was mainly related to Akt-mediated Nrf2 activation via p62-dependent Keap1 de-
gradation.

1. Introduction

The global increase in the prevalence of diabetes presents significant
clinical challenges due to the high rates of diabetic complications and
mortality associated with the disease. For instance, according to the
National Diabetes Statistics, 30.3 million American individuals, re-
presenting 9.4% of the American population, had diabetes in 2015.
Furthermore, it is estimated that about 193,000 Americans under the
age of 20, representing approximately 0.24% of the American popula-
tion, have been diagnosed with diabetes. (http://www.diabetes.org/
diabetes-basics/statistics/#sthash.XrouwO0y.dpuf). It is known that
diabetes is associated with pathological and functional damage to

various organs, resulting in a variety of complications. Therefore, the
development of efficient approaches to prevent or postpone the devel-
opment of these complications is critical. Diabetes is significantly as-
sociated with infertility in males [1], but effective and safe approaches
to prevent diabetic induction of testicular apoptosis for diabetic pa-
tients have not been available. Several mechanisms have been proposed
for explaining the development of infertility in diabetic men [1–3];
however, germ cell loss may represent the direct and most important
contributor to the loss of fertility in diabetic males [4–6].

Testicular apoptotic cell death, which occurs at low levels during
normal spermatogenesis, is significantly increased under diabetic con-
ditions [4,7–9]. There is increasing evidence demonstrating that
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testicular apoptotic cell death, which may be induced by the adminis-
tration of streptozotocin (STZ) in the type 1 diabetic (T1D) rat or mouse
model, occurs predominantly via activation of the mitochondrion-
mediated cell death pathway [4–6,9–11]. These studies indicate that
oxidative stress and damage play a critical role in testicular cell death in
diabetic individuals. Oxidative stress occurs in cells or tissues when the
excessive generation of reactive oxygen or nitrogen species (ROS or
RNS) overwhelms the endogenous antioxidant defense. Therefore, by
increasing the antioxidant capacity of the testis tissue would be a po-
tentially efficient approach for preventing and reducing the incidence
of testicular apoptotic cell death, and consequently preventing the oc-
currence of infertility in diabetic males.

Nuclear Factor-Erythroid 2-Related Factor 2 (Nrf2), as a transcrip-
tion factor, regulates basal and inducible transcription of genes en-
coding protective molecules against various oxidative stresses [12]. In
response to a range of oxidative and electrophilic stimuli including ROS
and/or RNS, heavy metals, and certain disease processes, Nrf2 is acti-
vated and mediates the induction of a spectrum of cyto-protective
proteins including phase II enzymes, such as NAD(P)H: quinone oxi-
doreductase (NQO-1), catalase (CAT), and superoxide dismutase (SOD),

and antioxidant proteins, such as heme oxygenase 1 (HO-1), through
the antioxidant response element-dependent pathway. Deletion of the
Nrf2 gene was found to cause an age-dependent testicular and epidi-
dymal oxidative stress, which disrupts spermatogenesis [13], sug-
gesting a critical role for the transcription factor Nrf2 in preventing
oxidative disruption of spermatogenesis. In our previous study, we have
also demonstrated a critical role of Nrf2 in preventing diabetes-induced
oxidative disruption of spermatogenesis both in T1D and type 2 dia-
betes (T2D) model [9,14].

The p62 localizes to sites of autophagosome formation and can as-
sociate with both the autophagosome-localizing protein LC3 and ubi-
quitinated proteins [15]. Therefore, p62 is considered to act as a re-
ceptor for ubiquitinated proteins, organelles, and microbes, which it
sequesters into the autophagosome [16]. The p62 interacts with the
Nrf2-binding site of Keap1 and competitively inhibits the Keap1-Nrf2
interaction, which is responsible for the expression of a battery of genes
encoding antioxidant proteins and anti-inflammatory enzymes [17,18].
Nrf2 positively regulates p62 gene expression, implying a positive
feedback loop [19].

Resveratrol (RSV) is a group of compounds called polyphenols, with

Fig. 1. Effects of RSV on T1D-induced testicular
apoptosis. T1D was induced in mice by multiple low-
doses of STZ at 50 mg/kg daily for 5 days. After the
onset of hyperglycemia, diabetic and age-matched
control mice were treated with or without RSV at
20 mg/kg every other day for 4 months. At the end of
the treatment period, blood glucose levels (A), testis
weight/tibia length ratios (B) were determined.
Testicular apoptotic cell death was examined by
TUNEL staining. TUNEL-positive cells were quanti-
tatively analyzed (C). Testicular apoptosis expression
was examined by western blotting assay for the ex-
pression of cleaved-caspase3 (D). Data are presented
as mean± SD (n = 6 at least in each group). *,
P<0.05 vs. control group; #, P< 0.05 vs. DM.
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