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Abstract

Background & Aims: This study aimed to analyse the association of sex hormone levels with 

liver enzyme levels and non-alcoholic fatty liver disease (NAFLD) in a nationally representative 

sample of men.

Methods: A total of 919 men from the US National Health and Nutrition Examination Study 

(NHANES) III were included in this cross-sectional analysis of data from 1988 to 1991. We 

used existing data on serum total and free testosterone, total and free estradiol, androstanediol 

glucuronide (AAG) and sex steroid-binding globulin (SHBG), and estimated their associations 

with aspartate aminotransferase (AST), and alanine aminotransferase (ALT) and NAFLD, as 
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determined using ultrasound, after adjusting for possible confounders including age, race, 

smoking, alcohol, physical activity, waist circumference and steroid hormones.

Results: Lower total testosterone (TT) and higher free estradiol were associated with higher 

odds of NAFLD after adjusting for confounders including the other sex hormones. Lower TT was 

associated with higher odds of elevated AST, but not ALT. Free testosterone, total estradiol, SHBG 

and AAG were not associated with NAFLD or liver enzymes.

Conclusions: This study supports an inverse association between TT concentration and NAFLD 

in men independent of other sex hormones (SHBG, AAG and estradiol) and known risk factors, 

such as obesity, age and lifestyle. Exploration of whether TT might be a non-invasive marker for 

NAFLD diagnosis is warranted.
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1 | INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of liver disease 

worldwide. It has a prevalence in the United States of at least 21%,1 which is increasing in 

parallel with the obesity and type 2 diabetes mellitus pandemic.2 NAFLD was first described 

by Ludwig in 1980 on examination of histopathological liver biopsy specimens,3 and was 

divided into two categories; (a) non-alcoholic fatty liver (NAFL) with hepatic steatosis 

≥5% and mild non-specific inflammation (70%−75% of cases) and (b) non-alcoholic 

steatohepatitis (NASH) with histopathological features of hepatocellular injury (20%−25% 

of cases). NASH is described as the progressive type of NAFLD, with a reported 20% 

of patients going on to develop cirrhosis.4 Since liver biopsy is invasive and not readily 

available, NAFLD diagnosis is usually made based on clinical history and non-invasive 

imaging suggesting the presence of hepatic steatosis, or elevated liver enzymes (alanine 

aminotransferase [ALT] and aspartate aminotransferase [AST]), once that other causes of 

hepatic steatosis including excessive alcohol intake or specific medications, are excluded.5 

Ultrasound scan is able to detect the presence of fatty infiltration with high sensitivity when 

steatosis is greater than 30%.4

Mechanisms leading to hepatic steatosis are multifactorial.6 An alteration in the balance 

between influx or synthesis of hepatic lipids and their export or oxidation leads to hepatic 

triglyceride accumulation. This leaves the liver susceptible to secondary insults leading to 

hepatocellular inflammation and fibrosis. In particular, hyperinsulinaemia drives hepatic 

triglyceride production by increasing serum free fatty acid levels, and promotes de novo 

hepatic lipogenesis through up-regulation of lipogenic transcription factors.

Since insulin resistance is a major risk factor for NAFLD, it is considered to be the hepatic 

manifestation of the metabolic syndrome. Obesity, male gender, Hispanic ethnicity and type 

2 diabetes mellitus are all independent risk factors for NAFLD.1 In addition, patients with 

NAFLD have higher mortality compared with similarly aged persons without NAFLD, with 
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the most common cause of death being cardiovascular disease even after controlling for 

other metabolic risk factors.7

NAFLD is more common in men than in women,8 and gender-related differences in 

liver disease can depend on circulating levels of sex hormones and hepatic expression of 

sex hormone receptors.9 In a meta-analysis of five trials (n = 4715 men), higher total 

testosterone (TT) in men was associated with reduced odds of NAFLD, whereas the opposite 

relationship was seen in women (three trials, n = 1581 most postmenopausal women). 

Furthermore, higher sex hormone-binding globulin (SHBG) was associated with reduced 

odds of NAFLD in both men and women.10 The relationship between other sex hormones 

and NAFLD is less well explored.

1.1 | Case report

We present the case of a 68-year-old white man with and prostate cancer with rising PSA 

levels and who was receiving androgen deprivation therapy (ADT) for 5 years. He had 

a history of diabetes (metformin), normal baseline HDL and LDL cholesterol, elevated 

triglycerides and social alcohol use. Weight was 105.8 kg and BMI was 30.8 kg/m2. The 

patient was enrolled in a clinical trial (NCT01084759), in which he received cyclic treatment 

with FDA-approved, high-dose testosterone (testosterone cypionate 400 mg intramuscularly 

every 28 days). Baseline CT scan was performed prior to starting testosterone and showed 

signs of a fatty liver compatible with NAFLD. After 3 months of treatment, a CT scan 

showed complete resolution of the fatty liver disease. Weight was 104.2 kg with BMI 

30.3 kg/m2. After cessation of testosterone, the patient resumed ADT and had a follow-up 

CT scan after 3 months to assess disease response which showed that fatty liver had 

returned. After 2 years on ADT, the patient was re-exposed to a high-dose testosterone 

therapy for 3 months. A CT scan performed to assess disease response demonstrated prompt 

disappearance of fatty liver immediately after the start of the therapy (Figure 1).

Based on the results of this case report, we aimed to evaluate the association between 

circulating sex hormone levels and hepatic steatosis and elevated liver enzymes, three 

manifestations of NAFLD, in a nationally representative sample of non-institutionalized 

men from the Third National Health and Nutrition Examination Survey (NHANES III).

2 | MATERIAL S AND METHODS

2.1 | Subjects and study design

NHANES III is a cross-sectional study of 33 199 participants (14 894 males) and was 

conducted by the National Center for Health Statistics between 1988 and 1994.11 It 

was designed as a multistage stratified, clustered probability sample of the US civilian 

non-institutionalized population at least 2 months old and consisted of an interview, a 

physical examination and laboratory data. Mexican-Americans, non-Hispanic blacks and the 

elderly were over-sampled to generate more precise estimates for these subgroups of the US 

population.11 NHANES III was approved by the Centers for Disease Control and Prevention 

Institutional Review Board and all participants provided written consent to participate.
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In total, 33 944 individuals participated in NHANES III; 14 781 of them were males with a 

physical examination. Of those, 7772 were at least 20 years old, of whom 1998 participated 

in the morning session of phase I. NHANES III was conducted in two phases (1988–1991 

and 1991–1994), and unbiased national estimates of health and nutrition characteristics can 

be independently produced for each phase. Within each phase, subjects were randomly 

assigned to participate in either the morning or afternoon/evening examination session. 

Morning sample participants were chosen for this hormone study to reduce extraneous 

variation because of the diurnal production of hormones. Data on hormone levels were 

available for 1450 men. For this analysis, the following exclusion criteria were applied: 

alcohol consumption of three or more standard alcoholic drinks per day, diabetes mellitus, 

active hepatitis B or C infection, fasting of less than 9 hours before blood tests, incomplete 

data regarding smoking, physical activity, body fat measurements and ultrasound of the liver. 

After applying those exclusion criteria, 919 men constituted the analytical sample of this 

study.

2.2 | Measurement of hepatic steatosis and NAFLD definition

For this population-based study, NAFLD was defined as sonographic evidence of moderate 

to severe hepatic steatosis in the absence of other causes for fatty liver disease, such as 

hepatitis C virus infection, diabetes mellitus and alcohol consumption of three or more 

standard drinks per day. The Hepatic Steatosis Ultrasound-Examination was conducted 

to assess the presence of fat within the hepatic parenchyma by reviewing archived 

Gallbladder Ultrasound-Examination videotapes that were originally obtained in NHANES 

III. In brief, the following information was recorded: (a) the presence of liver-to-kidney 

contrast (yes/no/not assessed), (b) the degree of the brightness of the liver parenchyma 

(none/intermediate/moderate/severe), (c) the presence of posterior deep beam attenuation 

(yes/no/not assessed), (d) the presence of echogenic walls in the small intrahepatic vessels 

(yes/no/not assessed) and (e) the definition of the gallbladder walls (clear/intermediate/

obliterated/not assessed). A standardized algorithm was developed such that an overall 

primary finding of hepatic steatosis was based on the presence or absence of each of the 

parameters listed above. The liver was graded as normal, mild, moderate or severe steatosis, 

and dichotomized as present (moderate or severe) or absent (normal or mild). The intra- and 

inter-rater reliability of the presence of hepatic steatosis were 0.77 (95% CI: 0.73–0.82) and 

0.70 (95% CI: 0.64–0.76) respectively.12 The raters were unaware of the participant health 

characteristics when grading the ultrasounds. The full protocol can be found elsewhere.12

2.3 | Measurement of alanine aminotransferase (ALT) and aspartate aminotransferase 
(AST)

Blood was drawn during an examination session at the Mobile Examination Center11 and 

standard blood parameters were measured for all participants. Levels of ALT and AST were 

considered elevated when exceeding the NHANES III’s laboratory’s upper limit of normal 

(ALT > 40 U/L, AST > 37 U/L).13

2.4 | Measurement of Sex Steroid Hormones and SHBG

Blood samples of participants in this study were drawn after an overnight fast at the same 

timepoint as the ultrasound scan was conducted. Surplus specimens were separated into their 
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components and stored at −70°C. Competitive electrochemiluminescence immunoassays 

on the 2010 Elecsys autoanalyzer (Roche Diagnostics) were used to quantify serum 

testosterone, estradiol and SHBG concentrations. Androstanediol glucuronide (AAG) was 

measured by an enzyme immunoassay (Diagnostic Systems Laboratories). All samples were 

measured at the Children’s Hospital Boston, MA. The samples were randomly ordered for 

testing and the laboratory technicians were blinded to the men’s identities and ages. The 

lowest detection limits of the assays were: testosterone 0.07 nmol/L, estradiol 18.4 pmol/L, 

AAG 0.70 nmol/L and SHBG 3 nmol/L. The coefficients of variation for quality control 

specimens included during the analyses of the NHANES III specimens were: testosterone 

5.9% and 5.8% at 8.6 and 19.1 nmol/L respectively; estradiol 6.5% and 6.7% at 0.38 nmol/L 

and 1.7 nmol/L respectively; AAG 9.5% and 5.0% at 6.2 and 21.6 nmol/L respectively; and 

SHBG 5.3% and 5.9% at 5.3 and 16.6 nmol/L respectively. In a separate run, we tested the 

quality control samples with a mean estradiol concentration of 144.6 pmol/L, which is in the 

range of typical adult male estradiol concentration; the CV% was 2.5%. Free testosterone 

concentration was estimated from measured testosterone, SHBG and albumin (already 

available in the NHANES III public use database).14,15 Free estradiol was calculated from 

total estradiol, SHBG and albumin.14,16

2.5 | Definition of covariates

Race/ethnicity information was self-reported during the interview and men were categorized 

as non-Hispanic black, non-Hispanic white, Mexican-American or other. Based on the 

interview, men were classified according to their smoking habit into current (1–34, or ≥35 

cigarettes/day), former or never smokers. Current body weight and height as well as waist 

circumference were measured during a physical examination that was part of NHANES III. 

BMI was categorized as <25.0 kg/m2 (normal), 25.0 to <30 kg/m2 (overweight) and ≥30.0 

kg/m2 (obese). Waist circumference of greater than 102 cm was an indicator of abdominal 

obesity. The consumption frequency of alcoholic beverages (beer, wine and liquor) during 

the past month was assessed using a food-frequency questionnaire during the interview. 

Men with alcohol consumption of three or more drinks per day were excluded from the 

analysis. Men with a consumption of up to two alcoholic drinks per day were defined 

as moderate alcohol consumers. Leisure-time physical activity (LTPA) was assessed by a 

physical activity questionnaire and classified by type of activity (eg running, swimming 

and biking), frequency during the past month (‘times per week’ using the conversion factor 

4.3 weeks per month) and intensity according to the standardized classification criteria of 

metabolic equivalent (MET) level by the Compendium of Physical Activities.17 For more 

detailed description, see Rohrmann et al 2005.18 LTPA was categorized in an ordinal scale 

integrating intensity and frequency of moderate and vigorous activity to achieve a total scale 

of LTPA. ‘No LTPA’ was defined as performing no vigorous and no moderate physical 

activity. ‘Irregular LTPA’ was defined as participating in moderate activity up to four times 

or in vigorous activity up to two times per week. ‘Regular LTPA’ was defined as engaging in 

moderate activity more than four times or in vigorous activity more than twice per week.

2.6 | Statistical analysis

The participants’ baseline characteristics, liver enzymes (ALT and AST) and hormone 

levels were compared by the presence or absence of fatty liver. Logistic regression models 
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were used to examine the associations of serum concentrations of total and estimated free 

testosterone and estradiol, respectively, AAG and SHBG with odds of hepatic steatosis, 

elevated ALT and elevated AST, separately. Model 1 was adjusted for age and race; 

model 2 was additionally adjusted for smoking, alcohol and physical activity; model 3 

was additionally adjusted for waist circumference; and model 4 was additionally mutually 

adjusted for the steroid hormones. The fourth model was used because SHBG is the main 

binding protein of both testosterone and estradiol. Hence, mutual adjustment of testosterone, 

estradiol and SHBG takes into account the competition for the binding protein. We also 

mutually adjusted free testosterone and free estradiol. Tests for trend were calculated to 

evaluate the presence of dose-response relationships between quartiles of hormones and the 

above-mentioned outcomes. Subanalyses were conducted among men with BMI ≥ 25 kg/m2 

and men older than 40 years of age. Other factors may influence the development of hepatic 

steatosis. Therefore, we conducted several sensitivity analyses to see if results change when 

we (a) exclude participants who take certain types of medication (amiodarone, nucleoside 

reverse transcriptase inhibitors, perhexiline maleate, tamoxifen, methotrexate, fluorouracil, 

irinotecan, glucocorticoids and zidovudine) or (b) excluded men with hypercholesterolaemia 

(defined as self-reported physician-based diagnosis, self-reported use of medication or 

total cholesterol concentration >240 mg/dL). All analyses were performed taking sampling 

weights into account.

3 | RESULTS

In the study population of 919 men, hepatic steatosis was observed in 188 (20.5%). Mean 

age, waist circumference, concentrations of triglycerides, ALT, AST and triglycerides-to-

high density lipoprotein ratio were higher among men with NAFLD than among men 

without NAFLD (Table 1). The prevalence of obesity, defined by both BMI (overall obesity) 

and waist circumference (abdominal obesity), was significantly higher among men with 

NAFLD than men without NAFLD. Subjects of Mexican-American ethnicity had a higher 

prevalence of NAFLD compared with non-NAFLD, whereas the reverse was observed for 

non-Hispanic whites and non-Hispanic blacks; however, the differences were not statistically 

significant. Men without NAFLD were more frequently current smokers and moderate 

alcohol consumers; they were also more physically active than men with NAFLD.

After adjusting for age and race, the prevalence of hepatic steatosis decreased across 

quartiles of TT, free testosterone and SHBG (Table 2). The prevalence of hepatic steatosis 

did not consistently change across quratiles of total estradiol and AAG. The prevalence of 

hepatic steatosis increased across quartiles of free estradiol quartiles.

When only adjusting for age and race/ethnicity (model 1), the odds of hepatic steatosis 

decreased with increasing TT and SHBG concentrations, whereas the odds increased with 

increasing free E2 concentrations (Table 3). No statistically significant associations were 

observed between increasing levels of free testosterone, total estradiol, AAG and the odds 

of hepatic steatosis. These associations were similar in model 2. However, in model 3, 

only the association between TT and hepatic steatosis remained statistically significant. In 

model 4, after mutually adjusting for the hormones and SHBG, the association for TT was 

still statistically significant as was the association for free estradiol. Excluding men taking 
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certain medication or with a history of hypercholesterolaemia did not materially affect our 

results. Besides the results for TT, none of the associations changed the level of significance. 

The association between TT and hepatic steatosis became statistically significant comparing 

quartile 4 with quartile 1 (excluding men with hypercholesterolaemia, OR: 0.39, 95% CI: 

0.17–0.92, n = 673 men; excluding men taking certain medication, OR: 0.42, 95% CI: 0.18–

0.99, n = 859 men).

The results of a sub-analysis in men 40+ years old were similar to the results in the overall 

study population (Table S1).

In overweight and obese men, increasing TT levels and SHBG were associated with 

significantly lower odds of hepatic steatosis (models 1–3; Table S2). The association for 

TT remained statistically significant in model 4, but not the association for SHBG. There 

were no statistically significant associations between increasing levels of free testosterone, 

total estradiol, free estradiol and AAG with the odds of hepatic steatosis in men with BMI ≥ 

25 kg/m2.

Increasing concentrations of sex steroid hormone were not statistically significantly 

associated with the odds of high ALT level in any of the four models (Table 4). In models 1–

4, increasing TT concentrations were inversely associated with high AST level (all P-trend < 

.05). Similar results were observed for free testosterone, but none of the other hormones was 

associated with high AST level (Table 5).

4 | DISCUSSION

This study supports the findings of a recently published meta-analysis,10 showing that 

in male participants of a cross-sectional, US nationally representative study, higher TT 

was associated with lower odds of prevalent NAFLD. This finding remained significant 

after adjusting for potential confounders including age, race, smoking, alcohol, physical 

activity, waist circumference and other sex hormones, and was consistent in the different 

subpopulations explored including BMI ≥ 25 kg/m2 and participants > 40 years of age. 

Higher SHBG was associated with reduced odds of developing NAFLD, but this was no 

longer statistically significant after adjusting for waist circumference and sex hormones (ie 

testosterone and estradiol) in the overall population.

While other studies have also observed that higher testosterone concentrations are associated 

with lower odds of NAFLD, a particular strength of our study is that we measured 

a number of sex hormones (testosterone, estradiol, SHBG and AAG) and adjusted for 

these in the model, which was not the case in other analyses.10,19–23 Hence, the findings 

further support the independent nature of the association between testosterone and NAFLD. 

Another strength of our study is that it is representative of the US population and 

that none of the assessments (hormones, AST, ALT or NAFLD) was done for clinical 

reasons. However, because it was a cross-sectional study, we cannot confirm whether 

this finding reflects a causal association, and it is possible that testosterone plays both 

a protective role in preventing fatty liver infiltration, and that in patients with NAFLD 

TT declines as a consequence of the disease. The former is supported by the case report 

Phan et al. Page 7

Liver Int. Author manuscript; available in PMC 2023 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



presented; in a man with prostate cancer, androgen replacement therapy led to a radiological 

improvement in fatty liver infiltration as demonstrated by repeated CT scans. In addition, a 

recently published cohort study found an independent association between lower free and 

bioavailable testosterone and the presence and severity of NASH in patients with NAFLD.24

Mechanistically, this prevention of fatty liver infiltration could be explained by the fact 

that testosterone normally inhibits adipogenic differentiation and reduces lipoprotein lipase 

activity in adipose tissue. Therefore, in the absence of testosterone, there may be higher 

propensity for the development of visceral obesity, favouring systemic insulin resistance, a 

critical factor in the development of NAFLD.21 In addition, androgens, such as testosterone, 

could directly modulate liver fatty acid β-oxidation and de novo lipid synthesis.21 However, 

in another study with observational follow-up of Korean men undergoing a health promotion 

program (n = 1944), serum testosterone was not associated with the development or 

regression of NAFLD after adjusting for waist circumference, indicating that visceral 

obesity may be a more important factor for NAFLD pathogenesis.22 In a small study of 

27 patients with chronic spinal cord injury, an increased risk of NAFLD was found to be 

associated with decreasing total and free testosterone after adjusting for age, BMI, HOMA-

IR, triglycerides and coexisting diabetes.21 Further prospective studies are needed to better 

understand if testosterone plays a causal role in NAFLD, and whether androgen replacement 

therapy is a valuable treatment option in men.

SHBG is involved in transporting testosterone to target tissues and modulating its biological 

activity. Other studies have also observed an inverse association between SHBG and 

NAFLD, although this association was stronger in women than men.10 Similar to Lazo 

et al,19 our data suggest that this association may be partly dependent upon visceral 

obesity (waist circumference), a marker of insulin sensitivity. The diminishing relationship 

after adjusting for sex hormones indicates that it could additionally be mediated through 

hormones, especially TT.

We observed that higher free E2 was associated with a higher odds of NAFLD. This 

was consistent in the subpopulation of participants older than 40 years of age, but not 

in those with BMI ≥ 25 kg/m2. This is in contrast with several studies that have shown 

that oestrogens may play a protective role in NAFLD.25 For example, in mouse models 

of impaired oestrogen synthesis or mode of action, there is an increase in visceral adipose 

tissue and an increase in liver lipid droplets.26 A male patient with aromatase deficiency and 

a low oestrogen level exhibited features of metabolic syndrome, including insulin resistance 

and steatohepatitis. When treated with oestrogen these features improved.27 However, it is 

possible that the association between estradiol and NAFLD that we found in men in this 

study is directionally opposite in women, and it would be interesting to explore whether this 

is the case in a separate study. In addition, free E2 is known to be positively associated with 

body fat in men.28 Therefore, our findings could also be explained if free E2 is capturing the 

measurement error of body fat by BMI and waist circumference.

Although ALT and AST are indicative of liver inflammation, it has been suggested that ALT 

is a hallmark of NAFLD since it is more specific to liver injury than AST.29 In the Dionysos 

Nutrition and Liver Study conducted in Italian patients, ALT did not independently predict 
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the odds of NAFLD compared with normal liver and only 54% of patients with NAFLD had 

elevated ALT.30 In our study, both ALT and AST were significantly higher in participants 

with NAFLD compared with those without NAFLD. Furthermore, we observed that lower 

TT concentrations were associated with higher odds of elevated AST levels, and although 

the odds ratio for ALT was in the same direction as for AST, it did not reach statistical 

significance. There was no significant association between the other sex hormones measured 

and AST or ALT. To our knowledge, this has not previously been investigated.

Sex steroid hormone concentrations were measured using immunoassays. Mass 

spectrometry produces more accurate quantitation of sex steroid hormones and is considered 

to be the gold standard. However, when the analyses were done, immunoassays were FDA-

approved and widely used in clinical practice. These analytes were measured several years 

after blood collection. However, the markers are stable over time and also when exposed to 

multiple freeze-thaw cycles.31

5 | CONCLUSION

Given the rising prevalence of obesity, type 2 diabetes mellitus and NAFLD, there is a 

critical need to modify the Western lifestyle and diet to prevent the onset and progression of 

these conditions. The statistically significant association between TT levels and lower odds 

of elevated liver enzymes and NAFLD fits our clinical experience documented in the above 

case report. With a recently documented trend towards increased prescription and use of 

testosterone replacement,32 future studies on the direct clinical relevance of ADT-induced or 

testosterone-diminished NAFLD are desirable. However, based on the case report presented, 

no firm conclusions on the therapeutic utility of testosterone replacement can be made. 

Taking all findings together, this study shows that there is a possible role for TT as a 

biomarker in the diagnosis of NAFLD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding information

This study is part of the Hormone Demonstration Program funded by the Maryland Cigarette Restitution Fund at 
Johns Hopkins (Nelson).

Maryland Cigarette Restitution Fund at Johns Hopkins; Johns Hopkins

Maryland Cigarette Restitution Fund at Johns Hopkins; Johns Hopkins

Abbreviations:

ALT alanine aminotransferase

AST aspartate aminotransferase

NAFL Non-alcoholic fatty liver
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NASH non-alcoholic steatohepatitis

NHANES III Third National Health and Nutrition Examination Survey
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Keypoints

What is current knowledge

• Non-alcoholic fatty liver disease (NAFLD) is the most common and 

increasing cause of chronic liver disease and a leading cause of liver 

transplant in US adults and many other countries.

• Established NASH risk factors are obesity, hypertension, dyslipidaemia, type 

2 diabetes and metabolic syndrome.

• The increase in NAFLD prevalence is in parallel but disproportionate to the 

increase in prevalence of obesity and type 2 diabetes. People with NAFLD 

have a greater chance of developing cardiovascular disease.

• In a recently published large systematic review and meta-analysis, it was 

shown that men are at higher risk of NAFLD than women which could be 

because of the differences in sex hormones, but women are more likely to 

have non-alcoholic steatohepatitis (NASH) and progressive disease.

• In men, higher levels of both testosterone and sex steroid-binding globulin 

(SHBG) are associated with reduced risk for fatty liver, whereas higher levels 

of estradiol are associated with fatty liver in both sexes.

• Testosterone replacement therapy is increasingly being prescribed in clinical 

practice and its effects on NAFLD is therefore of interest as a potential 

therapeutic agent.

What is new here

We present a case report of a 68-year-old male with prostate cancer undergoing androgen 

deprivation therapy followed by supraphysiologic androgen replacement as part of 

a novel prostate cancer treatment, with serial changes in fatty liver infiltration by 

computed tomography (CT) scan. Subsequently, a cross-sectional analysis of 919 US 

males was conducted, which is the first to explore the association of sex hormones (total 

testosterone, free testosterone, estradiol, androstanediol glucuronide [AAG] and SHBG) 

with liver enzymes (AST and ALT) and NAFLD in a nationally representative study of 

men in the US population. Taken together, the findings indicate that the increasingly 

common use of testosterone replacement therapy for conditions such as prostate cancer 

should be further explored as a therapeutic agent in NAFLD.
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FIGURE 1. 
CT scans of a 68-y-old white man with a history of prostate cancer with rising PSA levels

Phan et al. Page 13

Liver Int. Author manuscript; available in PMC 2023 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Phan et al. Page 14

TA
B

L
E

 1

B
as

el
in

e 
ch

ar
ac

te
ri

st
ic

s 
of

 s
tu

dy
 p

ar
tic

ip
an

ts
 b

y 
no

n-
al

co
ho

lic
 f

at
ty

 li
ve

r 
di

se
as

e 
(N

A
FL

D
) 

st
at

us
; m

en
 in

 th
e 

T
hi

rd
 N

at
io

na
l H

ea
lth

 a
nd

 N
ut

ri
tio

n 

E
xa

m
in

at
io

n 
Su

rv
ey

 (
19

88
–1

99
1)

N
o 

N
A

F
L

D
N

A
F

L
D

N
 =

 7
31

b
N

 =
 1

88
b

P
 v

al
ue

a

A
ge

, y
 (

m
ea

n,
 S

E
)

38
.8

0.
8

46
.6

1.
4

<
.0

01

R
ac

e/
et

hn
ic

ity
 (

%
, S

E
)

 
N

on
-H

is
pa

ni
c 

w
hi

te
86

.4
1.

8
85

.1
2.

5
.1

1

 
N

on
-H

is
pa

ni
c 

bl
ac

k
8.

6
1.

4
6.

9
1.

5

 
M

ex
ic

an
-A

m
er

ic
an

5.
1

0.
9

8.
1

1.
5

B
od

y 
m

as
s 

in
de

x,
 k

g/
m

2  
(%

, S
E

)

 
<

18
.5

1.
2

0.
6

0.
0

<
.0

01

 
18

.5
–2

4.
9

49
.2

2.
5

16
.3

4.
5

 
25

–2
9.

9
38

.0
2.

3
35

.3
6.

1

 
30

–3
4.

9
9.

2
1.

5
35

.6
6.

2

 
≥3

5
2.

4
1.

2
12

.8
3.

1

H
ig

h 
w

ai
st

 c
ir

cu
m

fe
re

nc
e 

>
10

2 
cm

 (
%

, S
E

)
15

.0
1.

9
65

.8
4.

9
<

.0
01

R
eg

ul
ar

 le
is

ur
e-

tim
e 

ph
ys

ic
al

 a
ct

iv
ity

 (
%

, S
E

)
59

.8
3.

7
38

.6
6.

2
.0

01

C
ur

re
nt

 s
m

ok
in

g 
(%

, S
E

)
33

.9
2.

7
25

.0
5.

0
.0

7

M
od

er
at

e 
al

co
ho

l c
on

su
m

pt
io

n 
(%

, S
E

)
48

.1
3.

6
36

.9
6.

7
.0

28

To
ta

l c
ho

le
st

er
ol

 m
g/

dL
 (

m
ea

n,
 S

E
)

20
1.

7
1.

8
21

9.
8

5.
9

.0
16

H
ig

h 
de

ns
ity

 li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l m

g/
dL

 (
m

ea
n,

 S
E

)
54

.2
7.

0
45

.2
2.

0
.2

60

T
ri

gl
yc

er
id

es
 m

g/
dL

 (
m

ea
n,

 S
E

)
12

3.
7

4.
3

23
6.

3
42

.7
.0

15

T
ri

gl
yc

er
id

es
: h

ig
h 

de
ns

ity
 li

po
pr

ot
ei

n 
ch

ol
es

te
ro

l r
at

io
 (

m
ea

n,
 S

E
)

3.
0

0.
1

6.
1

1.
0

.0
04

A
la

ni
ne

 a
m

in
ot

ra
ns

fe
ra

se
, U

/L
 (

m
ea

n,
 S

E
)

16
.7

0.
3

23
.6

1.
4

<
.0

01

A
sp

ar
ta

te
 a

m
in

ot
ra

ns
fe

ra
se

, U
/L

 (
m

ea
n,

 S
E

)
21

.3
0.

5
25

.1
1.

1
.0

08

Se
x 

st
er

oi
d 

ho
rm

on
e 

co
nc

en
tr

at
io

ns
 (

ge
om

et
ri

c 
m

ea
n,

 9
5%

 C
I)

 
To

ta
l t

es
to

st
er

on
e,

 n
g/

m
L

5.
4

(5
.2

–5
.7

)
4.

0
(3

.8
–4

.3
)

<
.0

01

 
Fr

ee
 te

st
os

te
ro

ne
, n

g/
m

L
0.

10
8

(0
.1

03
–0

.1
14

)
0.

08
5

(0
.0

76
–0

.0
95

)
.0

01

 
To

ta
l e

st
ra

di
ol

, p
g/

m
L

35
.8

(3
4.

2–
37

.5
)

35
.4

(3
3.

1–
37

.8
)

.6
9

 
Fr

ee
 e

st
ra

di
ol

, p
g/

m
L

0.
90

5
(0

.8
61

–0
.9

51
)

0.
94

9
(0

.8
84

–1
.0

19
)

.0
26

Liver Int. Author manuscript; available in PMC 2023 April 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Phan et al. Page 15

N
o 

N
A

F
L

D
N

A
F

L
D

N
 =

 7
31

b
N

 =
 1

88
b

P
 v

al
ue

a

 
SH

B
G

 n
m

ol
/L

35
.1

(3
3.

5–
36

.7
)

29
.2

(2
6.

2–
32

.5
)

.0
05

 
A

A
G

, n
g/

m
L

12
.3

(1
1.

5–
13

.2
)

11
.3

(9
.7

–1
3.

2)
.3

8

A
bb

re
vi

at
io

ns
: A

A
G

, a
nd

ro
st

an
ed

io
l g

lu
cu

ro
ni

de
; C

I,
 c

on
fi

de
nc

e 
in

te
rv

al
; S

H
B

G
, s

ex
 h

or
m

on
e-

bi
nd

in
g 

gl
ob

ul
in

.

a t-
te

st
 f

or
 in

de
pe

nd
en

t s
am

pl
es

 o
r 

Pe
ar

so
n 
χ

2  
te

st
.

b U
nw

ei
gh

te
d 

N
.

Liver Int. Author manuscript; available in PMC 2023 April 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Phan et al. Page 16

TABLE 2

Age- and race-standardized
a
 prevalence of non-alcoholic fatty liver disease by quartiles of sex steroid hormone 

concentrations in men, NHANES III

Hormone Quartile Range Prevalence (%)

Total testosterone (ng/mL) 1 0.05–4.08 31.9

2 4.09–5.26 28.6

3 5.27–6.63 11.8

4 6.65–13.82 7.5

Free testosterone (ng/mL) 1 0.001–0.081 27.0

2 0.081–0.106 23.4

3 0.106–0.135 17.1

4 0.135–0.317 17.7

Total estradiol (pg/mL) 1 8.75–29.51 21.5

2 29.53–35.56 19.9

3 35.58–43.62 19.8

4 43.68–175.8 19.8

Free estradiol (pg/mL) 1 0.239–0.741 17.0

2 0.743–0.913 18.2

3 0.914–0.122 18.8

4 1.124–3.738 26.4

SHBG (nmol/l) 1 9.82–25.35 38.7

2 25.42–34.31 23.1

3 34.42–47.04 17.1

4 47.13–163.2 8.2

AAG (ng/mL) 1 1.46–8.01 21.9

2 8.02–11.49 21.1

3 11.49–16.75 18.7

4 16.76–182.5 21.5

Abbreviations: AAG, androstanediol glucuronide; SHBG, sex hormone-binding globulin.

a
Weights constructed from our subpopulation.
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