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Background. Androgen receptor (AR) knockout male mice display hepatic steatosis, suggesting that AR signaling
may regulate hepatic fat. However, the effects of testosterone replacement on hepatic fat in men are unknown. The aim of
this study was to determine the effects of testosterone administration on hepatic fat in older men with mobility limitation
and low testosterone levels who were participating in a randomized trial (the Testosterone in Older Men trial).

Methods. Two hundred and nine men with mobility limitation and low total or free testosterone were randomized in
the parent trial to either placebo or 10-g testosterone gel daily for 6 months. Hepatic fat was determined by magnetic
resonance imaging in 73 men (36 in placebo and 37 in testosterone group) using the volumetric method. Insulin sensitiv-
ity (homeostatic model assessment—insulin resistance) was derived from fasting glucose and insulin.

Results. Baseline characteristics were similar between the two groups, including liver volumes (1583 =363 in the tes-
tosterone group vs 1522+271 mL in the placebo group, p = .42). Testosterone concentrations increased from 250+ 72 to
632+363ng/dL in testosterone group but did not change in placebo group. Changes in liver volume during intervention
did not differ significantly between groups (p = .5) and were not related to on-treatment testosterone concentrations. The
change in homeostatic model assessment—insulin resistance also did not differ significantly between groups and was not
related to either baseline or change in liver fat.

Conclusion. Testosterone administration in older men with mobility limitation and low testosterone levels was
not associated with a reduction in hepatic fat. Larger trials are needed to determine whether testosterone replacement
improves liver fat in men with nonalcoholic hepatic steatosis.
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ONALCOHOLIC fatty liver disease (NAFLD), a

common condition in middle-aged and older adults,
is often considered a hepatic manifestation of metabolic
syndrome and is associated with increased risk of diabetes
and cardiovascular disease (1). It has been proposed that
NAFLD should be included in the definition of metabolic
syndrome to help identify individuals at increased risk for
cardiovascular disease (2).

Low circulating testosterone levels in men have been
associated with obesity, type 2 diabetes, and metabolic
syndrome (3,4). Testosterone administration in hypogonadal
as well as eugonadal, younger and older men has been
reported to decrease whole-body and visceral fat (5-7),
but the effects of testosterone on hepatic fat have not been
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investigated. Male mice with genetic disruption of androgen
receptor demonstrate insulin resistance and hepatic steatosis,
suggesting that androgen receptor signaling is important in
the regulation of liver fat (8). In a recent study, parenteral
administration of testosterone undecanoate significantly
reduced liver enzymes in hypogonadal men with NAFLD
and metabolic syndrome (9), although changes in liver fat
were not measured. Accordingly, we investigated the effects
of testosterone administration on liver fat using magnetic
resonance imaging (MRI) in older men with low serum
testosterone levels.

The Testosterone in Older Men with Mobility Limitation
trial was a randomized, double-blind placebo-controlled
trial designed to determine the effect of testosterone therapy
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in older men with mobility limitation and low testoster-
one levels. Of the 209 men randomized in the parent trial,
baseline and end-of-treatment MRI scans of the liver were
obtained in 73 men. We employed proton-weighted T1 and
T2 MRI of the liver for volumetric assessment, which has
been shown to correlate with fatty liver infiltration (10-12).

METHODS

Study Design

The eligibility criteria and design of the Testosterone
in Older Men trial have been published (13—15) and are
described here briefly. This parallel group, placebo-con-
trolled, double-blind randomized trial was approved by the
institutional review boards of Boston University Medical
Center, New England Research Institutes, Watertown,
MA, and the Boston Veterans Administration Health Care
System. All participants provided written informed consent.

Eligibility

The participants were community-dwelling men, aged
65 years and older, with total testosterone of 100-350ng/dL
or free testosterone of less than 50 pg/mL and mobility limi-
tation. We excluded men with prostate cancer, lower urinary
tract symptom score of more than 21, prostate-specific anti-
gen of more than 4ng/mL, congestive heart failure, myocar-
dial infarction within 3 months, uncontrolled hypertension,
alanine or aspartate aminotransferase concentrations greater
than three times the upper limit of normal, hemoglobin Alc
greater than 8.5%, hematocrit greater than 48%, or body mass
index greater than 40kg/m* Men using testosterone, growth
hormone, or any anabolic therapy or drugs that affect gonadal
function were excluded. For this study, men with pacemakers,
metallic prosthesis, and claustrophobia were also excluded.

Randomization and Study Intervention

Eligible participants were randomized to either placebo
or testosterone gel using a concealed computer-generated
randomization table. The participants and outcome asses-
sors were blinded to intervention.

The participants applied daily transdermal gel contain-
ing either placebo or 100-mg testosterone (Testim 1%;
Auxilium Pharmaceuticals, Norristown, PA) for 6 months.
Two weeks after randomization, the dose of testosterone gel
was increased to 15 g or reduced to 5 g daily if the average
of two testosterone levels drawn 4—6 hours after gel appli-
cation was less than 500 or more than 1,000ng/dL.

MRI Assessment of Liver Fat Volume and T1 and T2
Relaxation Times

Two hundred and nine men were randomized in the
original parent trial (106 in testosterone and 103 in pla-
cebo). The study was terminated early by the Data Safety

Monitoring Board (DSMB) on December 15, 2009 because
of the higher frequency of adverse events in men assigned
to the testosterone arm of the trial than in those assigned to
the placebo arm of the trial. At the time of trial’s cessation,
138 men had completed the study (68 in testosterone and
70 in placebo group). Of these 138 completers, 73 men had
baseline as well as end-of-treatment evaluable MRI scans of
the liver—obtained on 36 participants in the placebo group
and 37 participants in the testosterone group—using a 1.5T
MRI system (Intera, Philips Medical Systems, Cleveland,
OH), a quantitative technique based on the mixed-turbo
spin-echo sequence. This pulse sequence allows for com-
bined, self-coregistered, and volumetric mapping of T1 and
T2 and analyzed for liver volume and hepatic T1 and T2 val-
ues. Volumetric assessment of liver has been demonstrated
to directly correlate with hepatic fat (10,11). In addition,
hepatic steatosis has been demonstrated to influence both
T1 and T2 relaxation times of the liver (12). The images
were analyzed using quantitative MRI algorithms written in
Mathcad (Parametric Technology Corporation, Needham,
MA), allowing for generation of proton density—weighted
images as well as T1 and T2 parametric maps.

Liver Volumetry

For volumetric assessment, two investigators who were
blinded to group assignments contoured the liver on all slices
of the proton density—weighted images using Slicer v.2.6
(Brigham and Women’s Hospital, Boston, MA). The voxels
of the segmented regions of interest were counted, and the
resulting total number was multiplied by the voxel volume
to calculate the liver volume using Mathcad algorithms.

Hepatic T1 and T2 Values

To determine the peak T1 and T2 values from the seg-
mented liver histograms, the images were processed using
quantitative MRI algorithm written in Mathcad. T1 and T2
values for a given voxel at each position were computed

using the following equation:
1450w | ;
S1

where S1 and S1; represent the pixel values of the
magnitude images of the first echo acquisitions of the
dual-echo spin-echo with and without inversion recovery,
respectively. This equation represents an approximation of
the T1 equation applied using the mixed-turbo spin-echo
pulse sequence, derived by solving the Bloch equations.
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where S1 and S2 represent the pixel values of the magnitude
images acquired with TE, and TE,, respectively. T1 and T2
parametric values were plotted against voxel frequency for
each respective segmented liver volume. Modal T1 and T2
values were selected from each respective plot at the peak
voxel frequency.

Hormone Measurements

Total testosterone was measured at Quest diagnostics,
San Juan Capistrano, CA, using a Bayer-Advia-Centaur
immunoassay that has been validated against liquid chroma-
tography mass spectrometry and has a sensitivity of 10ng/
dL (15). Free testosterone was calculated using a published
law-of-mass-action equation (15). Sex hormone-binding
globulin levels were measured using an immunofluoromet-
ric assay with sensitivity 2.5 nmol/L (15).

Insulin Sensitivity

Fasting insulin was measured using a radioimmunoassay
and glucose by a glucose oxidase method. Insulin resist-
ance was calculated using the homeostatic model assess-
ment (HOMA) index (6).

Statistical Considerations

This analysis involved 73 participants who had baseline
and end of study MRIs. Baseline characteristics were com-
pared between the placebo and testosterone groups using
Student’s ¢ test, chi-square test, or Fisher’s exact test, as
appropriate. Change in each outcome measure was calcu-
lated for each participant and compared across treatment
arms by Student’s ¢ test. No randomized trial to date has
reported the quantitative effect of testosterone therapy on
liver volume in older men. Under reasonable assumptions
about the variation in change in liver volume, a sample of
73 men is sufficient to provide more than 90% power to
detect a between-group difference in change in liver volume
similar to that observed in other intervention trials (16).
Sensitivity analyses utilized Wilcoxon rank-sum tests. The
association between total testosterone concentration with
change in liver volume and insulin resistance were evalu-
ated by the Spearman correlation statistics. Covariable-
adjusted analyses were used with multiple linear regression.

RESULTS

Baseline Characteristics

The two groups were similar in their baseline character-
istics (Table 1). Men were predominantly Caucasian with
mean age of 74 years. Age, body mass index, homeostatic
model assessment—insulin resistance (HOMA,;), fasting
lipids, and liver function tests were similar in the two arms.
Baseline liver volumes were 1583 +363 and 1522271 mL

in the testosterone and placebo groups, respectively.
Rigorously obtained data on the distribution of liver volumes
in a random sample of age-matched, community-dwelling
men are not available, but these liver volume measurements
are slightly higher than those reported for adults with no
known history of NAFLD (17) (10361531 mL), compara-
ble with the values reported in overweight adults and less
than those in persons with NAFLD and obesity whose liver
volumes typically exceed 2000 mL (16).

Hormone Levels

Serum testosterone concentrations increased from 250+ 72
to 632+363ng/dL in the testosterone group (p < .01) but did
not change significantly in the placebo group (Figure 1).
Estrone and estradiol levels also increased significantly
in men assigned to the testosterone arm but not in those
assigned to the placebo arm (Figure 1). There was no change
in sex hormone-binding globulin in either treatment group.

Table 1. Baseline Characteristics by Treatment Group

Testosterone Placebo
Characteristics (n=37) (n=36) p Value*
Age (y) 74.3+6.4 73.5+5.5 57
BMI (kg/m?) 29.7+4.9 30.8+4.4 34
Race 207
White 30 (83) 33 (94)
Black 5(13.9) 1(2.9)
Other 1(2.8) 1(2.9)
Type 2 diabetes 9(24) 8 (22) .83
Statin use 22 (61) 20 (56) .63
Metabolic parameters
Total cholesterol (mg/dL) 170+37 171+34 .90
LDL (mg/dL) 91£32 94+30 .64
HDL (mg/dL) 48+ 14 48+12 .80
Triglycerides (mg/dL) 160+105 143+72 43
HbAlc (%) 6.2+0.7 6.0+0.5 .20
Fasting insulin (nIU/mL) 1222 6+£5 .16
Fasting glucose (mg/dL) 105+20 103£18 .60
HOMA 3.1+5.0 1.5+1.3 11
Hormones
Total testosterone (ng/dL) 250+72 229+58 17
Free testosterone (pg/mL) 49+ 14 44+13 .09
SHBG (nmol/L) 35+17 36+15 .67
Estrone (pg/mL) 37+20 3010 .07
Estradiol (pg/mL) 21+10 20+6 .67
Free estrone (pg/mL) 1.41+0.75 1.12+0.38 .06
Free estradiol (pg/mL) 0.49+0.23 0.47+0.16 57

Liver parameters

Aspartate aminotransferase (IU/L) 22+6 23+14 .59
Alanine aminotransferase (IU/L) 22+9 23+16 72
Liver volume (mL) 1583+363 1522+271 42
T1 (ms) 410+48 425+45 17
T2 (ms) 45+7 44+7 .59

Notes: Data represent mean += SD or N (%). BMI = body mass
index; LDL = low-density lipoprotein, HDL = high-density lipoprotein;
HbAlc = glycosylated hemoglobin; HOMA ; = homeostatic model assessment
for insulin resistance; SHBG = sex hormone-binding globulin.

*Student’s ¢ tests of means or chi-square tests of proportions.

“Fisher’s exact test.
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Figure 1. Mean (95% confidence interval) change from baseline in liver volume, T1 and T2 relaxation times, fasting insulin, fasting glucose, homeostatic model
assessment—insulin resistence (HOMA ), total and free testosterone, sex hormone-binding globulin (SHBG), and estrone and estradiol at 6 months. p values are

reported for comparisons between testosterone and placebo groups.

Hepatic Volume and MRI Relaxometry

Baseline liver volumes were 1583+363 and
1522+271mL in the testosterone and placebo groups,
respectively. There was no significant difference in the
change from baseline in liver volume between the testos-
terone and placebo groups (mean change: —40 vs —4.9mL,
p = .28; Figure 1). Similarly, no significant differences
were seen in the change in T1 and T2 values between the
groups. Multiple regression analyses did not show a signifi-
cant relationship between the change in testosterone or sex
hormone-binding globulin concentrations and the change
in liver volume. The liver function tests also did not change
in either group.

Insulin Resistance

Neither fasting glucose nor insulin concentrations
changed significantly in either group. The change in
HOMA; was not significantly different between the two
groups (p =.84; Figure 1). Linear regression analyses did not
show a significant relationship between change in HOMA

and change in liver volume, even after after controlling for
baseline HOMA ;, body mass index, and diabetes.

Sensitivity Analyses

Stratification by diabetes status or by insulin resistance
status (above or below the median for baseline HOMA,;)
did not affect the results. Analysis of interaction effects
revealed no significant difference in the change in liver
volume between men with insulin resistance and in those
without insulin resistance, dichotomized as HOMA values
greater than or less than 2.6 (18). Also, there was no
significant difference in the change in liver volume between
men with high and low baseline liver volume, dichotomized
as values above or below the median.

DiscussIoN

Testosterone administration for 6 months in older men
with mobility limitation was not associated with greater
improvements in hepatic fat than those associated with
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placebo administration. Furthermore, fasting glucose, insu-
lin levels, and insulin resistance did not improve with tes-
tosterone administration in this population. A number of
recent observations have led to speculation that androgens
may reduce hepatic fat accumulation. Male mice with liver-
specific inactivation of the androgen receptor gene exhibit
greater liver fat accumulation than wild-type controls (8).
Similarly, severe androgen deficiency, induced by surgical
orchiectomy, is associated with the development of hepatic
steatosis in male mice fed a high-fat diet (19). Testosterone
replacement in hypogonadal men has been reported to
reduce whole-body and visceral fat and some components
of the metabolic syndrome (5-7). An open-label cross-over
study reported that transdermal testosterone administra-
tion enhanced fat oxidation suggesting direct regulation
of hepatic fat oxidation by testosterone (20). One trial has
reported improvements with testosterone administration
in liver enzymes in hypogonadal men with metabolic syn-
drome and NAFLD (9). However, our data do not support
the notion that testosterone administration reduces hepatic
fat in older men with low testosterone levels.

Our study has some notable strengths and some limita-
tions. The trial had many features of a good trial design:
concealed randomization, placebo-control, blinding, paral-
lel group design, and oversight by an independent DSMB.
Testosterone dose was adjusted in a blinded manner to
maintain testosterone levels in the target range. However,
liver fat was not the primary outcome of the trial, and the
trial was not initially designed to provide adequate power
to estimate the effect of testosterone on changes in liver
fat. By analogy to other treatments in populations diag-
nosed with NAFLD, we might speculate that the sam-
ple size available in the Testosterone in Older Men trial
provides reasonable power to detect clinically significant
differences between arms, but this cannot be definitively
shown given available data. Furthermore, the 6-month
intervention duration may not have been long enough to
demonstrate a significant change in hepatic fat content.
Liver fat changes were measured using MRI by assessing
liver volume as well as liver T1 and T2 relaxation times.
Although hepatic steatosis has been shown to affect liver
volume as well as liver T1 and T2 relaxation times, chemi-
cal shift imaging—based approaches and proton magnetic
resonance spectroscopy are more accurate for this assess-
ment and offer the capability of quantifying the degree of
steatosis (10).

It is possible that testosterone may reduce hepatic fat in
hypogonadal men with hepatic steatosis. The participants in
this study did not have a known diagnosis of nonalcoholic
hepatic steatosis, but sensitivity analyses did not reveal a
significant difference between those with higher or lower
baseline levels of liver fat. It is also possible that testosterone
administration may reduce liver fat in men with a greater
degree of insulin resistance than that noted in our cohort.
Several studies have reported that reversing insulin resistance

prevents hepatic lipid synthesis. However, the effects of
testosterone replacement on insulin resistance have been
inconsistent across trials. Although states of severe androgen
deficiency have been associated with the development of
insulin resistance (21,22), testosterone administration has not
improved insulin sensitivity in trials in community-dwelling
men in which insulin sensitivity has been measured using
rigorous techniques (23,24). Furthermore, our sensitivity
analyses did not reveal any differences in the change in liver
fat between those with higher or lower baselines levels of
insulin resistance or between those who had diabetes and
those who did not. Similarly, data on the role of estrogens
in the pathogenesis of hepatic steatosis remain unclear. Both
mice and men with CYP,, (aromatase) deficiency exhibit
hepatic steatosis and liver enzyme elevations (despite normal
serum testosterone levels), which are reversed by estradiol
replacement (25-27). On the contrary, higher estrogen levels
have been associated with increased risk for diabetes and
metabolic syndrome in men (28,29). Hence, the role of
estrogens in the development of fatty liver disease needs to
be further elucidated.

In conclusion, testosterone administration in older men
with mobility limitation and low testosterone levels did not
improve liver fat or insulin sensitivity to a greater extent
than placebo. Larger clinical trials of longer duration are
needed to determine whether testosterone replacement
improves liver fat and insulin sensitivity in patients with
NAFLD.

FunDING

Supported primarily by the National Institutes on Aging through
a cooperative agreement (U01AG14369). Additional support was
provided by grants from the Boston Claude D. Pepper Older Americans
Independence Center (5SP30AG031679), and the Boston University Clinical
and Translational Science Institute (1lUL1RR025771). Testosterone and
placebo gel for the study were provided by Auxilium Pharmaceuticals,
Norristown, PA. Dr. Bhasin reports receiving consulting fees and payments
for travel or accommodation expenses from Novartis, Glaxo Smith Kline,
and research grant support from Abbott Pharmaceuticals and Ligand
Pharmaceuticals. No other potential conflict of interest relevant to this
article was reported.

Clinical Trials Registration Number: NCT00240981

ACKNOWLEDGMENTS

Data and Safety Monitoring Board members: Eric Orwoll (Chair),
Anne Newman, Kenneth Schechtman, Wayne Meikle, and Mark Litwin.
We thank the staff of the General Clinical Research Unit of the Boston
University’s Clinical and Translational Science Institute for their help
with these studies and the study participants for their commitment and
generosity.

REFERENCES

1. Rector RS, Thyfault JP, Wei Y, Ibdah JA. Non-alcoholic fatty liver dis-
ease and the metabolic syndrome: An update. World J Gastroenterol.
2008;14:185-192.

2. Musso G, Gambino R, Bo S, et al. Should nonalcoholic fatty liver
disease be included in the definition of metabolic syndrome? A cross-
sectional comparison with Adult Treatment Panel III criteria in non-
obese nondiabetic subjects. Diabetes Care. 2008;31:562-568.

3. Derby CA, Zilber S, Brambilla D, Morales KH, McKinlay JB. Body
mass index, waist circumference and waist to hip ratio and change in



10.

11.

12.

13.

14.

15.

16.

EFFECT OF TESTOSTERONE ADMINISTRATION ON LIVER FAT

sex steroid hormones: The Massachusetts Male Ageing Study. Clin
Endocrinol (Oxf). 2006;65:125-131.

. Laaksonen DE, Niskanen L, Punnonen K, et al. The metabolic

syndrome and smoking in relation to hypogonadism in middle-
aged men: A prospective cohort study. J Clin Endocrinol Metab.
2005;90:712-719.

. Allan CA, Strauss BJ, Burger HG, Forbes EA, McLachlan RI.

Testosterone therapy prevents gain in visceral adipose tissue and loss
of skeletal muscle in nonobese aging men. J Clin Endocrinol Metab.
2008;93:139-146.

. Kapoor D, Goodwin E, Channer KS, Jones TH. Testosterone replace-

ment therapy improves insulin resistance, glycaemic control, visceral
adiposity and hypercholesterolaemia in hypogonadal men with type 2
diabetes. Eur J Endocrinol. 2006;154:899-906.

Jones TH, Arver S, Behre HM, et al. Testosterone replacement in
hypogonadal men with type 2 diabetes and/or metabolic syndrome
(the TIMES?2 study). Diabetes Care. 2011;34:828-837.

. Lin HY, Yu IC, Wang RS, et al. Increased hepatic steatosis and insu-

lin resistance in mice lacking hepatic androgen receptor. Hepatology.
2008;47:1924-1935.

. Haider A, Gooren LJ, Padungtod P, Saad F. Improvement of the meta-

bolic syndrome and of non-alcoholic liver steatosis upon treatment of
hypogonadal elderly men with parenteral testosterone undecanoate.
Exp Clin Endocrinol Diabetes. 2010;118:167-171.

Reeder SB, Cruite I, Hamilton G, Sirlin CB. Quantitative assessment
of liver fat with magnetic resonance imaging and spectroscopy. J
Magn Reson Imaging. 2011;34:729-749.

Chen TY, Chen CL, Tsang LL, et al. Correlation between hepatic
steatosis, hepatic volume, and spleen volume in live liver donors.
Transplant Proc. 2008;40:2481-2483.

Stark DD, Bass NM, Moss AA, et al. Nuclear magnetic reso-
nance imaging of experimentally induced liver disease. Radiology.
1983;148:743-751.

LeBrasseur NK, Lajevardi N, Miciek R, Mazer N, Storer TW, Bhasin
S. Effects of testosterone therapy on muscle performance and physi-
cal function in older men with mobility limitations (the TOM Trial):
Design and methods. Contemp Clin Trials. 2009;30:133-140.
Travison TG, Basaria S, Storer TW, et al. Clinical meaningfulness of
the changes in muscle performance and physical function associated
with testosterone administration in older men with mobility limitation.
J Gerontol A Biol Sci Med Sci. 2011;66:1090-1099.

Basaria S, Coviello AD, Travison TG, et al. Adverse events associated
with testosterone administration. N Engl J Med. 2010;363:109-122.
Lewis MC, Phillips ML, Slavotinek JP, Kow L, Thompson CH, Toouli
J. Change in liver size and fat content after treatment with Optifast
very low calorie diet. Obes Surg. 2006;16:697-701.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

959

Johnson TN, Tucker GT, Tanner MS, Rostami-Hodjegan A. Changes
in liver volume from birth to adulthood: A meta-analysis. Liver
Transpl. 2005;11:1481-1493.

. Ascaso JF, Pardo S, Real JT, Lorente RI, Priego A, Carmena

R. Diagnosing insulin resistance by simple quantitative meth-
ods in subjects with normal glucose metabolism. Diabetes Care.
2003;26:3320-3325.

Nikolaenko L, Diaz-Arjonilla M, Laurel S, et al. Testosterone Reduces
Non-Alcoholic Fatty Liver Disease (NAFLD) of Hypogonadism,
(Abstract). Presented at: Program of the Annual 92th Meeting of the
Endocrine Society; 2010; San Diego, CA.

Birzniece V, Meinhardt UJ, Handelsman DJ, Ho KK. Testosterone
stimulates extra-hepatic but not hepatic fat oxidation (Fox):
Comparison of oral and transdermal testosterone administration in
hypopituitary men. Clin Endocrinol (Oxf). 2009;71:715-721.

Basaria S, Muller DC, Carducci MA, Egan J, Dobs AS. Hyperglycemia
and insulin resistance in men with prostate carcinoma who receive
androgen-deprivation therapy. Cancer. 2006;106:581-588.

Yialamas MA, Dwyer AA, Hanley E, Lee H, Pitteloud N, Hayes FJ.
Acute sex steroid withdrawal reduces insulin sensitivity in healthy men
with idiopathic hypogonadotropic hypogonadism. J Clin Endocrinol
Metab. 2007;92:4254-4259.

Nair KS, Rizza RA, O’Brien P, et al. DHEA in elderly women
and DHEA or testosterone in elderly men. N Engl J Med.
2006;355:1647-1659.

Singh AB, Hsia S, Alaupovic P, et al. The effects of varying doses
of T on insulin sensitivity, plasma lipids, apolipoproteins, and
C-reactive protein in healthy young men. J Clin Endocrinol Metab.
2002;87:136-143.

Hewitt KN, Pratis K, Jones ME, Simpson ER. Estrogen replacement
reverses the hepatic steatosis phenotype in the male aromatase knock-
out mouse. Endocrinology. 2004;145:1842-1848.

Maffei L, Rochira V, Zirilli L, et al. A novel compound heterozy-
gous mutation of the aromatase gene in an adult man: Reinforced
evidence on the relationship between congenital oestrogen defi-
ciency, adiposity and the metabolic syndrome. Clin Endocrinol (Oxf).
2007;67:218-224.

Tian GX, Sun Y, Pang CJ, et al. Oestradiol is a protective fac-
tor for non-alcoholic fatty liver disease in healthy men. Obes Rev.
2012;13:381-387.

Maggio M, Lauretani F, Ceda GP, et al. Estradiol and metabolic
syndrome in older italian men: The InCHIANTI Study. J Androl.
2010;31:155-162.

Ding EL, Song Y, Malik VS, Liu S. Sex differences of endogenous sex
hormones and risk of type 2 diabetes: A systematic review and meta-
analysis. JAMA. 2006;295:1288-1299.



