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Abstract

Phyto-oestrogens are a family of plant-derived xeno-oestrogens that appear to have beneficial effects on human health. To date, no data

are available about phyto-oestrogen consumption affecting liver health in a population. The present study aimed to explore the relation-

ship of urinary phyto-oestrogen metabolites with serum liver enzymes in US adults. A nationally representative sample of US adults in the

National Health and Nutrition Examination Survey (NHANES) 2003–10 was analysed. The cross-sectional study sample consisted of 6438

adults with data on urinary phyto-oestrogen levels, serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phos-

phatase (ALP) and g-glutamyl transaminase (GGT) concentrations and data on other potential confounders. Multivariate logistic regression

and linear regression were applied to assess associations between urinary phyto-oestrogen levels and ALT, AST, ALP and GGT concen-

trations. We found a remarkable association between urinary enterolactone and GGT in both adult males (OR 0·37, 95 % CI 0·22, 0·61;

P¼0·003) and females (OR 0·37, 95 % CI 0·26, 0·54; P¼0·009). Moreover, elevated enterolactone levels were inversely associated with

ALT and AST levels in adult males. However, no association was present between levels of urinary daidzein, O-desmethylangolensin,

equol, enterodiol or genistein with liver enzyme levels in this population. The present study results provide epidemiological evidence

that urinary enterolactone levels are associated with liver GGT levels in humans. This suggests a potential protective effect of enterolactone

on human liver function. However, the underlying mechanisms still need further investigation.
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Phyto-oestrogens are present in vegetables, fruits and whole

grains, which are consumed daily by humans. In general,

phyto-oestrogens can be classified into chalcones, flavonoids

(flavones, flavonols, flavanones, isoflavonoids), lignans and

stilbenoids according to their chemical structures(1). Because of

their structural similarity to oestrogen, they canbind tooestrogen

receptors (ER)(2,3). Although the affinities of phyto-oestrogens

for ER are low, they can still exert strong biological effects

because of their higher levels in serum(4), having antioxidant,

anti-proliferative, anti-mutagenic and anti-angiogenic effects.

Previous studies have shown that phyto-oestrogens have

beneficial effects in protecting from breast cancer(5), prostate

cancer(6), cardiovascular risk(7) and metabolic syndrome(8).

The liver is the organ that metabolises substances such as

nutrients, drugs and toxins. It is important in regulating and

maintaining homeostasis of carbohydrates, proteins and

lipids in the body. It also plays a crucial role in the enterohe-

patic recycling of several substances such as bile acids,

cholesterol and others. Liver aminotransferases – alanine

aminotransferase (ALT), aspartate aminotransferase (AST)

and alkaline phosphatase (ALP) – are markers commonly

used in routine liver function tests as markers of diseases of
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the liver or bile ducts, as is g-glutamyl transaminase (GGT).

Enzyme levels increase when hepatocytes are damaged

under disease conditions such as hepatitis, cholestasis,

severe steatosis and others. Whether phyto-oestrogens are

associated with liver diseases in humans has not been

clarified. Some animal studies suggest that phyto-oestrogens

themselves are capable of antioxidant activity and protecting

against liver toxicity(9–11). No epidemiologic studies have

directly evaluated the relationship between urinary phyto-

oestrogens and levels of liver enzymes.

The National Health and Nutrition Examination Survey

(NHANES) studies were conducted by the US National

Center for Health Statistics (Centers for Disease Control and

Prevention, Atlanta, GA, USA)(12). NHANES studies are cross-

sectional studies designed to evaluate the health and

nutritional status of a representative sample of the civilian

non-institutionalised US population using a complex stratified

multi-stage sampling design. In the present study, we investi-

gated the associations between urinary phyto-oestrogens and

serum levels of four enzymes (ALT, AST, ALP and GGT) in

the US population from the NHANES 2003–10 survey.

Materials and methods

Data source and study population

Data from the 2003–10 NHANES were used in this study.

The data on subjects enrolled in the present study were

obtained from four cycles of the NHANES (2003–4, 2005–6,

2007–8 and 2009–10). All data and detailed survey protocols

from the website of the National Center for Health Statistics

were retrieved. The study was approved by the National

Center for Health Statistics Research Ethics Review Board.

Urinary phyto-oestrogen measurement

Phyto-oestrogen metabolites were measured in spot urine

samples from participants. Spot urine samples were collected

at NHANES mobile examination centres in collection cups.

They were processed, stored and shipped to the Division of

Environmental Health Laboratory Sciences, National Center for

Environmental Health, Centers for Disease Control and Preven-

tion for analysis (for details see NHANES Laboratory/Medical

Technologists Procedures Manual). Urinary phyto-oestrogens

were analysedbyHPLC-atmospheric pressurephoto-ionisation-

tandem MS (Laboratory procedure manual; see http://

wwwn.cdc.gov/nchs/nhanes/2009-2010/PHYTO_F.htm). Sub-

sequently, the components were resolved by reverse-phase

HPLC. MS with internal isotope-labelled standards was used to

assure the proper accuracy and detection limit. Urinary phyto-

oestrogens were creatinine-standardised to correct for urine

dilution and creatinine was measured using Beckman Synchron

CX3 Clinical Analyser at the University of Minnesota.

Liver enzyme measurement

Serum specimens were refrigerated and shipped to a central

laboratory for analysis. The Collaborative Laboratory Services

used a Beckman Synchron LX20 analyser to measure the bio-

chemistry profile, including levels of ALT, AST, ALP and GGT.

The upper reference limits recommended by the NHANES

2001–10 were used to define an abnormal status of ALT

(.47 U/l in men or .30 U/l in women), AST (.33 U/l in

men and women), ALP (.113 U/l in men and women) and

GGT (.65 U/l in men or .36 U/l in women)(13).

Covariates

The NHANES 2003–10 collected a wide range of socio-

demographic variables including age, sex, race and ethnicity,

education and cotinine level, and behavioural risk factors

such as alcohol drinking. In addition, NHANES participants

reported medical conditions, including diabetes. BMI (body

weight divided by height squared, kg/m2) was measured

by trained examiners. Fibre intake was assessed via a 24-h

recall dietary interview. We also obtained data on hepatitis B

infection status (infection defined as surface antigen or core

antibody positive) and hepatitis C (infection defined as

antibody positive) from laboratory examinations.

Statistical methods

To investigate the relationship of phyto-oestrogen exposure

to abnormal liver enzyme levels, we used weighted multiple

variable logistic regression and presented the associations

with OR and 95 % CI. We also examined the distribution of

ALT, AST, ALP and GGT levels and performed log transform-

ation to approximate a normal distribution. The associations

between urinary phyto-oestrogen level and continuous

enzyme levels were assessed using weighted multiple variable

linear regression models. We presented multivariate adjusted

geometric means and 95 % CI of liver enzyme levels by

quartiles of urinary phyto-oestrogens. As sex is an extremely

crucial variable, we conducted separate analyses stratified by

sex. Diabetes was considered a potential mediator and was

examined in separate models with the aforementioned

covariates. All multivariate models were performed after

adjusting for age, sex, race and ethnicity, education, BMI,

cotinine, alcohol consumption, fibre intake and hepatitis B

or hepatitis C positivity. Diabetes, BMI and alcohol consump-

tion were not retained in the final models, because adjusting

for these variables did not change the results substantially

(,5 % of change in effect estimates). The lowest quartile

(quartile 1) was used as the reference value. In addition, a

test for trend of the OR was performed to evaluate the

association of elevated liver enzyme levels with phyto-

oestrogen exposure and phyto-oestrogen quintiles coded

as ordinal variables. Statistical Analysis Systems statistical

software package version 9.2 (SAS Institute, Inc.) was

performed for all statistical analyses. A P value,0·05 was

designated as the cut-off for statistical significance.

Results

Of the 41 156 participants of the NHANES 2003–10, we

excluded those who were aged less than 20 years (n 18 983),
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or who had missing urinary phyto-oestrogen levels (n 15 502).

The final analytic population included 6438 participants (3206

males and 3232 females; Fig. 1). Table 1 showed the baseline

characteristics and mean concentrations of urinary phyto-

oestrogen metabolite levels (standard error). Among the

entire population, 7·4 % of males and 5·4 % of females were

positive for hepatitis B infection, and 2·5 % of males and

1·2 % of females were positive for hepatitis C infection. Also,

11 % of males and 12·0 % of females had a history of diabetes.

First, we analysed the data with the weighted multiple

variable linear regression models. We found a significant

association between urinary enterolactone and serum GGT

levels in males, with a decreasing trend (P for trend¼0·02,

Table 2). No other significant association was present for

urinary enterolactone with ALT, AST and ALP in either males

or in females. There was no significant association of the

five other phyto-oestrogens with liver enzymes (online

supplementary Table S1).

In the multiple variable logistic regression of the association

between urinary phyto-oestrogens and liver enzymes after

adjustment for several confounders, a higher urinary

enterolactone was associated with lower odds for elevated

liver enzymes, both inmales and in females (Table 3). Compared

with those participants with the lowest urinary enterolactone

concentration, those with highest concentration had a markedly

reduced GGT level in males (OR ¼ 0·37, 95 % CI 0·22, 0·61;

P¼0·003) and in females (OR ¼ 0·37, 95 % CI 0·26, 0·54;

P¼0·009). Similar associations were observed between the

highest urinary enterolactone level with ALT level (OR ¼ 0·40,

95 % CI 0·24, 0·66; P¼0·004) and AST level (OR ¼ 0·58, 95 %

CI 0·41, 0·81; P¼0·01) in males. However, none of the other

levels of five phyto-oestrogens was associated with liver

enzyme levels (online supplementary Table S2).

Hepatitis virus infection may affect liver enzymes because of

different degrees of hepatocyte damage. To exclude the

possibility of such inference, a total of 484 adults positive

for hepatitis B or hepatitis C virus were excluded in the next

analysis (Table 4). Consistent with the aforementioned results,

the highest urinary enterolactone concentration was still

markedly associated with a lower odds of having elevated

levels of GGT both in males (OR ¼ 0·32, 95 % CI 0·18, 0·56;

P¼0·003) and in females (OR ¼ 0·35, 95 % CI 0·23, 0·52;

P¼0·02). Similarly, we found marked associations between

the ALT and AST levels in males and ALP level in females.

These data suggested that urinary enterolactone per se was

associated with liver enzymes despite the presence of hepatitis

virus infection.

Discussion

With a large sample from the US NHANES 2003–10 survey,

we showed that urinary enterolactone concentration was

inversely associated with serum GGT levels in both sexes.

Furthermore, urinary enterolactone was inversely associated

with AST and ALP levels in males as well.

Table 1. Weighted characteristics of National Health and Nutrition
Examination Survey (NHANES) 2003–10 participants

(Mean values and standard errors; percentages)

Characteristic

Male
(n 3206)

Female
(n 3232)

Mean SE Mean SE

Daidzein (ng/ml) 385 28·8 359 26·5
O-Desmethylangolensin (ng/ml) 70·5 9·94 107 12·9
Equol (ng/ml) 45·0 6·85 57·4 8·94
Enterodiol (ng/ml) 154 14·7 148 14·7
Enterolactone (ng/ml) 879 49·1 799 47·1
Genistein (ng/ml) 187 15·1 164 12·8
Log daidzein 1·82 0·01 1·75 0·01
Log O-desmethylangolensin 0·58 0·02 0·60 0·02
Log equol 0·83 0·01 0·79 0·01
Log enterodiol 1·55 0·01 1·50 0·01
Log enterolactone 2·43 0·01 2·38 0·01
Log genistein 1·51 0·01 1·43 0·01
Creatinine (mg/dl) 146 1·48 106 1·23
Dietary fibre (g) 17·5 0·18 14·3 0·13
BMI (kg/m2) 28·6 0·11 29·2 0·13
Age (%)

20–34 years 26·7 25·6
35–49 years 25·5 26·9
50–64 years 23·5 24·2
65–85 years 24·3 23·3

Ethnicity (%)
Mexican American 18·9 19·3
Other Hispanic 6·6 7·6
Non-Hispanic White 50·2 47·7
Non-Hispanic Black 20·2 20·6
Other race 4·1 4·8

Education (%)
Less than high school/GED 15·6 15·7
High school/GED 24·9 23·7
High than high school/GED 46·3 48·3

BMI (%)
,25 kg/m2 27·4 31·4
25–30 kg/m2 37·4 29·6
.30 kg/m2 33·9 38·0

Cotinine level (%)
,0·01 ng/ml (limit of detection) 13·9 23·5
0·01–10 ng/ml 50·9 51·2
.10 ng/ml 30·9 20·3

Alcohol (%)
Non-drinker 14·7 36·7
Drinker 78·3 54·0

HBsAg or HBcAb positive (%) 7·4 5·4
Hepatitis C antibody positive (%) 2·5 1·2
Diabetes (%) 11·0 12·0

GED, General Educational Development; HBsAg, hepatitis B surface antigen;
HBcAb, Hepatitis B core antibody.

NHANES 2003–10
(n 41 156)

n 6671

After primary exclusions

After exclusion

With serum ALT, AST, ALP, GGT
and six phyto-oestrogen data

Females (n 3232)

With serum ALT, AST, ALP, GGT
and six phyto-oestrogen data

Males (n 3206)

(1)  Being pregnant

(1)   Age <20-year-old

(2)   Missing phyto-oestrogen

(3)   Missing liver enzyme

Fig. 1. Schematic diagram depicting adult National Health and Nutrition

Examination Survey (NHANES) 2003–10 subjects. ALT, alanine amino-

transferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase;

GGT, g-glutamyl transaminase.
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Only a few rare interventional studies have suggested that a

single phyto-oestrogen or phyto-oestrogen mixture supplement

might affect liver enzymes in human subjects. However, the

results are somewhat conflicting. Engelhardt & Riedl(14) found

a remarkable increase in GGT levels among men treated with

a daily dose of 60 mg of phyto-oestrogen-containing food

supplements for 1 year. One randomised controlled trial

indicated that GGT decreased, while AST, ALT and ALP were

normal among fifty-four healthy post-menopausal women

who were administrated isoflavones for 6 months(15). Conver-

sely, another randomised controlled trial study in healthy

post-menopausal women assigned to Pueraria mirifica (a type

of plant that contains mixed phyto-oestrogens) for 24 weeks

showed no significant difference in liver function(16). To our

knowledge, this is the first epidemiological study to evaluate

the association between phyto-oestrogens and liver enzymes

using large samples from US NHANES data. The present study

results indicated an inverse association between urinary entero-

lactone and liver enzyme levels.

Phyto-oestrogens have chemical structures similar to

oestrogen in mammals and thus they bind to ER(2,3,17). The pro-

cesses of oestrogen-induced regulation, such as inducing sex

hormone binding globulin and inhibiting aromatase may be

influenced by phyto-oestrogens as well(18). Since ER are

widely distributed in various tissues such as the central nervous

system, gonads, lung, bones, reproductive tract, placenta and

gastrointestinal tract, phyto-oestrogens may exert tissue-specific

hormonal effects(2,19,20). Furthermore, phyto-oestrogens exert

an effect through ER-independent pathways by activating

insulin-like growth factor-1 receptors(21) or serotoninergic

receptors(22), hence inducing DNA methylation(17,23), histone

modification and RNA expression(17) and impacting tyrosine

kinase, cyclic AMP/protein kinase A, cyclic GMP/NO,

phosphatidylinositol-3 kinase/Akt and mitogen-activated

protein (extracellular signal-regulated kinase (ERK) 1 and 2,

p38) kinases(21–24); transcription factors like NF-kB, DNA

topoisomerase activities(21,23); and other molecular mechanisms

of the cell cycle and apoptosis. They can be responsible for the

promotion of human health by acting as antioxidants and/or

anti-mutagenics(18,19,21,23,25–28).

Although we found an association of urinary phyto-

oestrogens, particularly enterolactone, with liver enzyme

levels, the mechanism accounting for the association is unclear.

Possible mechanisms can be explained by evidence from rodent

studies that showed potential hepatoprotective effects of phyto-

oestrogens. Fan et al.(11) showed that genistein can prevent and

protect against oxidative stress-induced liver toxicity by altering

the metabolism process and the activity of antioxidant enzymes

in male mice. Furthermore, daidzein could exert hepato-

protective effects on female mice by its antioxidant activity in

reducing apoptosis in the liver(9). Similarly, Wong et al.(29

)showed a marked improvement in oxidant-induced liver

injury in male rats after administration of daidzein. Collectively,

these data provide evidence that the beneficial effects of

phyto-oestrogens on liver might be primarily by activating the

antioxidant system. Similar protective mechanisms might be

present for enterolactone to protect hepatocytes. However,

there is still a lack of experimental evidence.T
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Undoubtedly, oestrogen is crucial to health in females as well

as in males. Nevertheless, different concentrations can result in

disparate biological effects. Low oestrogen states are associated

with certain hepatic diseases, for example, chronic hepatitis B

and C and even cirrhosis. Oestrogen-abundant states are

associated with other types of liver abnormalities, such as

cholestatic jaundice and benign liver tumours(30). In the past,

people commonly used oestrogen replacement therapy in

oestrogen deficiency patients(31). Evidence indicates that

oestrogen may be a vital pathogenic cofactor in development

of alcoholic liver injury(32–35). Oestrogens are also involved

in other types of liver disease. Oestrogen leads to damaged

mitochondria in acute fatty liver in pregnant women(36) by

reducing b-oxidation of fatty acids and altering the activity of

proteins and enzymes in mitochondria.

Enterolactone is a phyto-oestrogen formed in biologically

active enterolignan. Seeds, cereals and grains are found to

be rich in enterolactone. The mechanism of function for enter-

olactone is still not quite clear. Enterolactone can decrease

oestrogen levels by increasing sex hormone-binding globulin

Table 3. Multivariate adjusted associations between quartile of enterolactone and serum levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP) and g-glutamyl transaminase (GGT), National Health and Nutrition Examination Survey (NHANES;
2003–10)*

(Odds ratios and 95 % confidence intervals)

Enterolactone†

P for trendQ1

Q2 Q3 Q4

Liver enzyme Sex OR 95 % CI OR 95 % CI OR 95 % CI

ALT Total Ref 0·93 0·73, 1·20 0·76 0·59, 0·99 0·57 0·43, 0·76 0·57
Male Ref 0·78 0·55, 1·11 0·74 0·50, 1·08 0·40 0·24, 0·66 0·004
Female Ref 1·27 0·88, 1·84 0·92 0·64, 1·34 0·73 0·50, 1·07 0·28

AST Total Ref 0·83 0·65, 1·05 0·65 0·50, 0·84 0·59 0·45, 0·78 0·06
Male Ref 0·78 0·58, 1·04 0·59 0·42, 0·81 0·58 0·41, 0·81 0·01
Female Ref 1·07 0·69, 1·68 0·87 0·56, 1·37 0·66 0·42, 1·03 0·37

ALP Total Ref 0·82 0·55, 1·22 0·75 0·50, 1·12 0·53 0·33, 0·83 0·003
Male Ref 0·52 0·28, 0·99 0·77 0·43, 1·38 0·44 0·21, 0·93 0·07
Female Ref 1·13 0·66, 1·92 0·69 0·39, 1·23 0·58 0·32, 1·05 0·01

GGT Total Ref 0·59 0·45, 0·76 0·58 0·45, 0·76 0·37 0·27, 0·49 ,0·001
Male Ref 0·46 0·30, 0·69 0·59 0·39, 0·89 0·37 0·22, 0·61 0·003
Female Ref 0·72 0·51, 1·01 0·61 0·43, 0·87 0·37 0·26, 0·54 0·009

Ref, reference; GED, General Educational Development; LOD, limit of detection.
* Adjusted for age (20–34, 35–49, 50–64 and 65–85 years), sex (male, female) (only in total model), race and ethnicity (Mexican American, other Hispanic, non-Hispanic

White, non-Hispanic Black, other), education (less than 9th grade, 9–11th grade, high school/GED), cotinine level (,0·01 (LOD), 0·01–10, and .10 ng/ml), hepatitis B
(positive serum hepatitis B surface antigen and core antibody, negative) and hepatitis C (positive serum hepatitis C antibody, negative), fibre intake (gm).

† Quartiles enterolactone (nmol/mg): Q1: # 0·032463; Q2:0·032463–0·119347; Q3: 0·119347–0·286198; Q4: . 0·286198.

Table 4. Multivariate adjusted associations between quartile of enterolactone and serum levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP) and g-glutamyl transaminase (GGT) excluded by hepatitis, National Health and Nutrition Examination
Survey (NHANES; 2003–10)*

(Odds ratios and 95 % confidence intervals)

Enterolactone†

P for trendQ1

Q2 Q3 Q4

Liver enzyme Sex OR 95 % CI OR 95 % CI OR 95 % CI

ALT Total Ref 0·89 0·68, 1·16 0·70 0·53, 0·93 0·54 0·40, 0·73 0·39
Male Ref 0·73 0·50, 1·07 0·64 0·42, 0·97 0·41 0·24, 0·69 0·009
Female Ref 1·21 0·83, 1·78 0·87 0·59, 1·29 0·66 0·44, 0·99 0·20

AST Total Ref 0·81 0·62, 1·05 0·62 0·47, 0·81 0·56 0·42, 0·75 0·10
Male Ref 0·78 0·57, 1·07 0·55 0·39, 0·78 0·56 0·39, 0·81 0·02
Female Ref 0·97 0·60, 1·57 0·83 0·52, 1·32 0·58 0·36, 0·94 0·56

ALP Total Ref 0·80 0·52, 1·21 0·73 0·48, 1·12 0·48 0·29, 0·78 0·002
Male Ref 0·48 0·24, 0·97 0·77 0·42, 1·44 0·49 0·23, 1·04 0·10
Female Ref 1·09 0·63, 1·89 0·66 0·37, 1·20 0·46 0·24, 0·88 0·007

GGT Total Ref 0·56 0·42, 0·74 0·56 0·42, 0·74 0·33 0·24, 0·46 0·001
Male Ref 0·45 0·29, 0·71 0·51 0·33, 0·81 0·32 0·18, 0·56 0·003
Female Ref 0·67 0·46, 0·96 0·62 0·43, 0·88 0·35 0·23, 0·52 0·02

Ref, reference; GED, General Educational Development; LOD, limit of detection.
* Adjusted for age (20–34, 35–49, 50–64 and 65–85 years), sex (male, female) (only in total model), race and ethnicity (Mexican American, other Hispanic, non-Hispanic

White, non-Hispanic Black, other), education (less than 9th grade, 9–11th grade, high school/GED), cotinine level (,0·01 (LOD), 0·01–10 and .10 ng/ml), fibre intake (gm).
† Quartiles enterolactone (nmol/mg): Q1: # 0·032463; Q2:0·032463–0·119347; Q3: 0·119347–0·286198; Q4: . 0·286198.
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concentration(37) and reducing aromatase activity(38), leading

to low concentrations of free oestrogen. Although previous

research has suggested that enterolactone possesses low

binding affinities to ERa and ERb(39), Penttinen et al.(40)

found activation by ERb required a higher enterolactone

concentration than ERa. These data suggest the existence of

a cell type-specific and tissue-specific activity of enterolactone.

Moreover, non-hormonal effects of enterolactone for

inhibition of the development of breast cancer, including

antioxidative effects(41) and an inhibitory effect on angio-

genesis, were demonstrated(42). Enterolactone is produced

by the gut microbiota and reabsorbed in the intestine, under-

going enterohepatic circulation. The metabolism of lignans

to enterolignans (enterolactone and enterodiol) is mainly

through gut micro-organisms. Different gut microbial environ-

ments have various enterolignan concentrations in the host.

Thus, the gut microbiota may be a major determinant of

enterolactone absorption(43). However, urinary enterolactone

levels may reflect the metabolism of enterolignans by gut

microbiota, which has proved important in liver disease(44).

There are several limitations to the present study. First,

although we adjusted for potential confounders, some

confounders such as physical activity and genetic suscep-

tibility were not recorded and adjusted for in the analysis.

In addition to the common covariants, we analysed other

covariants that may influence abnormal liver enzyme levels,

such as diabetes, which ensured that the present study results

reflected reality. Because the study was cross sectional, it is

not possible to know whether phyto-oestrogens affected

liver enzymes or vice versa.

In summary, the present study results revealed that entero-

lactone exposure may be associated with favourable liver

health in male and female adults. Future studies are needed

to confirm this and explore potential mechanisms.
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