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Abstract
We analyzed the effects of castration on epididymal white adipose tissue (WAT) in C57BL/6J
mice which were fed a regular or high-fat diet. Fourteen days following surgical castration
profound effects on WAT tissue such as reductions in WAT wet weight and WAT/body weight
ratio, induction of lipolysis and morphologic changes characterized by smaller adipocytes, and
increased stromal cell compartment were documented in both dietary groups. Castrated animals
had decreased serum leptin levels independent of diet but diet-dependent decreases in serum
adiponectin and resistin. The castrated high-fat group had dramatically lower serum triglyceride
levels. Immunohistochemical analysis revealed higher staining for smooth muscle actin,
macrophage marker Mac-3, and Cxcl5 in the castrated than in the control mice in both dietary
groups. We also detected increased fatty-acid synthase expression in the stromal compartment of
WAT in the regular-diet group. Castration also reduces the expression of androgen receptor in
WAT in the regular-diet group. We conclude that that castration reduces tissue mass and affects
biologic function of WAT in mice.

1. Introduction
White adipose tissue (WAT) is a loose connective tissue that is crucial in the regulation of
whole-body fatty-acid homeostasis. WAT is composed of adipocytes and other cells found
in the stromal-vascular fraction, including macrophages, fibroblasts, pericytes, blood cells,
endothelial cells, poorly differentiated mesenchymal cells, and preadipocytes (Fruhbeck,
2008). This dynamic, multifunctional endocrine tissue can secrete a large number of
biologically active molecules, collectively called adipokines, which include hormones,
growth factors, enzymes, cytokines, complement factors, and matrix proteins. For most of
these molecules, WAT also expresses receptors that mediate extensive cross-talk both
locally and systemically in response to specific external stimuli or metabolic changes
(Fruhbeck, 2008, Galic et al., 2010). There is also an increasing body of evidence that a
specific fat depot, the epididymal fat pad, produces a locally acting factor responsible for
maintaining spermatogenesis in rodents (Chu et al., 2010, Hansel, 2010).
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Storage of excessive fatty acids in an expanded adipose tissue mass characterizes obesity,
which has reached epidemic proportions in the United States, where 35.1% of adults are
now classified as obese (Catenacci et al., 2009). This epidemic is especially problematic
because obesity is closely associated with the development of insulin resistance in peripheral
tissues, such as skeletal muscle, and in the liver; moreover, it is an independent risk factor
for the development of type 2 diabetes mellitus as well as myocardial infarction, stroke, and
certain cancers (Galic, Oakhill, 2010). In fact, a high body mass index (BMI) is associated
with increased risk of several common and less-common malignances in a sex- and site-
specific manner. An association has also been reported between obesity and metabolic
syndrome and not only with increased risk for the development of cancer but also for the
progression of certain types of cancer (Fair and Montgomery, 2009, Roberts et al., 2010).

Additionally, adipose tissue is a major site for inflammation because the visceral adipose
tissue depot contains more macrophages and releases more inflammatory cytokines, such as
monocyte chemotactin protein 1 (MCP1)/CCL2, plasminogen activator inhibitor 1, and
interleukin (IL) 6, IL-8, and IL-10, than subcutaneous adipose tissue does. In turn,
inflammation in adipose tissue further increases the risk of obesity-related diseases and may
be associated with the progression of cancer and its consequent mortality (Tran and Kahn,
2010).

The metabolism of adipose tissue is known to be affected by gonadal steroids such as
testosterone. For example, testosterone deficiency, which can be caused by hypogonadism,
aging, central obesity, or androgen-deprivation therapy in patients with prostate cancer, is
associated with insulin resistance, type-2 diabetes, the metabolic syndrome, and
cardiovascular disease in general (Bain, 2010).

In mouse models, it has been demonstrated that cells from WAT are recruited by
experimentally induced tumors and promote cancer progression (Zhang et al., 2009). Also,
although surgical castration of mice results in increased glucose uptake into adipose tissue
(Tran and Kahn, 2010), the effect of testosterone deficiency on adipose tissue has not been
studied extensively.

Therefore, we undertook this study to identify the sustained effects of castration on WAT in
adult male mice. We used C57BL/6J mice, which are commonly used for studies involving a
high-fat diet (HFD) (Collins et al., 2004). We used a regular-diet and HFD approaches to
assess differences in the responses to castration as the result of WAT deposition adjacent to
the epididymis.

Our study results describe the changes in tissue mass, morphologic characteristics, induction
of lipolysis, expression of genes coding for cytokines, and serum concentrations of
adipokines that occurred in the epididymal WAT of adult mice fed a regular diet or a HFD
after surgical castration.

2. Materials and methods
2.1. Animals and treatments

C57BL/6J mice, 5 and 10 weeks old, were purchased from MD Anderson Cancer Center’s
Department of Experimental Radiation Oncology. Mice were housed under specific
pathogen–free conditions in facilities accredited by the American Association for
Accreditation of Laboratory Animal Care, and all experiments were conducted in
accordance with the principles and procedures outlined in the NIH’s Guide for the Care and
Use of Laboratory Animals. For 7 weeks before and during the 2-week course of the
experiments, the 5-week-old mice (n = 45) were fed a HFD (D12492; Research Diets, Inc.,
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New Brunswick, NJ) containing 60 kcal% fat, 20 kcal% carbohydrate, and 20 kcal% protein,
whereas the 10-week-old mice (n = 30) were fed a regular diet (Purina Conventional Rodent
Chow 5001, St. Louis, MO) for 2 weeks. When all the mice were 12 weeks old, those in
each dietary group were randomly allocated to three subgroups (n = 10-15 mice each), one
of which underwent sham surgery, and the other two, surgical castration. We analyzed two
independent groups (n = 30 per group) of mice fed with a regular diet and combined data for
further analysis.

For the surgeries, mice were anesthetized with 2–4% isoflurane. After the surgical site was
shaved, an incision was made in the scrotum. In the sham-surgery group, the incision was
then simply closed with sutures. For castration of the other two groups, the incision was
made in the tunica of the first testicle, and the testis was pulled out and removed. The
procedure was repeated on the contralateral side. The scrotal incisions were then closed with
sutures. The sham-operated animals and half of the castrated ones then received a
subcutaneously implanted empty pellet on their back, creating control and castrated + empty
pellet (EP) groups, respectively. The second half of the castrated animals received implanted
testosterone pellets, creating a castrated + testosterone pellet (TP) group. Both testosterone
(25 mg testosterone, 21-days release time) and placebo pellets were purchased from
Innovative Research of America (Sarasota, FL).

2.2. Blood and tissue sampling and processing
All mice from both dietary groups were euthanized by using the CO2 inhalation method 2
weeks after having undergone the surgical and pellet-implantation procedures. Their body
weight and length were recorded. Blood samples were collected from the posterior vena
cava, allowed to clot overnight at 4°C, and then centrifuged for 20 minutes at 2,000 g. The
resulting serum was stored frozen at −80°C.

Further, the epididymal WAT pads were collected from each mouse, as were the anterior,
ventral, and dorsolateral lobes of the prostate, an androgen-dependent organ used as a
control, and the wet weights of all those tissues were measured. WAT tissue was processed
as follows: one half of WAT was snap-frozen in liquid nitrogen and stored at −80°C for
further analysis of protein expression and RNA extraction. The second half of WAT was
fixed in paraformaldehyde, embedded in paraffin, and cut into 5-μm sections for subsequent
histologic and immunohistochemical (IHC) analyses.

2.3. Histological analysis of WAT
The effects of castration on the size of adipocytes were quantitatively evaluated using
images, acquired at 20× magnification, of hemotoxylin and eosin (H&E)–stained WAT
sections. The analysis was performed with a Nikon Eclipse 90i image analysis system and
the NIS-Elements AR software 3.0 (both from Nikon Instruments, Inc., Melville, NY). One
hundred randomly selected adipocytes from each section were outlined using the manual
function of the system, and the areas of individual adipocyte profiles were recorded. To
analyze the size distribution of adipocytes, the histogram function in Excel (Microsoft
Corporation, Redmont, WA) was used and graphs were created.

2.4. Western blotting
A portion of each WAT specimen was homogenized in ice-cold radioimmunoprecipitation
assay buffer by using a battery-powered handheld homogenizer (Sigma- Aldrich, St. Louis,
MO). The resulting suspension was then spun in a bench centrifuge at 16,000 g for 10
minutes. The supernatant was collected and cleared by passage through a Vivaclear Mini
clarifying filter (Sartorius Stedim Biotech, Aubagne, France). Protein concentration was
measured by using a protein assay kit from Bio-Rad Laboratories (Hercules, CA).

Floryk et al. Page 3

Mol Cell Endocrinol. Author manuscript; available in PMC 2013 December 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conventional Western blotting was performed using the following primary antibodies to
visualize proteins: hormone-sensitive lipase (Hsl), phospho–hormone-sensitive lipase
(pHslSer660), adipose triglyceride lipase (Atgl), and fatty acid synthase (Fasn) all from Cell
Signaling Technology, Beverly, MA). Gapdh (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) was used as a loading control. Images were quantified with UN-SCAN-IT gel software
Version 6.1 (Silk Scientific, Inc., Orem, UT).

2.5. Enzyme-linked immunosorbent assay (ELISA)
Serum testosterone concentrations were measured by using an ELISA kit (Calbiotech,
Spring Valley, CA) according to the manufacturer’s instructions. Serum leptin, adiponectin,
and resistin concentrations were measured by using an ELISA kit for a respective cytokine
(R&D Systems, Inc., Minneapolis, MN) according to the manufacturer’s instructions.

2.6. Measurement of serum glucose and triglyceride (TG) levels
Serum glucose levels were measured using a glucose (GO) assay kit (Sigma-Aldrich). The
manufacturer’s procedure was modified to minimize the use of serum: 1 μl of serum was
mixed with 99 μl of distilled water, and 200 μl of assay reagent was added. The reaction mix
in a 1.7-ml test tube was incubated for 30 minutes at 37°C. The reaction was stopped with
200 μl of 6 M sulfuric acid, and then 100 μl of the reaction mix was transferred to a 96-well
plate. Absorbance at 540 nm was read by using a conventional plate reader.

Serum TG levels were measured by using a triglyceride assay kit (Cayman Chemical
Company, Ann Arbor, MI) according to the manufacturer’s protocol.

2.7. Gene-expression analysis
Total RNA was isolated from frozen WAT specimens by using a standard extraction
protocol with Trizol reagent (Invitrogen Corporation, Carlsbad, CA). An iScript™ cDNA
Synthesis Kit from Bio-Rad was used to generate cDNA for further analysis by quantitative
real-time polymerase chain reaction (qRT-PCR) testing with SYBR Green stain. We initially
used a Mouse Chemokines & Receptors RT2 Profiler PCR Array (SA Biosciences,
Frederick, MD) to detect genes that were affected by castration in epididymal WAT. Genes
that were up-regulated after castration were further analyzed by using primers from
PrimerBank (Spandidos et al., 2010).

2.8. IHC analysis
IHC with primary antibodies to the stromal marker smooth muscle α-actin (Acta2; 1:1,000
dilution, Sigma, cat# A5228), Cxcl5 (1:50, R&D Systems, cat# MAB433), the macrophage
marker Mac-3 (1:50, BD Biosciences, Pharmingen, San Diego, CA, cat# 550292), Fasn
(1:50; Cell Signaling Technology, cat# 3180), and androgen receptor Ar (1:50, Santa Cruz
Biotechnology, cat#sc-816) was performed on paraffin-embedded sections of WAT pads
using the Vectastain® ABC kit or ImmPRESS™ reagents (Vector Laboratories, Inc.,
Burlingame, CA) according to the manufacturer’s instructions. Specificity of the IHC
staining was verified by incubating WAT sections with nonspecific rabbit or mouse
immunoglobulin G in place of the primary antibody.

Acta2 and Fasn immunostaining was evaluated quantitatively using the Nikon Eclipse 90i
with the NIS-Elements AR software. Fifteen to 20 images from each immunostained section
of the WAT pad were randomly acquired at 10× magnification. The area of stroma that
stained positively for Acta2 was detected by using a pixel classifier that recognizes brown
DAB staining; the results were recorded as the percentage of the Acta2-positive stroma
among a total tissue area.
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To quantify the Cxcl5 and Mac-3 IHC staining results, we used the manual function to count
the stromal cells that stained positively on 20 images acquired randomly at 20×
magnification and recorded the total number of positively labeled cells for each antibody.

2.9. Statistical analysis
Statistical analysis was performed in Microsoft Office Excel using two-tailed Student’s t
testing. The level of significance was set at p <0.05. Values are expressed as mean ± SE.

3. Results
3.1. Castration induces changes in epididymal WAT

3.1.1. Regular-diet group—Analysis of epididymal WAT (20 mice in each group) wet
weights revealed that in the castration + EP (castration) group of mice, the weight was lower
than that in the sham-surgery control group (control) by 43% (p < 0.001), and in the
castration + TP group, lower by 16% (p = 0.01) (Fig. 1A). The WAT wet weight/body
weight ratios (Fig. 1B) were also lower, by 40% in the castration group and 22% in the
castration + TP group, than in the control group (p < 0.001 for both comparisons). Together,
these results indicate that testosterone supplementation after surgical castration partially
offsets the effect of castration.

As expected, castration resulted in significantly reduced wet weights of all prostatic lobes
(Fig. 1S, Supplementary data). To detect changes in the size of adipocytes, we evaluated the
H&E-stained WAT sections from 5 mice in each group. The adipocytes in the castration
group appeared smaller than those in the control and castration + TP groups did (Fig. 1C).
Indeed, quantitative image analysis (Fig. 1D) revealed that the average area of the
adipocytes was less in the castration group (1020 ± 116 μm2; p = 0.027) than it was in the
control (1522 ± 145 μm2) and the castration + TP (1262 ± 67 μm2) groups.

We also detected a change in the stroma that was characterized by more fibroblast-like
stromal cells and macrophages in the WAT from the castrated group than there were in that
from the control and castration + TP groups. Some small adipocytes were surrounded by
stromal cells.

3.1.2. High-fat diet group—The HFD group had higher body weights, epididymal WAT
wet weight/body weight ratios, and BMIs than the regular-diet group had (Fig. 2S,
Supplementary data). The wet weights of the anterior, ventral, and dorsolateral prostate
lobes, used as controls, are shown in Fig. 1S, Supplementary data.

Analysis of epididymal WAT (15 animals in each group) wet weight revealed that the
castration group had reduced WAT wet weight by 53% (p < 0.001), and castration + TP
group by 18% (p = 0.3) compared to the control group (Fig. 2A). The castration group had
reduced WAT wet weight/body weight ratio by 47% (p < 0.001), and the castration + TP
group by 16% (p = 0.28) compared to the control group (Fig. 2B).

The analysis of H&E-stained WAT sections revealed that the size of adipocytes was reduced
in the castration group compared to the control group (Fig. 2C). Reduced size of adipocytes
in the castrated group was confirmed by the quantitative image analysis (Fig. 2D). The
average area of the adipocytes was 2555 ± 257 μm2 (p = 0.003) after castration compared to
4166 ± 228 μm2 in the control group. The presence of testosterone (i.e., castration + TP
group) prevented the reduction of the size of adipocytes only partially as the adipocyte
average area was 3388 ± 268 μm2.
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Thus, castration induces statistically significant WAT weight and the WAT wet weight/body
weight ratio reduction independently of diet, but testosterone treatment partially offsets the
effect of castration on WAT wet weight. Castration also induces morphologic changes in
adipocytes: cells become smaller and have a larger stromal compartment. In general,
castration led to reduced adipocyte size, and this effect was reversed in part by testosterone
in the regular-fat diet group but not in the HFD group.

3.2. Castration-induced lipolysis
We hypothesized that castration induces lipolysis in WAT on the basis of our observations
of reduced WAT wet weight and reduced size of adipocytes. To validate this hypothesis, we
performed Western blotting to analyze protein levels of Hsl, pHslSer660, and Atgl in WAT
from both dietary groups after experimental treatments. Western blotting (Fig. 3) revealed
reduced pHslSer660 levels by 46% (n = 10, p = 0.004) in WAT from the regular-diet group
after castration. Atgl protein levels were reduced as well, but the reduction was not
statistically significant. The protein level of Hsl was increased by 22% in the presence of
testosterone; the pHslSer660 levels and Atgl levels were similar to those detected in the
castration group but without statistical significance.

In contrast, we detected an increase of almost 2.5 times the pHslSer660 levels (n = 5, p =
0.003) and 40% increased Atgl protein levels (n = 5, p = 0.006) in WAT from the HFD
group after castration, suggesting that lipolysis is ongoing 14 days after castration.
Differences detected in pHslSer660 and Atgl levels were offset by the presence of
testosterone (Fig. 3).

Thus, it appears that castration-induced lipolysis in WAT of HFD-fed animals is more
robust and/or sustained 14 days after castration than in animals fed a regular diet.

3.3. Serum adipokine levels
We further analyzed serum leptin, adiponectin, and resistin levels from mice from both
dietary groups using commercial ELISA kits (Table 1). We detected reduced leptin levels in
serum from the regular-diet group after castration by 72% (n = 8, p < 0.001) compared to the
control group (n = 8). Castrated animals treated with TP also had reduced serum leptin
levels by 46% (n = 8, p = 0.007) compared to the control group.

We detected increased adiponectin levels in serum from castrated mice by 13% (n = 8, p =
0.0039) compared to the control group. Castrated mice with TP had reduced serum
adiponectin levels by 25% (n = 8, p = 0.0004) compared to the control group. Similarly,
castration resulted in increased serum resistin levels by about 28% (n = 8, p < 0.0001)
compared to the control group. Castrated mice with TP had serum resistin levels comparable
with the control group.

The HFD group had reduced serum leptin levels after castration by 61% (n = 8, p < 0.001)
compared to the control group (n = 8). Castrated animals treated with TP (n = 8) had serum
leptin levels similar to the control group.

We did not detect castration-induced changes in serum adiponectin and resistin levels in
castrated male mice compared to the controls.

Thus, mice fed a regular diet had reduced serum leptin and increased serum adiponectin and
resistin levels after castration. The effect of testosterone was only partial as the serum leptin
and adiponectin levels were lower compared to the control group. Castration had no effect
on serum adiponectin and resistin levels in the HFD group.
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3.4. Serum TG and glucose levels
We measured TG levels in serum collected from the control, castrated, and castrated + TP
mice fed with a regular diet and HFD (Table 1). As expected, controls in the HFD group had
higher serum TG levels than the controls in the regular-diet group had (p = 0.03). Castration
of the regular-diet group resulted in a small but significant reduction in serum TG levels (p =
0.018) that was marginally offset by testosterone. However, castrated animals in the HFD
group had three times lower serum TG levels than the control group had (p = 0.002).
Castrated animals treated with testosterone had about two times lower serum TG levels than
the control group had (p = 0.013), suggesting that testosterone did not offset the effect of
castration.

We also measured serum glucose levels (Table 1). There were no differences in serum
glucose levels in the regular-diet group. Control mice in the HFD group had significantly
higher serum glucose levels than the control mice from the regular-diet group had (p =
0.004). Castrated mice in the HFD group had increased serum glucose levels by 22%
compared to the controls (p = 0.027). Increased serum glucose levels by about 14% were
also detected in the castration + TP group compared to the controls (p = 0.017).

Thus, our data demonstrate that castration has a small but significant reduction of serum TG
levels in the regular diet group and a dramatic reduction of serum TG in the HFD group.
This effect was not offset by testosterone replacement in the HFD group. Serum glucose
levels were affected only in the HFD group. Testosterone did not offset the castration effect.

3.5. Castration induces cytokines in epididymal WAT
It has been reported that in humans, visceral WAT generates and releases inflammatory
cytokines, including CCL2, PAI-1, IL-6, IL-8, and IL-10, under specific conditions
(Sengenes et al., 2007). We asked whether castration induces changes in the expression of
genes coding for cytokines in epididymal WAT. qRT-PCR revealed that numerous cytokine
genes are induced in WAT after castration. The most up-regulated genes were Cxcl5, Cxcl2,
and Il4 in WAT from the regular-diet group after castration (Table 2). Genes coding for
Cxcl5, Il1α, and Mmp2 were the most up-regulated in WAT from the HFD group after
castration (Table 3). We also detected reduced leptin mRNA after castration (Tables 2 and
3). In both dietary groups, mRNA levels of genes coding for cytokines were lower compared
to controls after testosterone treatment (Tables 2 and 3). We also compared mRNA levels of
cytokines in control mice from the regular-diet and HFD groups. We detected increased
expression of genes coding for Cxcl1 (59.3 ± 31.7), Ccl7 (22.5 ± 4.3), Ccl2 (15.5 ± 5.3),
Cxcl2 (12.3 ± 3.1), Tnf (11.8 ± 2.6), and Ccl3 (10.0 ± 0.7) genes; numbers in brackets are
fold ± SE.

Therefore, these experiments revealed that castration leads to changes in the expression of
specific cytokine genes in epididymal WAT. Cxcl5 was the most-induced cytokine in both
dietary groups. Further, there is a set of cytokines which are produced by WAT in the
control HFD group compared to the control regular-diet group.

3.6. IHC staining of WAT
The H&E results suggested that castration induced morphologic changes in WAT associated
with increased stromal compartment and macrophage infiltration (Fig. 1C, 2C). We
performed IHC of paraffin-embedded WAT sections from the regular-diet (Fig. 4A) and
HFD (Fig. 4B) groups. We used Acta2 as a stromal marker and Mac-3 as a macrophage
marker. We also labeled sections with Cxcl5 and Fasn antibodies.
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Fig. 4A shows stained sections and results of the quantitative analysis of WAT from mice on
regular diet. Castration resulted in a significant increase of Acta2, Mac-3, and Cxcl5 protein
expression. Testosterone offset castration-induced increase of Mac-3 and Cxcl5 proteins.
Cxcl5 staining pattern suggests that Cxcl5 is most likely expressed by WAT macrophages.

We further hypothesized that increased presence of stromal cells in WAT is a result of the
tissue regenerative process characterized by the presence of differentiating pre-adipocytes
with the increased Fasn expression. IHC for Fasn confirmed that there is a subset of cells in
WAT with increased Fasn staining. Increased Fasn staining was mostly localized to the
stromal compartment of WAT after castration (Fig. 4A).

Fig. 4B shows stained sections and results of the quantitative analysis of WAT from the
HFD group. Increased Acta2, Mac-3, and Cxcl5 proteins were detected, although the
increases did not reach the level of statistical significance. Testosterone offset the castration-
induced increase of Mac-3 and Cxcl5 proteins. We did not detect subset of WAT with
increased Fasn staining in the HFD group (data not shown).

IHC staining for Fasn was confirmed by Western blotting (Fig. 3S, Supplementary data).
We detected increased Fasn protein levels in WAT after castration in the regular-diet group
compared to the control group (Fasn/Gapdh ratio was 1.15 vs 0.98, n = 4, p = 0.008). A
slight increase of Fasn protein levels (Fasn/Gapdh ratio was 1.05 vs 0.98, n = 4) was not
statistically significant in the castration + TP regular-diet group. We did not detect changes
in Fasn protein levels in the HFD group.

Thus, IHC staining confirmed that castration-induced WAT morphologic changes are
accompanied by changes in protein expression. We detected increased expression of Acta2,
Mac-3, Cxcl5, and Fasn.

3.7. Effect of castration on the expression of androgen receptor Ar in WAT
Initially, we used ELISA to measure serum testosterone levels in samples (n = 8 per
treatment group) from both diet groups. The analysis confirmed that castrated animals in
both diet groups had background levels of serum testosterone; 0.04 ± 0.02 ng/ml or 0.05 ±
0.03 ng/ml in the regular-diet and the HFD group, respectively. We detected lower levels of
serum testosterone in the control HFD group (0.26 ± 0.13 ng/ml; p = 0.16) than in the
regular-diet group (1.65 ± 0.57 ng/ml). Implantation of testosterone pellets resulted in serum
testosterone levels of 23.63 ± 0.81 ng/ml or 17.59 ± 0.70 ng/ml in the regular-diet and the
HFD castration +TP group, respectively.

To assess the effect of castration on the expression of Ar, we performed qRT-PCR and IHC
staining of WAT sections from both diet groups. In the regular-diet group, castration
resulted in reduced Ar mRNA by 4.1 ± 0.9 fold. A similar decrease was detected in the
castration +TP group (4.7 ± 1.4 fold). IHC staining (Fig. 5) revealed that nuclear Ar was
undetectable in WAT from the castrated regular-diet group. Fewer cells stained for nuclear
Ar in WAT from the castration + TP group compared to the control group.

In WAT from the HFD group, the Ar mRNA and protein levels are very low to undetectable
(data now shown).

Thus, castration results in the reduced expression of Ar in WAT on both mRNA and protein
levels. Ar mRNA and protein is not detectable in WAT from animals fed HFD.
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4. Discussion
Our data demonstrate that surgical castration has profound effects on WAT. The WAT wet
weight and the WAT wet weight/body weight ratio were lower in the castration + TP group
and reached statistical significance in the regular-diet group. These results suggest that
testosterone does not fully abrogate effects of castration in the regular-diet group.
Morphologic changes after castration were associated with adipocyte size reduction, an
increase in a stromal compartment, and macrophage infiltration.

Our data further indicate that lipolytic enzymes can be activated in a sustained fashion in
response to castration, as observed in the HFD group. We also detected increased Atgl
protein levels in the HFD group after castration. Our data further indicate that animals in the
HFD group respond differently to the castration stimulus than animals in the regular-diet
group, potentially as a consequence of a more robust and/or sustained lipolytic program. In
our view, these data further suggest that the lipolytic process does not continue indefinitely
and may subside at a certain set-point. It may take longer for the HFD group to reach such
set-point as lipolysis is still ongoing 14 days after castration. Future studies that analyze
pHslSer660 and Atgl protein levels at different time points after castration under various
conditions may clarify this hypothesis.

Serum leptin levels were reduced in both dietary groups after castration, whereas serum
resistin and adiponectin levels were increased in the regular-diet group after castration.
Serum resistin and adiponectin levels were not affected by castration in the HFD group.
Inoue at al. (Inoue et al., 2010) reported increased plasma adiponectin levels in castrated
C57BL/6 mice independent of diet, and decreased plasma leptin levels in castrated mice on
high carbohydrate diet. Xu at al. (Xu et al., 2005) measured increased serum adiponectin
levels in castrated C57BL/6 mice.

Controls in the HFD group had higher body weight, the WAT wet weight/body weight ratio
and BMI than the controls in regular-diet group at the time of sacrifice (Fig. 1S,
Supplementary data). We also measured serum glucose and triglyceride (TG) levels. Our
data demonstrate that castration has a small but significant effect in the regular diet group
and a profound effect on serum TG levels in the HFD group. This effect was modified but
not offset by testosterone replacement. Serum glucose levels were also affected only in the
HFD group by castration and testosterone did not offset the castration effect. Our results
suggest that castration alters the mechanism(s) regulating serum TG and glucose levels,
selectively in the HFD group. The physiological mechanisms responsible for these
metabolic changes need further investigation.

In addition to leptin, adiponectin, and resistin, adipose tissue expresses a wide range of
factors, including pro-inflammatory cytokines and chemokines. The expression of IL-8,
MCP-1/CCL2, and macrophage inflammatory protein is increased with adipocity in animals
and humans (Sengenes, Miranville, 2007). We detected Cxcl5, Cxcl2, and Il4 in the regular-
diet group and Cxcl5, Il1a, and Mmp2 in the high-fat–diet group among the most induced
cytokines after castration. The mRNA levels of Cxcl1, Ccl7, Ccl2, Cxcl2, Tnf, and Ccl3
were higher in the control WAT from the HFD group than they were in the control regular-
diet group. Chemokines and their corresponding receptors, including CCL2, CCL5, CXCL5,
CXCL13, CXCL16, and CXCR5, have been shown to be involved in prostate cancer
progression and organ-specific metastasis (Loberg et al., 2006, Sung et al., 2008, Singh et
al., 2009). Further studies are needed to characterize cytokine-producing cells types in
WAT.
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We hypothesized that increased presence of stromal cells may be a result of the tissue
regeneration process induced in WAT by castration. We detected increased Fasn staining in
the stromal compartment of WAT from castrated mice, suggesting that the stromal
compartment is involved in WAT remodeling after castration. Fasn is highly expressed in
differentiating mouse 3T3-L1 pre-adipocytes (Paulauskis and Sul, 1988).

Interestingly, the stromal cells in WAT from the castration + TP regular-diet group did not
stain for Fasn. This may suggest that castration induces the growth of stromal cells before
testosterone released from the pellet reaches steady-state levels. Testosterone may then
inhibit differentiation of stromal pre-adipocytes. It was reported that testosterone inhibits
adipogenic differentiation of mouse 3T3-L1 pre-adipocytes (Singh et al., 2006).

It has been suggested that macrophages present in noninflamed tissue (i.e., resident
macrophages) help maintain homeostasis and participate in tissue remodeling. In mice, these
cells originate from circulating CCR2−CX3CR1hi monocytes. In contrast,
CCR2+CX3CR1low monocytes migrate into inflamed tissue and differentiate into
macrophages, which coordinate inflammatory responses by producing chemokines and
clearing debris by phagocytosis (Lumeng et al., 2007). Future studies may explain the origin
and provide an expression profile of macrophages that are found in WAT after castration.

Dieudonne at al. (Dieudonne et al., 1998) documented that human and rat preadipocytes and
adipocytes express androgen receptor and suggested that androgens may contribute, through
regulation of their own receptors, to the control of adipose tissue development. Yu et al. (Yu
et al., 2008) generated adipose-specific Ar knockout mice by a conditional genetic knockout
approach. Dhindsa at al. (Dhindsa et al., 2010) reported that obesity is probably the
condition most frequently associated with subnormal free testosterone concentrations in
males. Our analysis confirmed the expression of Ar in epididymal WAT from mice fed
regular diet and that the consumption of high-fat diet may result in the reduction of the Ar
expression and reduced serum testosterone levels. Kyprianou and Isaacs (Kyprianou and
Isaacs, 1988) demonstrated that castration induced a series of temporally discrete
biochemical events, including rapid loss of nuclear Ar receptor and programmed cell death,
within the rat ventral prostate. We detected the loss of nuclear Ar receptor in WAT after
castration but no apparent apoptosis (data not shown). Thus, mechanisms leading to reduced
Ar levels in WAT after castration ought to be further studied.

Complex short-term effects of castration in rodents have not been studied in great detail.
Published studies focus on long-term effects of castration (Koncarevic et al., 2010, Axell et
al., 2006, Hastings and Hill, 1997, Vanderschueren et al., 2004) which are relevant to men
undergoing androgen deprivation therapy. We hypothesize that we fortuitously selected a
time point at which biochemical events which contribute to the effects of long-term
androgen deprivation therapy in WAT are initiated.

In conclusion, our study demonstrated that castration has profound effects on mouse
epididymal WAT. Future studies involving human WAT are needed to understand
underlying biologic mechanisms during castration and to test the clinical relevance of these
findings to the management of obesity, metabolic syndrome, and prostate cancer in humans.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We analyze the effects of sustained castration on epididymal white adipose
tissue (WAT) in C57BL/6J mice which were fed a regular or high-fat diet.

• Castration has profound effects on WAT morphology (smaller adipocytes and
increased stromal cell compartment) and function.

• Castration reduces WAT wet weight and WAT wet weight/body weight ratio.

• Castration induces lipolysis with different kinetics between diet groups.

• Serum leptin levels are reduced after castration independent of diet; changes in
adiponectin and resistin were diet-dependent.

• Castration induces cytokines in WAT.
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Fig. 1.
The regular-diet group: (A) WAT wet weight, (B) WAT wet weight/body weight ratio, (C)
hematoxylin and eosin staining of WAT, and (D) the adipocyte size distribution. (A)
C57BL/6J mice fed regular diet were sham-operated, castrated, and castrated and treated
with testosterone pellets as described in Materials and Methods. At the end of the
experiment, mice were euthanized and their WAT wet weights and body weights were
recorded. Columns, WAT wet weight; bars, SE; **p < 0.01; ***p < 0.001. (B) The WAT
wet weight/body weight ratio was calculated. Columns, WAT wet weight/body weight ratio;
bars, SE; ***p < 0.001. (C) Hematoxylin and eosin staining of WAT from sham-operated,
castrated, and castrated + TP mice was performed as described in Materials and Methods.
Original magnification, 20×. (D) Line-graphs represent the adipocyte size distribution which
was acquired by the image analyses. For each experimental group, 500 adipocytes were
randomly selected from 5 specimens, and the areas of individual adipocytes were measured.
Histogram function was used; bins were selected as 400 μm2 increments.
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Fig. 2.
The high-fat diet group: (A) WAT wet weight, (B) WAT wet weight/body weight ratio, (C)
hematoxylin and eosin staining of WAT, and (D) the adipocyte size distribution. (A)
C57BL/6J mice fed with high-fat diet were sham-operated, castrated, and castrated and
treated with testosterone pellets as described in Materials and Methods. At the end of the
experiment, mice were euthanized and their WAT wet weights and body weights were
recorded. Columns, WAT wet weight; bars, SE; **p < 0.01; ***p < 0.001. (B) The WAT
wet weight/body weight ratio was calculated. Columns, WAT wet weight/body weight ratio;
bars, SE; ***p < 0.001. (C) Hematoxylin and eosin staining of WAT from sham-operated,
castrated, and castrated + TP mice was performed as described in Materials and Methods.
Original magnification, 10×. (D) Line-graphs represent the adipocyte size distribution which
was acquired by the image analyses. For each experimental group 500 adipocytes were
randomly selected from 5 specimens and the areas of individual adipocytes were measured.
Histogram function was used; bins were selected as 1,000 μm2 increments).
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Fig. 3.
Western blot analysis of hormone-sensitive lipase (Hsl), phosphorylated hormone sensitive
lipase on serine 660 (pHslSer660), adipose tissue triglyceride lipase (Atgl) protein levels in
WAT from mice fed with regular diet and high-fat diet. Western blotting was performed as
described in Materials and Methods. Gapdh was used as a loading control. Images were
quantified using UN-SCAN-IT gel 6.1 software to calculate protein/Gapdh ratio. Columns,
protein/Gaphd ratio; bars, SE; *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 4.
Immunohistochemical (IHC) staining of paraffin-embedded WAT from mice fed a regular
diet (A) or a high-fat diet (B). (A, B) Antibodies against smooth muscle actin (Acta2),
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Mac-3, Cxcl5, and Fas were used as described in Materials and Methods. Images were
depicted at 20× magnification. Column graphs represent results from the semiquantitative
analysis of the IHC images. Sh, sham-operated; Cx, castration; Cx + TP, castration +
testosterone pellet. Bars, SE; *p < 0.05; **p < 0.01.
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Fig. 5.
Immunohistochemical staining for androgen receptor (Ar) of paraffin-embedded WAT from
mice fed a regular diet. Antibodies against Ar were used as described in Materials and
Methods. Images were depicted at 20× magnification. Sh, sham-operated; Cx, castration; Cx
+ TP, castration + testosterone pellet.
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