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Fibroblast growth factor 21 (FGF21) is a metabolic regulator that is required for normal spermato-
genesis and protects against diabetes-induced germ cell apoptosis. Here, we tried to define
whether diabetes-induced germ cell apoptosis that is predominantly due to increased oxidative
stress was associated with impaired glucose and fatty acid metabolism, by examining the effects
of Fgf21 gene knockout (FGF21-KO) or FGF21 treatment on the glucose and fatty acid metabolic
pathways in streptozotocin-induced diabetic mice. Western blottings revealed that protein kinase B
(AKT)-mediated glucose signaling was down-regulated in diabetic testes and further decreased in
FGF21-KO diabetic group both 10 days and 2 months after diabetes onset, reflected by reduced gly-
cogen synthase (GS) kinase (GSK)-33 phosphorylation and increased GS phosphorylation. Deletion of
the Fgf21 gene also inactivated fatty acid metabolism-related factors, AMP-activated protein kinase
(AMPK), sirtuin 1 (Sirt1), and peroxisome proliferator-activated receptor-y coactivator 1« (PGC-1a),
along with exacerbating diabetes-induced testicular oxidative stress and damage. Treatment with
recombinant FGF21 partially prevented these diabetic effects. In FGF21-KO nondiabetic mice, testicular
AMPK/Sirt1/PGC-1a signaling was down-regulated and AKT1 and murine double minute 2 were in-
activated along with the increased p53 expression but not AKT2, GSK-33, and GS. These results suggest
that the role of FGF21 in maintaining spermatogenesis is associated with its activation of AKT1 and
inhibition of p53. Deletion of the Fgf271gene significantly exacerbates diabetes-induced down-regu-
lation of testicular AKT/GSK-35/GS and AMPK/Sirt1/PGC-1« pathways and testicular oxidative stress and
cell apoptosis. (Endocrinology 156: 11561170, 2015)

ibroblast growth factor 21 (FGF21) is a secretory pro-
Ftein that acts as a metabolic regulator of glucose ho-
meostasis, insulin sensitivity and ketogenesis (1, 2). The
liver is the main site of production of FGF21 (1), but non-
hepatic tissues, such as adipose tissue, skeletal muscle,
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heart, and testes, also express FGF21 at mRNA and pro-
tein levels (3—5). Numerous studies have focused on the
role of FGF21 in the metabolic regulation of liver, adipose
tissue, and skeletal muscle (1, 3, 6); however, the effect of
FGF21 in other organs has not been thoroughly studied. In
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Abbreviations: AlF, apoptosis-induced factor; AKT, protein kinase B; AMPK, AMP-activated
protein kinase; DAPI, 4, 6-diamidino-2-phenylindole dihydrochloride; FGF21, fibroblast
growth factor 21; GS, glycogen synthase; GSK, GS kinase; 4-HNE, 4-hydroxy-2-nonenal;
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2; 3-NT, 3-nitrotyrosine; PGC-1a, PPAR-y coactivator 1e; ROS, reactive oxygen species;
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WT control; WT-DM, WT diabetes.
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a previous study, we showed that testis expresses FGF21
at mRNA level, and its expression did not respond fasting-
induced expression that is a well-known stimulus for
FGF21 expression in other organs but was significantly
up-regulated in diabetes condition (7). Fgf21 gene knock-
out (FGF21-KO) enhanced the spontaneous and diabetes-
induced testicular cell apoptosis, suggesting that FGF21
may be required for the maintenance of spermatogenesis
and the prevention of germ cell apoptosis (7).

Increasing evidence indicates that testicular cell apo-
ptosis in diabetes is associated with increased oxidative
stress and damage (8). Metabolic abnormalities in diabe-
tes cause elevated generation of reactive oxygen species
(ROS) and reactive nitrogen species (RNS). ROS and/or
RNS cause cell damage either by its own or acting to-
gether, causing oxidative and/or nitrosative damage. For
instance, nitric oxide, a RNS, interacts with superoxide, a
ROS, to form the highly reactive peroxynitrite known to
cause protein nitration. This leads to protein dysfunction
and associated cell signaling abnormality. Oxidative
and/or nitrosative stress and damage can occur when cel-
lular ROS and/or RNS levels overwhelm endogenous an-
tioxidant defenses (9). FGF21 was reported to have an
antioxidative effect in cardiac cells through suppression of
ROS production (5). Our previous study showed that de-
letion of the Fgf21 gene exacerbated diabetes-induced ox-
idative damage in testis (7). However, whether the anti-
oxidative effect of FGF21 is due to its homeostasis of
glucose and fatty acid metabolism has not been yet
investigated.

By activating its receptor, insulin stimulates phospha-
tidylinositol 3 kinase and its downstream target, protein
kinase B (AKT), which is essential for insulin-induced glu-
cose and fatty acid metabolism. Activated AKT inhibits
the activity of glycogen synthase (GS) kinase (GSK)-3 by
phosphorylating its N-terminal serine residues, releasing
its inhibitory effect on GSs (10). There are 2 isoforms of
GSK-3: GSK-3a and GSK-38, the predominant regulator
of GS in the testis (11). In diabetes, glucose use in testis is
reduced due to the inactivation of AKT and the activation
of GSK-38 (12).

Impaired glucose metabolism is often paralleled by
compromised fatty acid metabolism as we have observed
in diabetic heart (13) and testes (12). This is reflected in
elevated peroxisome proliferator-activated receptor-a ex-
pression and decreased AMP-activated protein kinase
(AMPK) phosphorylation and PPAR-y coactivator la
(PGC-1a). AMPK is an important metabolic energy sensor
and master regulator of metabolic homeostasis (14) and is
predominantly activated by liver kinase 1 (LKB1) (15).
Activation of LKB1 was found to stimulate fatty acid ox-
idation and mitochondrial biogenesis in a number of tis-
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sues, including the testis (16, 17). Recently, AMPK was
reported to enhance nicotinamide adenine dinucleotide " -
dependent type III deacetylase sirtuin 1 (Sirtl) activity
(14). Sirt1 plays several physiological roles including reg-
ulation of glucose metabolism, cell survival, and mito-
chondrial respiration. Deletion of the Sirt1 gene markedly
attenuated spermatogenesis, confirming the important
role of Sirt1 protein in spermatogenesis and germ cell sur-
vival (18). Both AMPK and Sirt1 act in concert with the
main regulator of mitochondrial biogenesis, PGC-1q, to
regulate fatty acid oxidation, ATP synthesis and lipid ho-
meostasis (14, 19).

In diabetes, impaired glucose and fatty acid metabolism
lead to oxidative stress and testicular damage (20). Recent
studies suggest that FGF21 lowered blood glucose levels
(21) and enhanced insulin sensitivity and energy metabo-
lism through an AMPK-Sirt1-PGC-1a-dependent mech-
anism in adipocytes (21, 22). FGF21 protects cardiac cells
against ischemia-reperfusion injury by stimulating the
AKT-GSK-38 pathway and reducing oxidative stress (23).

In addition to stimulating glucose metabolism, AKT
signaling functions as a cell survival mediator. For in-
stance, AKT protects germ cells against apoptotic cell
death associated with radiation injury (24) and neonatal
hypothyroidism (25). Spermatogenesis is disrupted and
spontaneous apoptosis is increased in the testis of Aktl
gene knockout mice (26). AKT regulates cell survival by
modulating the activity of several apoptotic proteins, in-
cluding suppression of p53 activation (27), which may be
related to enhanced function of the p53 negative regulator,
murine double minute 2 (MDM?2) (28).

Due to the stimulation of AKT signaling, insulin also
plays an important role in maintaining normal spermato-
genesis. It has been reported that insulin regulates the pro-
liferation of Sertoli cells (29) and mediates testosterone
generation in Leydig cells (30). Therefore, the present
study used our established rodent model of streptozotocin
(STZ)-induced diabetes (7), to investigate the effect of
FGF21 on glucose and fatty acid metabolism-related sig-
naling pathways along with AKT expression and function.

Materials and Methods

Animals and diabetes model

FGF21-KO mice with C57BL/6] background were a gift from
Dr Steve Kliewer, University of Texas Southwestern Medical
Center. Age-matched wild-type (WT) (C57BL/6]) controls were
purchased from The Jackson Laboratory and housed in the Uni-
versity of Louisville Research Resources Center at 22°C with a
12-hour light, 12-hour dark cycle and free access to food (stan-
dard Laboratory Rodent Diet, 5001; LabDiet) and water. All
procedures were approved by Institutional Animal Care and Use

20z Iudy 0 uo 1senb Aq 88YEZHZ/IGL L/E/9G L /SIOIME/OPUS/LI0D"ANO"OILISPEDE//:SARY WO.) PAPEOUMOQ



1158 Jiang et al FGF21 Prevents Testicular Cell Death in Diabetes

Committee, which is certified by the American Association for
Accreditation of Laboratory Animal Care.

Twenty-four male 10-week-old FGF21-KO and 16 age- and
gender-matched WT mice were randomly allocated into 5 groups
(n = 8), including WT control (WT-CON), WT diabetes (WT-
DM), FGF21-KO control (KO-CON), FGF21-KO diabetes
(KO-DM), and KO-DM with treatment of exogenous FGF21
(KO-DM-FGF21). To produce type 1 diabetes, STZ (Sigma-Al-
drich) was dissolved in 0.1M sodium citrate (pH 4.5) and given
ip to WT-DM, KO-DM, and KO-DM-FGF21 mice at 200 mg/kg
body weight. Corresponding control mice were given the same
volume of sodium citrate buffer. Whole-blood glucose was mea-
sured in mouse tail vein blood at the third day after the STZ
injection. Mice with blood glucose levels more than or equal to
250 mg/dL were considered diabetic and used for this study. The
above 4 groups were further divided into either the acute study
or the chronic study.

For the acute study, 4 groups were euthanized at 10 days after
diabetes onset. In addition, some mice in the KO-DM-FGF21
group were injected ip with FGF21 at 100 pg/kg body weight
daily during these 10 days, whereas the remaining mice were
given the same volume of phosphate buffer. The FGF21 as a
recombinant human FGF21 was gifted from Dr Huiyan Wang
(31). Its purity exceeds 96 % with less than 1.0-EU/mL endotoxin
levels. These conditions are considered acceptable compared
with commercially available proteins and also meet the require-
ments of pharmaceutical research in vivo (31). All mice were
euthanized 6 hours after the last injection of FGF21 on the 10th
day. For the chronic study, 4 groups of mice were euthanized 2
months after diabetes onset. For both studies the testes of these
mice were harvested. One testis from each mouse was fixed in
10% buffered formalin for histopathological studies, whereas
the other was stored at —80°C for biochemical studies.

Testicular immunofluorescent staining

Testis tissue was fixed in 10% formalin for 24 hours, em-
bedded in paraffin, and sectioned at 5 wm. Tissue sections were
deparaffinized, rehydrated, and then incubated with antibodies
against 3-nitrotyrosine (3-NT) (1:400 dilution, AB5411; Milli-
pore), 4-hydroxy-2-nonenal (4-HNE) (1:400 dilution,
HNE11-S; Alpha Diagnostic International), Sirt1 (1:400 dilu-
tion, ab-12193; Abcam), and B-actin (1:500, sc-1616; Santa
Cruz Biotechnology, Inc) overnight at 4°C. The secondary an-
tibodies, cyanine3-conjugated IgG (at 1:200 dilution, ab-50503;
Abcam) and fluorescein isothiocyanate-conjugated IgG (at
1:100 dilution, ab-6881; Abcam), were applied and counter-
stained with 4, 6-diamidino-2-phenylindole dihydrochloride
(DAPI) (0.0002% solution, 32670; Sigma-Aldrich). Slides were
analyzed by fluorescent microscopy (Nikon).

For 3-NT and 4-HNE staining, testicular cells, including germ
cells and interstitial cells with red cytoplasmic staining, were
considered positive. For Sirt1 staining, germ cells with blue nu-
cleolus staining plus red Sirt1 staining were considered positive.
To quantify the expression of Sirt1, both red stained and non-
stained germ cells located in seminiferous tubules were counted
manually in a blinded fashion, ie, the examiner was unaware of
the grouping. From each testis section, we randomly selected 30
seminiferous tubules in cross-section without repetition, and 8
animals in each group were analyzed. The germ cells that were
counted include spermatogonia, primary spermatocytes and sec-
ondary spermatocytes, but not spermatids and spermatozoa be-
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cause those nuclei were not easily quantified. Results are pre-
sented as the percentage of positively staining nuclei in the
experimental groups compared with that in the control group.

Western blotting

Testicular tissues were homogenized in radioimmunoprecipi-
tation assay lysis buffer (Santa Cruz Biotechnology, Inc), and
total proteins were extracted. Proteins were separated by 10%
SDS-PAGE electrophoresis and transferred to a nitrocellulose
membrane. Membranes were blocked with 5% nonfat milk for
1 hour and incubated overnight at 4°C with the primary anti-
bodies against: apoptosis-induced factor (AIF), phospho-AKT
(Ser473, 4058S), phospho-ERK1/2 (Tyr202/ Phe204, 4370S),
phospho-GSK-38 (Ser9, 9336S), phospho-GS (Ser641, 3891S),
phospho-AKT1 (Ser473, 9018S), phospho-AKT2 (Ser474,
8599S), phospho-LKB1 (Ser428, 3482S), phospho-AMPK
(T172,4188S), phospho-p53 (Ser15, 9284S), phospho-MDM2
(Ser166, 3521S), AKT (9272S), GSK-3B8 (9315S), ERK1/2
(4696S), GS (3893S), AKT1 (2938S), AKT2 (2964S), LKB1
(3047S), AMPK (2793S), and p53 (2524S), all of which were
purchased from Cell Signaling. The primary antibodies also in-
cluded those against Sirt1 (ab-12193) and PGC-1« (ab-54481)
(both of which were purchased from Abcam), B-actin (1:2000
dilution, sc-1616; Santa Cruz Biotechnology, Inc), 4-HNE (1:
4000 dilution, HNE11-S, Alpha Diagnostic International), and
3-NT (1:3000 dilution, ab-5411, Millipore). Antibodies from
Cell Signaling and Abcam were used at 1:1000 dilutions, and the
dilutions of the remaining antibodies are indicated above. After
the unbound antibodies were removed, the membranes were in-
cubated with the horseradish peroxidase-conjugated secondary
antibody (1:2000 dilution, sc-20535, sc-2004, or sc-2020; Santa
Cruz Biotechnology, Inc) for 1 hour at room temperature. Spe-
cific bands were visualized using an enhanced chemolumines-
cence detection kit (Thermo Scientific). For some polyclonal an-
tibodies such as p-GS and Sirt1 antibodies, 2 very closed bands
were shown on the gels due to the possible presence of multiple
isoforms of these antigens (target proteins) in different tissues;
therefore, both bands either for phospho-GS or Sirt1 were ana-
lyzed. Quantitative densitometry was performed on the identi-
fied bands by using Image Quant 5.2 software.

Statistical analysis

Data were presented as mean = SD (n = 8). Comparisons
were performed by One-way ANOVA for the different groups,
followed by Tukey’s test in pairwise repetitive comparisons with
Origin 7.5 software. Statistical significance was considered as
P < .0S.

Results

Deletion of the Fgf21 gene increases diabetes-
induced oxidative damage in testis

Deletion of the Fgf21 gene did not affect the fasting
blood glucose levels and plasma triglyceride level at base-
line but slightly increased both fasting blood glucose and
plasma triglyceride levels under diabetic condition (Sup-
plemental Figure 1, A and B). Treatment of FGF21-KO
diabetic mice with FGF21 reduced blood glucose level but
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Figure 1. Deletion of the Fgf27 gene increases diabetes-induced oxidative damage in the testis. Type 1 diabetes was induced with STZ (200 mg/
kg ip). Diabetic and age-matched control mice were administered daily ip injections of FGF21 (100 wg/kg) or PBS for 10 days. To measure the
oxidative damage in testis, immunofluorescence staining (A) was done with anti-3-NT antibody and anti-4-HNE antibody, and the nuclear staining
was done with DAPI (blue) on testis tissue sections (400X). Scale bar, 50 um. Expression of 3-NT (B) and 4-HNE (C) was also detected by Western
blot analysis, for which multiple bands were grouped as one for the quantitative densitometry analysis so that the results presented in the figures
were the combined results. Data are presented as mean = SD (n = 8). *, P < .05 vs WT-CON; #, P < .05 vs WT-DM; +, P < .05 vs KO-CON; &,

P < .05 vs KO-DM.

did not affect plasma triglyceride levels (Supplemental Fig-
ure 1, A and B). Our previous study demonstrated that
deletion of the Fgf21 gene increased spontaneous and di-
abetes-induced testicular germ cell apoptosis (7). Consis-
tent with those findings, Supplemental Figure 1C shows
that diabetes increased terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling-positive staining (mainly
among spermatogonia and, to a lesser degree, primary
spermatocytes) and AIF expression. Deletion of the Fgf21
geneincreasedspontaneousand diabetes-induced TUNEL-
positive cells and AIF expression. Supplementation of
FGF21 to FGF21-KO diabetic mice prevented diabetes-
increased cell death (Supplemental Figure 1C).

Germ cell apoptosis in diabetes is considered associated
with increased oxidative stress and lipid peroxidation (7).
To further confirm the oxidative and nitrosative stress in
diabetic and FGF21-KO mice, testis tissue was used for
immunofluorescent staining and Western blot analysis to
examine 3-NT (a marker of protein nitration) and 4-HNE
(a marker of lipid peroxidation), shown in Figure 1A. Pos-
itive staining for 3-NT and 4-HNE is seen in the cytoplasm
of all testicular cells, including germ cells and interstitial
cells. These markers were significantly increased in the
WT-DM group and further increased in FGF21-KO dia-
betic mice (Figure 1A). Intraperitoneal injection of FGF21
to FGF21-KO diabetic mice prevented diabetes-induced
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Figure 2. Deletion of the Fgf27 gene increases the deficiency of glucose metabolism-associated pathway, AKT/GSK-3B/GS in testes of diabetic
mice. Testicular tissue was used for Western blot analysis of phosphorylated and total AKT (A), GSK-38 (B), and GS (C). Data are presented as
mean + SD (n = 8). *, P < .05 vs WT-CON; #, P < .05 vs WT-DM; +, P < .05 vs KO-CON; &, P < .05 vs KO-DM.

testicular 3-NT and 4-HNE (Figure 1, B and C). It is noted
that the expression of oxidative stress was predominantly
in spermatogonia and spermatocytes that were consistent
with the finding of apoptotic cells observed in our recent
study (7) and the present findings (Supplemental Figure
1C). These results suggest that deletion of the Fgf21 gene
promotes germ cell apoptosis via increasing oxidative
stress induced by diabetes but not in nondiabetic animals.

Deletion of the Fgf21 gene down-regulates
glucose metabolism in the testis of diabetic mice
Diabetes-induced testicular oxidative stress and dam-
age was thought to be associated with reduced glucose use
due to decreased AKT and GSK-38 phosphorylation and

increased GS phosphorylation (12). To explain how

FGF21 inhibits oxidative stress in diabetes, the expression
of the 3 glucose metabolic components was examined.
Deletion of the Fgf21 gene decreased AKT phosphoryla-
tion (Figure 2A) but did not affect GSK-38 or GS phos-
phorylation, in control mice (Figure 2, B and C). AKT
phosphorylation was decreased in the testis of diabetic
mice 10 days after diabetes onset (Figure 2A). Diabetes
significantly increased GSK-3B activity, shown by de-
creased GSK-3B phosphorylation level (Figure 2B). The
increased GSK-3 B activity inhibited GS activity, shown by
increased phosphorylation of GS (Figure 2C). These re-
sults suggest that deletion of the Fgf21 gene aggravates the
AKT/GSK-3B/GS signaling defect in diabetic testes, which
is associated with increased oxidative stress and germ cell
apoptosis (Supplemental Figure 1C) (7).
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Figure 3. Effects of diabetes and the Fgf27 gene deletion on AKT1
and AKT2 in testis. Phosphorylated and total AKT1 (A) and AKT2 (B)
were examined by Western blot analysis. Data are presented as
mean = SD (n = 8). *, P < .05 vs WT-CON; #, P < .05 vs WT-DM;
+, P < .05 vs KO-CON; &, P < .05 vs KO-DM.

Deletion of the Fgf21 gene inactivates AKT1 in
nondiabetics and aggravates diabetes-induced
inactivation of both AKT1 and AKT2

Some studies have concluded that both AKT1 and
AKT2 play animportant role in spermatogenesis and germ
cell apoptosis, respectively (24, 32). Therefore, isoforms
of AKT expression were examined in the testis. In WT
mice, diabetes did not affect the level of AKT1 phosphor-
ylation; however, deletion of the Fgf21 gene significantly
inhibited AKT1 phosphorylation. Compared with WT di-
abetic mice, the phosphorylation of AKT1 was further
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decreased in FGF21-KO diabetic mice but restored by
treatment with FGF21 (Figure 3A).

On the other hand, diabetes significantly decreased
the phosphorylation of AKT2 in WT mice (Figure 3B),
which is coincident with the changes of GSK-38 and GS
phosphorylation (Figure 2, B and C). Deletion of the
Fgf21 gene further degraded the diabetes-induced de-
crease in AKT2 phosphorylation, which, however, was
also almost completely prevented by treatment with
FGF21. There was no significant difference in AKT2
phosphorylation between FGF21-KO and WT-CON
mice (Figure 3B).

Deletion of the Fgf21 gene exacerbates
spontaneous and diabetes-induced inactivation of
AMPK, Sirt1, and PGC-1«

Our previous studies showed that the increased germ
cell apoptosis in diabetes is associated with a disarrange-
ment of fatty acid metabolism (12). Because FGF21 could
regulate energy metabolism through an AMPK-Sirt1-
PGC-1a-dependent mechanism in adipocytes (22),
AMPK, an important mediator of fatty acid oxidation
stimulation, was examined. Diabetes or deletion of the
Fgf21 gene significantly decreased testicular AMPK phos-
phorylation (Figure 4A). Deletion of the Fgf21 gene fur-
ther reduced testicular AMPK phosphorylation in diabetic
mice, which could be restored by treatment with FGF21
(Figure 4A).

Sirt1 not only regulates glucose and lipid metabolism
but also helps to maintain spermatogenesis and germ cell
function (18). PGC-1a, a master regulator of mitochon-
drial biogenesis, has been identified as a target protein of
Sirt]l and contributes to antioxidative effects (33). The
expression of these 2 mediators was examined in the testes
of FGF21-KO nondiabetic and diabetic mice. Coincident
with the decline in AMPK phosphorylation, the expres-
sion level of Sirt1 and PGC-1a was also significantly de-
creased in the testes of FGF21-KO nondiabetic and dia-
betic mice (Figure 4A). Deletion of the Fgf21 gene also
significantly exacerbated diabetes-induced reduction of
Sirt1 and PGC-1« expression (Figure 4A), which was re-
stored by FGF21 treatment (Figure 4A).

Sirt1 activation was further examined with immuno-
fluorescence staining for the nuclear localization (Figure
5A), which appeared decreased in WT and FGF21-KO
diabetic mice (Figure 5B). LKB1 regulates AMPK activity
(15) and FGF21 activates FGF receptors through beta-
klotho and ERK1/2 to phosphorylate LKB1 (34). There-
fore, we examined LKB1 and ERK1/2 phosphorylation.
As shown in Figure 4B, phosphorylation levels of LKB1
and ERK1/2 were significantly decreased in the testes of
both WT diabetic and FGF21-KO nondiabetic mice.
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Figure 4. Effects of diabetes and the Fgf27 gene deletion on AMPK/Sirt1/PGC-1a pathway associated with energy metabolism. Western blot
analyses were used to detect the expression of phosphorylated and total AMPK, Sirt1 and PGC-1a (A) as well as LKB1 and ERK1/2 (B). Data are
presented as mean + SD (n = 8). *, P < .05 vs WT-CON; #, P < .05 vs WT-DM; +, P < .05 vs KO-CON; &, P < .05 vs KO-DM.

FGF21-KO diabetic mice showed a further decrease in the
ratios of phosphorylated to total expression of LKB1 and
ERK 1/2, compared with diabetic or FGF21-KO nondia-
betic mice, which was relieved by FGF21 supplementation
(Figure 4B).

Deletion of the Fgf21 gene promotes spontaneous
and diabetes-induced activation of p53

p53 plays an important role in testicular apoptosis in-
duced by various oxidative stressors associated with the mi-
tochondrial apoptotic pathway (35). Therefore, we exam-
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Figure 5. Immunofluorescence staining for Sirt1. A, Immunofluorescence staining using anti-Sirt1 antibody (5), anti-B-actin antibody (green), and
DAPI for nuclei (blue) on testicular tissues (400X). Scale bar, 25 um. B, Percentage of nuclei that was positively stained for Sirt1. Data are
presented as mean + SD (n = 8). *, P < .05 vs WT-CON; #, P < .05 vs WT-DM; +, P < .05 vs KO-CON; &, P < .05 vs KO-DM.

ined the activation of testicular p53 and its ubiquitin ligase of
MDM2 in both WT and FGF21-KO diabetic mice. p53 ac-
tivation was first detected by immunohistochemistry. Posi-
tive nuclear staining was predominantly seen in spermato-
gonia, primary and secondary spermatocytes (Figure 6A),
which is consistent with the distribution of apoptotic germ
cells in our previous study (Figure 1A) (7). The incidence of
positive staining germ cells was higher in the WT diabeticand

KO-CON mice than WT-CON (Figure 6A). Western blot
analysis revealed a significant increase in p53 phosphoryla-
tion in the testes of diabetic mice, KO-CON mice, and
FGF21-KO diabetic mice (Figure 6B). Treatment of
FGF21-KO diabetic mice with FGF21 completely prevented
diabetes-increased p53 phosphorylation (Figure 6B).

In parallel with the increase of p53 phosphorylation in the
testis, MDM2 phosphorylation at Ser166 was significantly de-
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Figure 6. Effects of diabetes and the Fgf27 gene deletion on p53 and cell apoptosis associated
protein. A, Immunohistochemistry staining using antiphosphorylated p53 antibody (400X). Scale
bar, 50 um. B, Western blot analysis was used to quantify p53 activation. C, Western blot
analysis to quantify MDM2 activation. Data are presented as mean = SD (n = 8). *, P < .05 vs
WT-CON; #, P < .05 vs WT-DM; +, P < .05 vs KO-CON; &, P < .05 vs KO-DM.

creased in the testis of FGF21-KO nondiabetic and WT diabetic
mice. This was further decreased in the FGF21-KO diabetic
mice and was attenuated by FGF21 treatment (Figure 6C).

Chronic effects of diabetes and the Fgf21 gene
deletion on testicular apoptosis and associated cell
signaling components

As shown in acute study above, deletion of the Fgf21 gene
did not affect the fasting blood glucose levels (120.4 = 21.6
mg/dL for WT-CON vs 112.6 * 9.1 mg/dL for KO-CON,
P > .05) and plasma triglyceride levels (82.9 = 14.0 mg/dL
for WT-CON vs 72.34 = 9.8 mg/dL for KO-CON, P > .05)
at baseline but slightly increased fasting blood glucose
(476.4 = 47.2 mg/dL for WT-DM vs 422.25 + 62.9 mg/dL
for KO-DM, P < .05) without effect on diabetic plasma
triglyceride levels (141.8 = 25.6 mg/dL for WT vs 139.0 =
24.2 mg/dL for FGF21-KO, P > .05).

FGF21 Prevents Testicular Cell Death in Diabetes
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To examine the chronic effects of
the Fgf21 gene deletion on testicular
apoptosis and associated cell signaling
components, apoptotic cell death was
examined in the testis of mice with di-
abetes for 2 months. Testis weight of
WT-DM for 2 months was slightly de-
creased compared with age-matched
WT-CON mice (Supplemental Figure
2). The testis weight in FGF21-KO
nondiabetic mice was also slightly
lower than that of WT nondiabetic
mice, and there was no difference for
the testis weight between WT and
FGF21-KO diabetic mice (Supple-
mental Figure 2). TUNEL staining
showed the significant increase in the
positive cells in both WT diabetic and
FGF21-KO nondiabetic mice and de-
letion of the Fgf21 gene exacerbated
diabetes-induced apoptotic cell death
(Figure 7A), which was confirmed by
Western blotting for ATF (Figure 7B).

As discovered in the above acute
study, we demonstrated that deletion
of the Fgf21 gene significantly de-
creased the phosphorylation levels of
testicular AKT1 (Figure 7C) but not
AKT2 (Figure 7D). Two-month dia-
betes also slightly decreased AKT1
and significantly decreased AKT2
phosphorylation (Figure 7, C and D).
Compared with WT-DM, deletion of
the Fgf21 gene further decreased
AKT?2 phosphorylation but not AKT1
(Figure 7, C and D).

As observed in the above acute study (Figure 4A), tes-
ticular AMPK phosphorylation level was significantly de-
creased in WT diabetic group and further decreased in
FGF21-KO diabetic groups at 2 months after diabetes
(Figure 7E). We also found that both deletion of the Fgf21
gene and 2-month diabetes significantly increased p53
phosphorylation, which was synergistically increased in
FGF21-KO diabetic group (Figure 7F).

Discussion

The testes of diabetic mice exhibit impaired AKT-medi-
ated glucose metabolism, as reflected by decreased acti-
vation of AKT (12). The results of the present study are
consistent with the previous finding in that diabetes sig-
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Figure 7. Chronic effects of diabetes and the Fgf27 gene deletion on testicular apoptosis and associated cell signaling components. Animals were
killed at 2 months after diabetes onset. A and B, Apoptotic cell death was examined with TUNEL staining (A) and Western blot analysis for AIF (B).

C-F, Western blots were also used to detect the phosphorylated and total expression of AKT1 (C), AKT2 (D), AMPK (E), and p53 (F). Data are

presented as mean = SD (n = 4-5). *, P < .05 vs WT-CON; #, P < .05 vs WT-DM; +, P < .05 vs KO-CON.

nificantly inhibited testicular AKT activation and up-reg-
ulated its downstream mediator, GSK-38, to release the
inhibitory effect on GS (Figure 2). As a consequence of
impaired glucose metabolism, testicular oxidative stress
was significantly increased, as shown by the accumulation

of 3-NT and 4-HNE in the testes of diabetic mice (Figure
1). We demonstrated here for the first time that deletion of
the Fgf21 gene exacerbated the diabetic effect on AKT-
mediated signaling changes and testicular oxidative stress,
which is attenuated by FGF21 treatment. These results are
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Prediabetes was recently reported to
compromise testicular mitochon-
drial function by repressing PGC-1a/
Sirt3, reducing respiratory capacity
and increasing oxidative stress (36).
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J_ Likewise, up-regulation of the
AMPK-PGC1a-Sirt3 axis has been

proposed to preserve peripheral
nerve function in type 1 diabetic rats

J_ (37). Similarly, our results imply that
diabetes-induced decreases in the
phosphorylation of AMPK and the
J_ expression of Sirt1 and PGC-1a may
be associated with testicular dys-
function. However, deletion of the
l Fgf21 gene augmented the diabetes-

Normal energy
metabolisms

AMPK, Sirt1, and PGC-1« (Figures

induced inhibition of the 3 factors,
J 4A and 5). These findings suggest

that deletion of the Fgf21 gene exac-

Oxidative stress
and damage

Spontaneous

erbates diabetes-induced compro-
mised fatty acid metabolism, leading
to the accumulation of fatty acid

(3-»%-HNE)

Germ cell apoptosis

Figure 8. lllustration of the working mechanisms for FGF21 prevention of spontaneous and
diabetes-induced germ cell apoptosis. Diabetes adversely affects glucose metabolism (AKT/GSK-
3B/GS signaling) and fatty acid oxidation (AMPK/Sirt1/PGC-1«) in testis, leading to the
accumulation of metabolic intermediates that cause testicular oxidative damage and germ cell
apoptosis. FGF21 deficiency exacerbates these defects, leading to testicular cell apoptosis. In
nondiabetics, FGF21 preserves almost normal spermatogenesis through the AKT-signaling

pathway to inhibit p53 via AKT1/MDM2.

consistent with a recent study, showing that FGF21 sig-
nificantly attenuated ischemia-reperfusion-induced dam-
age to cardiac cells by preventing oxidative stress through
the AKT-GSK-38 pathway (23). Therefore, FGF21 might
compensate for impairment of the glucose metabolism
pathway, AKT/GSK-3/GS, to reduce oxidative stress and
provide protection from diabetes-induced germ cell apo-
ptosis (Figure 8).

We found that AMPK, as a fatty acid oxidation stim-
ulator, was significantly decreased in diabetic testes at 10
days (Figure 4A) and 2 months (Figure 7E) after diabetes.
Sirt1, recently recognized as an AMPK downstream gene,
was significantly reduced in diabetic testes (Figures 4A and
5). In addition, PGC-1a, an essential factor for the main-
tenance of optimal mitochondrial fatty acid oxidation,
was significantly decreased in diabetic testes (Figure 4A).

metabolic intermediates that cause
testicular oxidative stress (Figure 1)
and germ cell apoptosis (7), as illus-
trated by the working mechanism
(Figure 8). Our results are consistent
with a previous work, showing that
activation of AMPK-Sirt1-PGC-1a by
FGF21 in adipocytes enhanced mito-
chondrial oxidative capacity as dem-
onstrated by increased oxygen con-
sumption and citrate synthase activity
to maintain energy homeostasis (22).

FGF21 function requires LKB1 to
activate AMPK (22). FGF21 also activates FGF receptors
to stimulate ERK1/2 that in turn regulates LKB1 activity
(34, 38). In line with this, inactivation of ERK1/2 and
LKB1 in the testis of FGF21-KO and WT diabetic mice
parallels the inactivation of AMPK (Figures 4B and 7E). In
addition, the preventive effect by FGF21 on diabetes-in-
duced cytotoxicity in pancreatic B-cells (39) and kidney
(40) has been reported to be mediated by activating the
ERK1/2 pathway. Those results imply that the interaction
of ERK1/2 and LKB1 is required for FGF21’s action on
testicular energy homeostasis through AMPK activation,
as shown in Figure 8.

In nondiabetic mice, deletion of the Fgf21 gene also
decreased fatty acid oxidation, reflected by the decreased
activation of AMPK (Figures 4A and 7E) and reduced
expression of Sirtl and PGC-1« (Figure 4A). However,
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decreased fatty acid oxidation was not accompanied by
increased oxidative stress (Figure 1). Meanwhile, AKT-
mediated glucose unchanged in
FGF21-KO nondiabetic mice as shown by the normal level
of GSK-38 and GS expression and phosphorylation (Fig-
ure 2, B and C). These results demonstrate that, unlike
diabetes, deletion of the Fgf21 gene and associated im-
pairment of fatty acid oxidation alone is insufficient to
induce testicular oxidative stress and apoptosis. However,
there may be other mechanisms or factors unrelated to
oxidative stress that promote spontaneous germ cell ap-
optosis in the testis of FGF21-KO nondiabetic mice, which
will be explored in future studies.

Interestingly, although GSK-38 and GS are expressed
at normal levels in FGF21-KO mice (Figure 2, B and C),
AKT activation is significantly decreased (Figure 2A).
AKT is important for cell survival in many tissues, includ-
ing testis (21). There are 3 AKT isoforms with different
expression patterns and functions: AKT1 is the predom-
inantisoform in many mammalian tissues and affects both
organ development and cell survival, AKT2 is strongly
expressed in insulin-responsive tissues and mainly regu-
lates glucose metabolism, whereas AKT3 is expressed pri-
marily in the brain (41). A testicular hypertrophic pheno-
type has also been described for AKT1-KO mice, which
exhibited several morphological abnormalities in the testis
(10, 26). In contrast, there was no significant decrease in
the absolute testis weight or the ratio of testis weight to
body weight in either AKT2-KO or AKT3-KO mice, al-
though there was a significantly decreased ratio of brain
weight to the body weight (10). These studies suggest that
although AKT3 expression exists in both brain and testis,
it plays a critical role in brain, but not in the testis, for the
growth and development. However, our study was to in-
vestigate how the testis with normal development re-
sponds to testicular germ cell death induced by diabetes-
derived metabolic abnormality. AKT1 has been
implicated in inhibiting cell death induced by different
stimuli, including growth factor withdrawal, cell cycle dis-
cordance, DNA damage, and loss of cell adhesion (24—
26). Radiation exposure is a well-characterized germ cell
injury model leading to cell cycle arrest or apoptosis and
loss of Aktl results in an earlier onset of germ cell apo-
ptosis and enhanced sensitivity of mitotic spermatogonia
toionizing radiation. Furthermore, there was no change of
either AKT2 or AKT3 expression in AKT1-KO mice ex-
posed to radiation (24). Therefore, the AKT1-signaling
pathway plays a major role in the protection of germ cells
after injury.

Based on the above findings, we have focused on the
expression and function of AKT1 and AKT2 isoforms in
an effort to explain the different regulatory actions of

metabolism was
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FGF21 on normal and diabetes conditions. Deletion of the
Fgf21gene significantly decreased AKT1 activation (Fig-
ures 3A and 7C) but not AKT?2 (Figures 3B and 7D). How-
ever, diabetes in WT mice inhibited AKT2 activation (Fig-
ures 3B and 7D) but did not, or not significantly, affect
AKT1 (Figures 3A and 7C). On the other hand, both
AKT1 and AKT?2 activation were reduced by deletion of
the Fgf21 gene in diabetic mice (Figures 3, A and B, and 7,
C and D). Therefore, we confirmed that under normal
conditions, FGF21 affects germ cell spontaneous apopto-
sis predominantly through AKT1, whereas both AKT1
and AKT?2 are involved in diabetes-mediated germ cell
apoptosis when the Fgf21 gene is defect. This result is in
line with other recent studies, in which AKT1-KO mice
showed an increase in spontaneous testicular apoptosis
and attenuation of spermatogenesis but not in the diabetic
phenotype (26, 32). AKT1 protected from testicular ap-
optosis caused by radiation or neonatal hypothyroidism
(24, 25).

AKT regulates cell survival by modulating the activity
of several apoptotic and survival proteins, including p53
(27). p53 was reported to play a critical role in spermato-
genesis and germ cell apoptosis in response to a variety of
stimuli (42). In the present study, we observed pS53 acti-
vation in the testes of diabetic mice (Figures 6, A and B, and
7F). Deletion of the Fgf21 gene enhanced the activation of
testicular p53 in both diabetic and nondiabetic conditions
(Figures 6, A and B, and 7F). Our previous study (7) and
present results (Figures 1, A and B, and 7, A and B) showed
that deletion of the Fgf21 gene caused an increase in spon-
taneous germ cell apoptosis, which was associated with
the activation of mitochondria-dependent cell death path-
way (7). p53 activation can rapidly interact with B-cell
lymphoma 2/B-cell lymphoma 2-associated X proteins
and activate the mitochondria-dependent cell death cas-
cade (35). Therefore, FGF21 may inhibit spontaneous mi-
tochondria-associated germ cell apoptosis by inactivating
p53 via the AKT-signaling pathway. It is known that
MDM2 is an ubiquitin ligase for p53 (43), and exogenous
MDM2 promoted spermatogonia survival and inhibited
apoptosis by reducing p53 protein (44). AKT-mediated
phosphorylation of MDM2 at Ser166 and Ser186 in-
creases the ubiquitination and degradation of p53 (43).
Which isoform of AKT is the predominant player in
MDM2 inhibition of p53 remains unclear, because it is
reported that AKT1 could regulate MDM2 under normal
conditions, but in AKT1-KO condition, AKT2 preserved
the activation of MDM2 (45, 46). As shown in Figure 3,
deletion of the Fgf21 gene reduced AKT1 (Figures 3A and
7C) as well as MDM2 phosphorylation in normal and
diabetic mice (Figure 6C), but reduced AKT2 phosphor-
ylation only in diabetic mice (Figures 3B and 7D). In the
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present study, therefore, AKT1 seems to be the major AKT
isoform regulating MDM2 phosphorylation in testis.

Besides regulating fatty acid metabolism and mito-
chondrial respiration, Sirt1 functions as a down-stream
signaling mediator of AKT to affect glucose metabolism
and cell survival (47). Sirt1 deficiency markedly attenuates
spermatogenesis, suggesting a direct effect of Sirtl on
germ cell survival and function (18). Therefore, it can be
assumed that FGF21 deficiency increased spontaneous
and diabetes-induced testicular apoptosis by exacerbating
the down-regulation of AKT function (Figure 2A) and
Sirt1 expression (Figures 4A and 5).

Besides the possible mechanisms discussed above, there
may be a concern whether systemic and testicular levels of
testosterone have any effect on testicular apoptotic cell
death. We have previously shown the significant decrease
in testosterone level in the blood of diabetic animals,
which could be mildly attenuated by antioxidant N-ace-
tylcysteine treatment that can significantly decrease dia-
betes-induced testicular apoptosis (48), suggesting that
the reduction of oxidative stress in the testis is the major
cause of testicular apoptosis under diabetic conditions.
Therefore, it may be not a very critical mechanism here for
the effect of FGF21 on diabetes-induced testicular cell
death.

The present study may lack a direct link between the
previously reported (7) and the presently demonstrated
loss of cells due to apoptosis and the signaling described
above. Our previous study (49) described that STZ-in-
duced type 1 diabetes induced apoptotic cell death in the
heart began at 3 days, peaked at 1-3 weeks, maintained an
increased incidence for 1 to 2 months, and, at the late stage
of diabetes, demonstrated a very low incidence of apopto-
tic cell death. Itis clear that there is no way to study the cell
death-signaling pathway directly in the apoptotic cells.
However, because apoptotic cell death signaling was ac-
tivated by the cell death stimuli that persists in different
cells of the tissue at different stages, such cell death must
occur gradually rather than suddenly. Accordingly, stud-
ies investigating cell death signaling under an in vivo
model have to use the remaining surviving and/or preapo-
ptotic cells (with cell death signaling activated) to eluci-
date any mechanisms. For this reason, we selected a short
time point (2 wk after diabetes) for the mechanistic study,
followed by a confirming study at 2 months after diabetes.

It should be mentioned that because the predominant
apoptotic cells induced by diabetes in the testes were pre-
dominantly from spermatogonia and primary spermato-
cytes, the use of whole testis to extract total protein
included the proteins derived from secondary spermato-
cytes, spermatids, sperm, and even somatic cells. This may
dilute true signaling levels that would, ordinarily, be ob-
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served. Here, we have used immunochemical staining to
show that the predominant indicators, such as oxidative
damage, p53, and Sirt1, were localized among spermato-
gonia and spermatocytes, which are types of apoptotic
cells we have observed in the recently published study and
present findings (Supplemental Figure 1 and Figure 7A).
Ideally, pure spermatogonia and spermatocytes isolated
from testis would be used in future studies.

In summary, we showed previously that FGF21 defi-
ciency causes and enhances spontaneous diabetes-induced
germ cell apoptosis (7). We demonstrate for the first time
that FGF21 deficiency exacerbates the impairment of
AKT/GSK-3B/GS and AMPK/Sirt1/PGC-1a-signaling
pathways in diabetic testes, which leads to accumulation
of metabolic intermediates that cause testicular oxidative
damage and germ cell apoptosis. In nondiabetics, how-
ever, FGF21 preserves normal spontaneous germ cell ap-
optosis and spermatogenesis homeostasis through AKT,
especially AKT1, to suppress p53 activation via MDM2.
This schema is illustrated in Figure 7. Based on the bene-
ficial effects of FGF21 on energy homeostasis, a clinical
trial was recently reported using L Y2405319 (an analog of
FGF21). It showed a significant improvement of dyslipi-
demia and reduction of body weight, fasting insulin, and
adiponectin levels in patients with type 2 diabetes (50).
These results suggest that FGF21-based therapies may rep-
resent a novel treatment for the metabolic syndrome and
its complications.
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