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Insulin Rescues Impaired Spermatogenesis via the
Hypothalamic-Pituitary-Gonadal Axis in Akita Diabetic
Mice and Restores Male Fertility

Erica L. Schoeller,! Gabriella Albanna,' Antonina I. Frolova,' and Kelle H. Moley"'

The mechanism responsible for poor reproductive outcomes
in type 1 diabetic males is not well understood. In light of new
evidence that the Sertoli cells of the testis secrete insulin, it is
currently unclear whether diabetic subfertility is the result of
deficiency of pancreatic insulin, testicular insulin, or both. In
this study, the Akita mouse diabetic model, which expresses
a mutant, nonfunctional form of ¢ns2 in testes and pancreas, was
used to distinguish between systemic and local effects of insulin
deficiency on the process of spermatogenesis and fertility. We de-
termined that Akita homozygous male mice are infertile and have
reduced testis size and abnormal morphology. Spermatogonial
germ cells are still present but are unable to mature into sperma-
tocytes and spermatids. Exogenous insulin treatment regenerates
testes and restores fertility, but this plasma insulin cannot pass
through the blood-testis barrier. We conclude that insulin does
not rescue fertility through direct interaction with the testis; in-
stead, it restores function of the hypothalamic-pituitary-gonadal
axis and, thus, normalizes hormone levels of luteinizing hormone
and testosterone. Although we show that the Sertoli cells of the
testis secrete insulin protein, this insulin does not appear to be
critical for fertility. Diabetes 61:1869-1878, 2012

ype 1 diabetes is associated with human male

reproductive dysfunction, including reports of

reduced fertility and poor sperm quality (1-4).

Mechanisms for this association are widely de-
bated. Studies in rodent models suggest mechanisms in-
cluding oxidative stress, DNA damage to sperm, altered
hormonal profiles, and abnormal progression through sper-
matogenesis (5,6). More recently, investigations into human
sperm samples from diabetic males show an increase in
nuclear and mitochondrial damage (1), suggesting that hy-
perglycemia may cause oxidative stress and free radical
damage to sperm DNA. Clinical data from in vitro fertiliza-
tion clinics show that sperm from diabetic patients are able
to fertilize oocytes at similar rates compared with sperm from
nondiabetic patients. Pregnancy rates, however, are signifi-
cantly lower when these embryos are transplanted, suggest-
ing that a diabetic environment damages sperm cells, causing
poor sperm quality (2). It is still unclear whether diabetes
affects male fertility at the early stages of spermatogenesis or
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at the level of mature sperm cells. In light of new data that
show insulin expression by cells in the testis (7), it is now
unclear whether the effects of diabetes on fertility are me-
diated through testicular insulin insufficiency or through
systemic effects of diabetes.

In this study, we use the Akita mouse model to study the
effects of insulin deficiency on gonadal function. The Akita
mouse is a model of type 1 diabetes resulting from a mu-
tation in the ins2 gene. Unlike most other organisms, mice
and rats have two functional insulin genes located on se-
parate chromosomes. InsI arose from a duplication of the
ins2 ancestral gene ~20 million years ago and has since
been retained in the mouse and rat genome (8). Murine
ins2 is thus orthologous to the human insulin gene. De-
letion of both genes results in pup lethality shortly after
birth (9). The mutation of the ins2 gene results in a mis-
folded protein product, which accumulates in the endo-
plasmic reticulum (ER), causing ER stress and, ultimately,
death of the insulin-producing B-cells of the pancreas (10).
The diabetic Akita mouse is thus similar to humans with
type 1 diabetes, which is caused by an autoimmune de-
struction of the B-cells of the pancreas (11). The Akita
model also displays a severe onset of diabetes, similar to
untreated diabetes in human adults, and lacks the drug-
induced toxicity of a streptozocin-induced model.

The Akita mouse model provides a unique way to study
insulin function in the reproductive tract, given the pro-
duction of mutant nonfunctional insulin by both the pan-
creas and the testes. It is the goal of this study to determine
the mechanism of infertility in the insulin-deficient Akita
mouse and distinguish the requirement of testicular in-
sulin from that of pancreatic insulin in the maintenance of
spermatogenesis.

Although both heterozygous and homozygous mice de-
velop hyperglycemia, Akita homozygotes develop severe
hyperglycemia by age 3 weeks and, thus, are infertile at
age 8-9 weeks, as opposed to Akita heterozygotes, which
become infertile at approximately age 6 months. Previous
studies on the Akita mice show that sperm from Akita mice
fertilize fewer embryos, and those embryos that do fertilize
are developmentally impaired at the blastocyst stage, in-
dicating a paternal effect of diabetes on sperm quality (12).
Although an association with type 1 diabetes and infertility
exists, the significance of insulin and normoglycemia to the
reproductive system has not been fully characterized.

More recent studies have begun to characterize the func-
tion of insulin and insulin receptor in testes and sperm.
Murine testes and sperm have both been shown to produce
transcripts of insulin (7,13), suggesting a significant func-
tion for insulin in the reproductive tract and an increased
potential for diabetes to affect male fertility. While insulin
expression in human testes has not yet been examined,
human sperm have been shown to release insulin in a
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ROLE OF EXOGENOUS INSULIN IN MALE INFERTILITY

TABLE 1
Primer sets for amplicons to determine cell types

Gene name Forward primer Reverse primer

Magea AGA GGA AGC CAC TCC CAC CTC AA GAA GCT TCC TCA GAT GGG CCT TCA
Sox9 CAA GAC TCT GGG CAA GCT C GGG CTG GTA CTT GTA ATC GG
Cytochrome ¢ GCA TCA GTG GAC CAA GGG TGG C CAC CGT GTG GCA CTG AGC ACA TT
Tnpl AGC TCC TCA CAA GGG CGT CAA TCA TGC TCC TGC CCC GTC TTG

insl CCT GCT GGC CCT GCT TGC ACT GAT CCA CAA TGC CAC GC

ns2 CCT GCT GGC CCT GCT CTT CAA GGT CTG AAG GTC ACC TG

dose-dependent manner in response to glucose (13). Insulin  of proper insulin signaling in the reproductive tract (14).
receptor has also been detected in the midpiece of sperm In this study, we show that Akita mice homozygous for a
cells, implicating an autocrine function for the secretion of mutation in the ins2 gene are completely infertile and have
insulin by sperm cells and demonstrating the importance a reduced testis size and abnormal testis and sperm
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FIG. 1. Testicular atrophy in the male diabetic Akita mouse model. Nine-week-old wild-type, Akita heterozygous, and Akita homozygous mice (A)
and corresponding testis decrease in size (B). C: Plasma insulin decreases in Akita heterozygotes and Akita homozygotes (9-week-old mice; n = 6).
D: Blood glucose levels in Akita mice. homo, homozygous; het, heterozygous; wt, wild type. E: Hematoxylin-eosin stain of testes section. Akita
homozygous testes (9-week-old) lack mature sperm cells and display vacuolization and large multinucleated cells. F: TUNEL analysis on Akita
homozygous testes shows a greater degree of DNA damage in the seminiferous tubules. G: Negative and positive controls. (A high-quality digital
representation of this figure is available in the online issue.)
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morphology. By administering subcutaneous insulin pellets,
we are able to rescue Akita homozygous infertility with
exogenous insulin pellets. We also see that plasma insulin
cannot cross the blood-testis barrier, demonstrating that the
exogenous insulin does not directly rescue fertility.

RESEARCH DESIGN AND METHODS

Akita mice. All mouse studies were approved by the animal studies committee
at Washington University School of Medicine and conform to the Guide for the
Care and Use of Laboratory Animals published by the National Institutes of
Health. FVB.B6-Ins2Akita/MInJ mice were obtained from The Jackson Labo-
ratory. Ins2AKita is a dominant, spontaneous, point mutation that introduces
a Cys-to-Tyr substitution at the seventh amino acid in the A chain of mature
insulin (amino acid 96 in the preproinsulin II sequence) and results in a major
conformational change in the insulin 2 molecule. The Ins2Akita spontaneous
mutation on the C57BL/6 background (The Jackson Laboratory, Stock No.
003548) was backcrossed to FVB/NJ for nine generations. Speed congenic
analysis confirmed the N6 generation was <0.2% CH7BL/6J and the sex
chromosomes were fixed at generations N6 and N7. In 2007, the Type 1 Di-
abetes Resource received this strain at N9 from Dr. Mary Loeken at the Joslin
Diabetes Center. This mouse was mated to FVB/NJ for one generation prior to
initiating sibling matings. For this study, heterozygous males and females were
mated to obtain homozygous, heterozygous, and wild-type males.

Quantitative PCR of testes. Total RNA was extracted from 9-week-old Akita
whole testes using TRIzol following the manufacturer’s directions. RNA was
DNase treated (Turbo DNAfree; Ambion). RNA (1 ng) was converted into cDNA
using QIAGEN Quantitect kit and quantitative (qQ)RT-PCR was performed using
intron-spanning primers. qRT-PCR was performed in triplicate using cDNA from
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reverse transcription of 100 ng RNA as starting material for ins! and ins2
reactions and cDNA from 50 ng RNA as starting material for all other reactions.
SYBR Green detection system was used for all qRT-PCR assays (Fast SYBR
Green; Applied Biosystems). All primers were designed using Integrated DNA
Technologies software and validated for efficiency. PCR products were cloned
and validated for specificity. All qRT-PCR reactions were performed on an ABI
cycler 7500 Fast system, and samples were normalized to actin. The AACt
(cycle threshold) method was used to calculate fold changes (Table 1).

Histopathology and immunohistology of testes. Whole-mouse testes were
fixed overnight in 4% paraformaldehyde, after which they were dehydrated in
graded series of alcohol and embedded in paraffin. Paraffin sections were
processed for immune-peroxidase staining as described (15), using goat anti-
GATA4 (sc-1237; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a 1:200
dilution and donkey anti-goat biotinylated IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA) at a 1:1,000 dilution. The avidin-biotin immuno-
peroxidase system (VECTASTAIN Elite ABC Kit, Vector Laboratories, Inc.,
Burlingame, CA) and diaminobenzidine (Sigma-Aldrich, St. Louis, MO) were used
to visualize the bound antibody; slides were counterstained with toluidine blue.
Electron microscopy of testes and sperm. For immunolocalization at the
ultrastructural level, samples were fixed in 4% paraformaldehyde/0.05% glu-
taraldehyde (Polysciences, Inc., Warrington, PA) in 100 mmol/L. PIPES/0.5
mmol/LL MgCl,, pH 7.2, for 1 h at 4°C. Samples were then embedded in 10%
gelatin and infiltrated overnight with 2.3 mol/L sucrose/20% polyvinylpyrrolidone
in PIPES/MgCl, at 4°C. Samples were trimmed, frozen in liquid nitrogen, and
sectioned with a Leica Ultracut UCT cryo-ultramicrotome (Leica Microsystems,
Bannockburn, IL). Next, 50-nm sections were blocked with 5% FBS/5% normal
goat serum for 30 min and subsequently incubated with rabbit anti-Sox9
(1:100) and guinea pig anti-insulin (1:200) followed by anti-rabbit 12-nm and
anti-guinea pig 18-nm colloidal gold-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories). Sections were washed in PIPES buffer
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FIG. 3. Insulin transcription increases in Akita testes and sperm. A: Differential expression of insI and ins2 by RT-PCR. Both transcripts are
present in the pancreas, while only ins2 is present in the testes. B: qRT-PCR demonstrates expression of both insulin genes as decreases in the
Akita pancreas and increases in Akita homozygous testes. C: mRNA for pdx-1, a transcription factor for both insulin genes, decreases expression in
Akita pancreas and yet also increases in Akita homozygous testes, following the same trend as ins2 (9-week-old mice; n = 3). *P < 0.05, **P < 0.01.
hom or homo, homozygous; het, heterozygous; WT, wild type. (A high-quality color representation of this figure is available in the online issue.)

followed by a water rinse and stained with 0.3% uranyl acetate/2% methyl cel-
lulose. Samples were viewed with a JEOL 1200EX transmission electron mi-
croscope (JEOL USA Inc., Peabody, MA). All labeling experiments were
conducted in parallel with isotype primary antibody controls. These controls
were consistently negative at the concentration of colloidal gold-conjugated
secondary antibodies used in these studies.

Serum hormone enzyme-linked immunosorbent assays. Blood serum samples
were isolated from 8- to 12-week-old individually housed mice. Blood was collected
into serum separator tubes (BD Microtainer 365967) and centrifuged at 6000g for
90 s and serum supernatant was frozen at —80°C. Serum hormone levels were
assayed for follicle-stimulating hormone (FSH), luteinizing hormone (LH), or
testosterone using rodent ELISA kits (ERK R7007, R7010, and R7016; Endocrine
Technologies, Newark, CA). Results were read spectrophotometrically on
a Molecular Devices VersaMax Microplate reader at a 450-nm wavelength.
Fluorescein isothiocyanate-insulin injection of testes. Mice were anes-
thetized with a mixture of xylazine and ketamine (final concentration 86.9
mg/kg ketamine to 13.4 mg/kg xylazine), after which both testicles were ex-
posed and fluorescein isothiocyanate (FITC) insulin (Invitrogen 1-13269) was
injected just under the tunica albuginea of one testis, whereas the other was
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injected with PBS. After 30 min, mice were killed and testes were removed and
fixed overnight in 4% paraformaldehyde. Testes were then dehydrated in
a graded series of alcohol and embedded in paraffin. Next, 5-um sections were
deparaffinized, rehydrated, permeabilized, and blocked in PBS/2% BSA/0.5%
Triton X-100 for 1 h at room temperature. Slides were washed three times in
PBS/2% BSA and then incubated for 20 min in TO-PRO-3 iodide nuclear dye
(1:500; Molecular Probes) in PBS. Slides were washed three times in PBS and
mounted with VECTASHIELD. Immunofluorescent images were recovered
using a Nikon Eclipse E800 confocal microscope.

Transferase-mediated dUTP nick-end labeling detection in testes. Testes
were fixed in 4% paraformaldehyde overnight. Tissues were then embedded in
paraffin and 5-pm sections were cut and dried onto slides. Slides were then
deparaffinized in xylazine and rehydrated in a graded series of ethanol. Tissue
sections were then permeabilized in 0.5% TritonX-100 in PBS for 20 min, rinsed
twice in PBS, and incubated in transferase-mediated dUTP nick-end labeling
(TUNEL) reaction mixture for 1 h at room temperature. Next, tissue sections
were rinsed twice in PBS and counterstained with TO-PRO-3 Iodide (1:250)
(Invitrogen). Confocal immunofluorescent microscopy of stained testes sections
was performed with an Olympus laser-scanning microscope.

diabetes.diabetesjournals.org
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FIG. 4. Insulin localizes to the ER of Sertoli cell nuclei. A: Akita homozygous mouse testes were fixed for electron microscopy and immunogold
labeled for insulin (18-ng large gold particle) and the Sertoli cell nuclear marker Sox9 (12-ng small gold particle). Insulin localizes to the ER
surrounding the Sertoli cell nuclei, labeled with Sox9. B: IgG negative control antibody. Bars represent 0.5 pm. um, pm.

Computer-assisted sperm analysis. Caudal epididymal sperm was released
into HTF EmbryoMax media (Irvine Scientific, Santa Ana, CA) equilibrated
overnight in 5% CO, and 37°C. Sperm were allowed to disperse in a 5% CO, and
37°C incubator for 15 min, and then sperm cells were loaded into a sperm
analysis chamber and inserted into a computer-assisted sperm analysis (CASA)
machine (Hamilton-Thorne, Beverly, MA). At least 1,000 cells were counted and
sperm cells were evaluated for total motility.

Insulin treatment and unilateral orchiectomy. Akita homozygous mice
were treated with insulin implants (LinShin Canada). At age 9 weeks, Akita
homozygous mice were anesthetized and one testis was removed for histo-
logical examination and confirmation of spermatogenic arrest. The other testis
was left in the mouse for evaluation after insulin treatment. Then, 13-mg insulin
pellets were inserted subcutaneously under the dorsal skin. Additional pellets
were inserted until blood glucose achieved a level of <200 mg/dL. Mice were
treated with insulin for 8 weeks, after which the remaining testis was removed
and half was fixed in Bouin solution for histology while the other half was
snap frozen in liquid nitrogen for RNA extraction.

Statistical analysis. Statistical analysis and evaluation were performed using
one-way ANOVA with Tukey post tests. Significance was defined as P < 0.05.

RESULTS

AKkita mouse model. A genetic mutation in the ins2 gene
of Akita mice results in a misfolded insulin protein product
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that is retained in the ER, causing ER stress and sub-
sequent destruction in the insulin-producing p-cells of the
pancreas (10). Akita homozygous mice, at age 9 weeks, are
smaller than either wild-type or heterozygous Akita mice
(Fig. 1A) and have significantly reduced testis size (Fig.
1B). Akita homozygotes develop low plasma insulin levels
as well as elevated blood glucose (Fig. 1C and D). Het-
erozygous males are similar in weight to wild-type mice
and develop blood glucose levels >300 mg/dL by age
5 weeks. Akita homozygous males develop blood glucose
levels >300 mg/dL by age 3 weeks and have a life span of
8-12 weeks, unless treated with insulin. Although Akita
homozygous mice display an accumulation of insulin in the
ER within the testes (Supplementary Fig. 1), this tissue
does not display an increase in ER stress. Testes were
examined for the presence of ER stress by assaying for the
presence of spliced XBP-1 as well as an increase in BiP
protein levels. In response to ER stress, cells upregulate
transcription of chaperone proteins such as BiP/GRP78 to
assist in protein folding. XBP-1 mRNA is also spliced in
response to the ER stress to produce a functional protein
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FIG. 5. Insulin is impermeable to the blood-testis barrier. A: FITC-labeled insulin injected into the interstitium of wild-type (WT) mice does not
penetrate the blood-testis barrier (n = 3). B: The blood-testis barrier in Akita homozygotes also restricts passage of insulin across the barrier.
C: PBS-injected control demonstrates no autofluorescence. D: Experimental controls: FITC-insulin is increasingly restricted to the interstitium as
the blood-testis barrier forms in developing mice; interstitial staining is seen at p7 and p9. By p12, the barrier has formed and is intact, thus
preventing passage of interstitially injected FITC-labeled insulin. (A high-quality digital representation of this figure is available in the online issue.)

that acts as a transcription factor for many molecules in-
volved in the unfolded protein response (16,17). Neither
assay indicated that the testes of Akita mice had an in-
creased level of ER stress (data not shown), suggesting
that the testicular phenotype of the Akita homozygous
mouse is caused by diabetes and not by ER stress.

Testicular atrophy of insulin-deficient Akita mice.
Akita male mice are completely infertile. After age 7 weeks,
these mice show a reduction in testis size as well as a re-
duction in seminal vesicle weight (data not shown), sug-
gesting a decrease in testosterone levels. Histological
examination of the testes at age 8-9 weeks shows marked
atrophy of the seminiferous tubules, characterized by a
loss of germ cell populations and an increase in the pres-
ence of large, multinucleated cells and vacuolization (Fig.
1E). This phenotype is 100% penetrant and was observed
in every Akita homozygote examined at approximately age
9 weeks. The Akita homozygous testes start to undergo
atrophy at approximately age 7 weeks (Supplementary Fig. 2).
To address the possibility that the testicular atrophy is
simply a result of systemic illness of the Akita homozy-
gous mice, a full necropsy was performed on wild-type,
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heterozygous, and homozygous Akita mice. An outside re-
searcher examined tissue sections, and no severe defects in
any organs were observed aside from the testes and seminal
vesicles (Supplementary Fig. 3). Pancreatic islets were
slightly reduced in size, and the kidneys appeared distended
in both Akita heterozygotes and homozygotes.

TUNEL analysis reveals that homozygous Akita testes

have an increased amount of DNA damage among the cells
in the seminiferous tubules compared with both wild-type
and heterozygote testes (Fig. 1D). Akita heterozygous mice
also display infertility later in life and cease to sire pups
after age 4-6 months.
Akita mice have impaired sperm motility and mor-
phology. Akita homozygotes have significantly lower motile
sperm as well as lower progressively and rapidly moving
sperm (Fig. 2A). Akita homozygotes display fewer sperm
cells in the epididymis, and sperm cells obtained from the
cauda epididymis undergo degeneration. Electron micro-
graph images of caudal epididymal sperm display sperm
lacking acrosomes, some cells with membrane blebbing,
and numerous detached sperm heads as well as abnormal
mitochondria (Fig. 2B).

diabetes.diabetesjournals.org
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Insulin mRNA increases in Akita testes and sperm.
Nonquantitative RT-PCR from 9-week-old Akita mice
shows that while ins1 and ins2 mRNA are both present in
the pancreas, wild-type testes contain only detectable levels
of ins2 and lack any detectable expression of ins! (Fig. 34).
Insulin expression levels were decreased in Akita pancreata
relative to wild-type pancreata, as detected by qRT-PCR.
In contrast, Akita homozygous testes show increased in-
sulin expression, suggesting either a compensatory mech-
anism or an enrichment of the cell types responsible for
insulin production in the testes (Fig. 3B). In addition, Pdx-1,
a known transcription factor for insulin in the pancreas,
is also expressed in the testes, and mRNA expression is
significantly increased in the Akita homozygous testes
(Fig. 30).

Insulin localizes to the ER of Sertoli cell nuclei.
Electron microscopy images of Sertoli cell nuclei of Akita
homozygous mice were obtained by immunogold labeling
with SOX9, a prominent Sertoli cell nuclear marker (Fig. 4).
Since Akita homozygotes accumulate misfolded ins2 pro-
tein in the ER, immunogold colabeling with insulin was
done in these mice. Insulin particles localize predominantly
to the ER surrounding the Sertoli cell nuclei that are labeled
with SOX9, showing that Sertoli cells are capable of ins2
production in the testes.

Insulin impermeability of the blood-testis barrier.
The blood-testis barrier is a dynamic barrier between the
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interstitium and lumen of the testes that restricts passage of
many substances into the lumen of the seminiferous tubule.
To determine whether plasma insulin is able to cross the
barrier from the bloodstream into the seminiferous tubules,
a biologically active FITC-labeled insulin was injected into
the interstitium of the testes. The labeled insulin is com-
pletely retained in the interstitium of both wild-type and
Akita homozygous testes, suggesting that the insulin pro-
duced by the testes is the only source in the lumen of the
seminiferous tubules (Fig. bA and B). PBS-injected testes
were used as a negative control (Fig. 5C). As a positive
control, neonatal male mice were injected with FITC insulin.
Since the blood-testis barrier in mice forms at postnatal day
(p)12, we injected p7, p9, and pl2 testes with FITC insulin,
and this experiment showed an increasing restriction to the
interstitium as the barrier forms (Fig. 5D). We concluded
that the blood-testis barrier was present even in the Akita
homozygous mice and prevented systemic insulin from en-
tering the seminiferous tubules.

Exogenous insulin treatment rescues testicular
phenotype. To determine whether exogenous insulin treat-
ment could rescue Akita homozygote infertility, a unilateral
orchiectomy was performed prior to insulin treatment. One
testis and one epididymis were removed from an anes-
thetized animal, and the testis was evaluated for histology
and qRT-PCR analysis, while cauda epididymal sperm was
evaluated for motility. An insulin pellet was then implanted
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zygote males. GATA4 staining of Akita homozygous testes reveals a retained population of Sertoli cells (n = 3). B: qRT-PCR analysis of cell types in
control and AKita testes suggests increased Sertoli cell and spermatogonia cell populations in homozygous Akita testes, while both spermatocytes
and spermatids are virtually absent compared with controls and heterozygotes. Insulin treatment reversed this trend and restored all cell pop-
ulations in the testes to normal levels. n = 5 for wild-type (WT), Akita heterozygous (het), and Akita homozygous (hom) mice; n = 2 for Akita
homozygote + insulin (hom + ins). *P < 0.05, **P < 0.01. (A high-quality digital representation of this figure is available in the online issue.)

subcutaneously for 8 weeks, after which the remaining
testis was evaluated for regeneration. Akita homozygous
mice treated with subcutaneous insulin pellets for 8 weeks
displayed a regeneration of the seminiferous tubules of the
testes (Fig. 6A and B). Testis weight as well as whole-animal
weight increase in response to insulin treatment (Fig. 6C;
some data not shown). CASA revealed a restoration of
motility of sperm from insulin-treated Akita homozygous
mice compared with wild-type mice (Fig. 6D). All cell types
of the testes were restored upon insulin treatment, detected
by qPCR analysis (Fig. 7B). In addition, insulin-treated
males were able to successfully sire normal size litters when
mated to wild-type females (data not shown).

Cell types affected by lack of functional insulin. To
evaluate which cell types in the testis are affected in the
Akita mouse, a histological analysis as well as a qPCR ap-
proach was used. Histological analysis using GATA4, a Ser-
toli cell marker, shows that Akita homozygotes still retained
a Sertoli cell population (Fig. 7A). qPCR analysis of whole
testes shows that relative levels of a Sox9, a Sertoli cell
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marker, are increased in the Akita homozygotes compared
with wild-type mice or Akita heterozygotes (Fig. 7B). In
addition, Magea4 (germ cell marker) was increased in Akita
homozygotes compared with controls or heterozygotes.
Akita homozygous testes, however, display significantly
absent populations of both CytC (spermatocyte marker)
and Thpl (spermatid marker), suggesting that these mice
may have either a meiotic block or a targeted apoptosis of
postmeiotic germ cells (Fig. 7B). Upon insulin treatment,
Sertoli cell, spermatogonia, spermatocyte, and spermatid
populations were at least at partially rescued wild-type levels.
Serum testosterone and LH are decreased in Akita
homozygous mice. Serum levels of both testosterone and
LH are severely decreased in Akita homozygous mice
compared with wild-type mice, whereas serum levels of
FSH are not significantly different (Fig. 8A—C). Exogenous
insulin treatment partially rescues both testosterone and
LH levels. Given the resumption of spermatogenesis in
Akita homozygotes treated with exogenous insulin pel-
lets and the impermeability of the blood-testis barrier to
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insulin, we conclude that the insulin-mediated rescue is
due to normalized levels of LH and testosterone. The in-
creased levels of LH in insulin-treated Akita homozygotes
may promote testosterone synthesis in the Leydig cells of
the testes, allowing spermatogenesis to resume.

DISCUSSION

The recent discovery that insulin is produced in murine
testes adds complexity to the relationship between diabetes
and infertility. We sought to elucidate the role of insulin in
spermatogenesis using the Akita mouse because it has a
loss-of-function #ns2 mutation, which leads to a misfolded
insulin protein product ultimately causing pancreatic (3-cell
death and, thus, inhibiting the secretion of insulin from the
pancreas. Considering that the murine testes solely produce
ins2, as opposed to both ins1 and ins2 by the pancreas, the
Akita testis should represent a complete knockout of insulin
in the testis. We saw, however, that the application of ex-
ogenous insulin was able to rescue the fertility of Akita
mice. Given the impermeability of the blood-testis barrier to
insulin, we speculate that the fertility-related defects seen in
these mice are a result of the systemic effects of diabetes
and potentially a less severe and reversible effect of ins2
deficiency within the seminiferous tubules.

Insulin is known to influence the hypothalamic-pituitary
axis (18), which can alter serum hormone levels important
in spermatogenesis. Brain-specific knockout of the insulin
receptor is known to impair spermatogenesis by decreas-
ing circulating amounts of LH (19). LH interacts with the
Leydig cells in the interstitium of the testes to promote
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testosterone production. Indeed, mice lacking the LH re-
ceptor display an arrest in spermatogenesis, which is res-
cued by the administration of exogenous testosterone (20).
Our studies indicate that LH and testosterone are signifi-
cantly decreased in Akita mice. We suspect that the lack of
circulating insulin in the Akita mouse reduces LH secretion
by the pituitary gland, affecting the ability of the Leydig cells
of the testes to produce testosterone and leading to the
observed arrest in spermatogenesis.

It is also known that insulin may be able to interact with
receptors on the Leydig cells directly to mediate the pro-
cess of steroidogenesis; thus, we cannot exclude the pos-
sibility that plasma insulin also directly interacts with
Leydig cells in addition to the indirect signaling through
the pituitary. Leydig cells contain insulin receptors (21),
and the administration of insulin to Leydig primary cul-
tures causes an increase in testosterone formation (22).
This suggests that low plasma insulin levels can signifi-
cantly decrease testosterone formation, which is known
to limit the process of spermatogenesis (23). It is there-
fore not surprising that administering insulin via the
bloodstream should rescue the spermatogenesis process
in the Akita mouse model because Leydig cells reside
outside the blood-testis barrier and, thus, have access to
plasma proteins.

Our data demonstrate that a lack of systemic insulin causes
infertility linked to defects in the hypothalamic-pituitary-
gonadal axis, though the role of the insulin produced by the
testes is still unclear. To determine the function of insulin
produced by the Sertoli cells, future studies should be
conducted using a complete knockout of insl and ins2
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specifically in the testes. Given that the Sertoli cells also
produce other hormones important in the regulation of
spermatogenesis (24), it is reasonable to speculate that
these cells might also produce insulin to maintain the pro-
cess of spermatogenesis. Insulin may be important both as a
growth factor/survival signal and as a mechanism for glu-
cose homeostasis in the testes, but further study of Sertoli
cell insulin function is necessary.

Since the Sertoli cells span the blood-testis barrier, it is
conceivable that the insulin produced by these cells may
be used by the developing spermatocytes and spermatids
that lie beyond the barrier. In addition to indirectly af-
fecting spermatogenesis through interactions with the hy-
pothalamic-pituitary axis, the low levels of plasma insulin
in the Akita may also affect the testes directly by inter-
acting with insulin receptors on the Sertoli cell (25). The
presence of insulin receptors on Sertoli cells suggests that
these cells may be able to directly respond to circulating
levels of insulin, considering that the basal compartment
of the seminiferous tubule is in contact with the blood and
Iymph. There is evidence to suggest that insulin has a stim-
ulatory effect on spermatogenesis. Treatment of seminiferous
tubule segments in culture with insulin stimulates sper-
matogonial DNA synthesis in rats (26), and insulin treatment
also promotes spermatogonial differentiation of primary
spermatocytes in the newt (27). These experiments indi-
cate that in addition to insulin’s effect on the hypothalamic-
pituitary axis, insulin may have a direct role in the process
of spermatogenesis.

The Akita mouse provides a new model for studying
the effects of type 1 diabetes on fertility. The mainte-
nance of proper sperm formation depends on a functional
hypothalamic-pituitary-gonadal axis and, thus, depends
on proper insulin regulation.
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