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Abstract

Context: Growth hormone (GH) stimulates hepatic synthesis of very-low-density lipoproteins (VLDL), whereas hepatic
steatosis develops as a result of GH deficiency. Steatosis is also a complication of tamoxifen treatment, the cause of
which is not known. As tamoxifen inhibits the secretion and action of GH, we hypothesize that it induces steatosis by

inhibiting hepatic VLDL export.

Aim: To investigate whether tamoxifen reduces hepatic VLDL secretion.

Design: Eight healthy, normolipidemic women (age: 64.4+ 2.1 years) were studied in random sequence at baseline,
after 2 weeks of tamoxifen (20 mg/day) and after 2 weeks of estradiol valerate (EV; 2 mg/day) treatments, separated
by a 4-week washout period. The kinetics of apolipoprotein B (apoB), the structural protein of VLDL particles, were
measured using a stable isotope 2H3-leucine turnover technique. VLDL-apoB fractional catabolic rate (FCR) was
determined using a multicompartment model. VLDL-apoB secretion was estimated as the product of FCR and VLDL-
apoB concentration. GH response to arginine stimulation, circulating levels of IGF-1, FFA, and TG, along with TG

content in VLDL were measured.

Results: Tamoxifen significantly (P<0.05) reduced VLDL-apoB concentration and secretion by 27.3+7.8% and
29.8 +10.2%, respectively. In contrast, EV did not significantly change VLDL-apoB concentration or secretion.
Tamoxifen but not EV significantly reduced (P<0.05) GH response to arginine stimulation. Both treatments

significantly lowered (P<0.05) circulating IGF-1.

Conclusion: Inhibition of VLDL secretion may contribute to the development of fatty liver during tamoxifen therapy.
As GH stimulates VLDL secretion, the development of steatosis may arise secondarily from GH insufficiency induced

by tamoxifen.
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Introduction

Hepatic steatosis develops in up to 50% of patients with
breast cancer treated with tamoxifen (1, 2, 3, 4). However,
the mechanism by which tamoxifen induces fatty liver
is unknown.

Steatosis is a common complication of growth
hormone deficiency (GHD). Fatty liver, assessed by fatty

infiltration on imaging studies or liver biopsy based on
standardized grading system, is found in up to three
quarters of GHD adults in Japan (5, 6). Up to 30% of patients
with GHD develop steatosis and GH therapy reverses this
based on histological evaluation and normalization of
liver enzymes (6, 7, 8). Hepatic steatosis develops within
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3 years of the diagnosis of hypothalamic or pituitary
dysfunction, especially with obesity (9). Furthermore, in
patients with non-alcoholic fatty liver disease (NAFLD),
low GH levels are associated with a more advanced stage
of NAFLD (10). Evidence supporting a pathophysiologic
role of GH comes from the observation that a loss of GH
receptor function in the liver leads to steatosis (11). Liver-
specific deletion of the GH receptor causes abnormal
intrahepatic lipid metabolism, which is not corrected by
IGF-1 administration (12). GH stimulates fat oxidation
and the synthesis of very-low-density lipoproteins (VLDL)
for hepatic export of triglycerides (TGs) (13, 14). Thus, GH
plays a vital role in regulating hepatic lipid metabolism.

Our research on the GH system has provided strong
evidence that estrogens regulate the secretion and the
action of GH (15, 16, 17). SERM are synthetic estrogens,
compounds that possess tissue-specific antagonist and
agonist properties. In the case of tamoxifen, it acts centrally
as an estrogen receptor antagonist and peripherally on
the liver as an agonist (18, 19). Because estrogens drive
GH secretion centrally, tamoxifen markedly reduces GH
secretion (17). Estrogens inhibit hepatic GHR signaling
and when taken by the oral route antagonizes the
metabolic actions of GH on the liver, resulting in a fall
in IGF-1 and fatty acid oxidation (20, 21, 22, 23, 24). The
fall in circulating IGF-1 by oral estrogens can trigger a
secondary increase in GH secretion from loss of central
feedback inhibition. Tamoxifen exerts hepatic effects
similar to those of estrogens. However, unlike estrogens,
tamoxifen does not cause a secondary increase in GH
because its central action as an antagonist prevents the
increase in GH secretion (17). Thus, while both inhibit
the hepatic actions of GH, tamoxifen evokes a more
severe GH-deficient state from additional inhibition of
GH secretion.

These findings suggest that steatosis developing from
tamoxifen may arise secondarily from a GH-deficient
state caused by its suppression of the system. Unlike with
tamoxifen, steatosis is not a recognized complication
of oral estrogen use, suggesting that the underlying
mechanism is unlikely to arise from an estrogen agonist
effect on the liver. Because estrogen and tamoxifen exert
contrasting central effects, it is conceivable that steatosis
may develop from impaired VLDL production as a result
of reduced GH secretion during tamoxifen treatment.

The aim of this study was to investigate whether
hepatic VLDL production is inhibited by tamoxifen. We
have compared VLDL dynamics during tamoxifen and
estradiol valerate treatment in postmenopausal women
using stable isotope methodology.
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Methods

Subjects

Eight healthy women (mean age: 64.4+2.1 years;
mean BMI: 23.7 +1.2kg/m?) were recruited from the
community through advertisements. Study participants
were normolipidemic, in good general health and
had normal hematological tests, renal and hepatic
function. Exclusion criteria included BMI >30kg/m?,
hypothalamic or pituitary disorders, diabetes mellitus,
cancer and chronic renal or hepatic illnesses, or taking
any medications known to interfere with endocrine
systems. Study participants were instructed to follow
their usual diet and physical activity throughout
the study. St Vincent’s Hospital Human Research
Ethics Committee approved the study, which was
conducted in accordance with the principles of the
Declaration of Helsinki. The study was registered with
the Australian New Zealand Clinical Trials Registry
(ACTRN12611001093976).

Study design

This was an open label study of tamoxifen (Genox) and
estradiol valerate administration. The dose of tamoxifen
was 20mg/day and for estradiol valerate (EV) 2mg/day.
Study medications were administered in randomized
order for two weeks each, with a 4-week washout in
between. Study participants were studied in the Clinical
Research Facility, Garvan Institute of Medical Research
after an overnight fast. On each visit, including baseline
(no intervention), assessment of VLDL turnover was
performed, GH response to arginine stimulation, and
serum IGF-1, free fatty acids (FFA), TG levels were
measured. Study bloods were collected, and serum
samples were obtained by centrifugation and stored at
—80°C until analysis.

VLDL turnover

We quantified hepatic VLDL secretion by stable isotope
2H3-leucine turnover technique (25). It is assumed that
plasma alpha-KIC is in equilibrium with intrahepatic
leucine and reflects the enrichment of hepatic leucine
transfer ribonucleic acid, which is necessary for the
production of apoB, the principal structural apolipoprotein
of VLDL. The steady-state isotope enrichment of the
precursor pool occurs within 30-45min of 2H3-leucine
infusion and remains constant throughout the study.
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After an overnight fast, blood samples were taken
before and during the 3-h primed (1.34mg/kg) constant
infusion of 2H3-leucine at a rate of 1.34mg/kg/h. EDTA
blood samples were centrifuged immediately, and plasma
was stored at 4°C for up to 8h. The VLDL fraction was
then isolated from plasma through ultracentrifugation
(50000rpm at 20°C for 16h) and recovered by aspiration.

Laboratory methods for measurement of VLDL-
apoB turnover have been described previously by Chan
and co-authors (26). We quantified the concentration of
VLDL-apoB by the Lowry method. ApoB was precipitated
with 50% isopropanol and delipidated by 100%
isopropanol, made soluble in alkaline deoxycholate
solution and protein estimated by the Lowry method.
Isotopic enrichment of VLDL and plasma was measured
by gas chromatography-mass spectrometry (GC-MS) as
previously described (26).

VLDL-apoB fractional catabolic rate (FCR) is that
fraction of the VLDL-apoB pool irreversibly cleared
from the plasma per day. VLDL-apoB secretion rate
was estimated as the product of FCR and VLDL-apoB
concentration. Pool size is the mass of tracee in the VLDL
pool determined as the product of plasma volume and
trace concentration.

The multicompartment model included a
compartment 1, which reflected the plasma tracer/tracee
ratio of the leucine tracer in plasma. Compartment 2
represents intrahepatic delay that accounts for the time
required for the synthesis and secretion of VLDL-apoB
into plasma. Compartment 3 represents the plasma
VLDL-apoB. The rate constant out of compartment 3 is
equivalent to the VLDL-apoB FCR. The SAAM II software
(The Epsilon Group, Charlottesville, VA, USA) was used to
fit the model to the tracer data.

Arginine stimulation test

Subjects rested on a bed for at least 30min before the
baseline blood samples were taken. Thirty grams of
L-Arginine hydrochloride (Phebra Pty Ltd, Australia) was
infused over 30-min period. Blood samples for GH level
measurements were taken at 0 and 30, 60 and 90 min after
commencement of arginine infusion.

Analytical methods

All samples for any individual were measured in the same
assay run for each analyte. Serum GH was measured by
Immulite 2000 (L2ZKGRH, WHO NIBSC 2nd IS 98/574;
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Siemens Medical Solution Diagnostics, Los Angeles, CA,
USA). The inter-assay and intra-assay CVs for GH at
3ng/mL were 5.8% and 5.7%, respectively. Serum IGF-1
was measured by RIA after acid ethanol extraction as
previously described (17). The CVs for IGF-1 were 8.3% at
14.7nmol/L and 7.4% at 28.6nmol/L. TG was measured
using Enzyme Colorimetric method by Cobas 701 auto-
analyzer (Roche Diagnostics). The inter-assay CV for TG
was 2.6% at 2.9mmol/L. 17p-Estradiol was measured by
electrochemiluminescence immunoassay with inter-assay
CV of 4.7% at 166 pmol/L.

Statistical analysis

Treatment effects were assessed by factorial ANOVA
followed by paired t-tests with Bonferroni’s correction
where appropriate. The GH response to arginine data was
logarithmically transformed and analyzed by repeated
measures ANOVA. Results were expressed as mean with
standard errors (s.t.m.), and a P value of less than 0.05
was considered to be significant. Statistical analysis was
undertaken using the statistical software package SPSS
(IBM SPSS Statistics 21).

Results

VLDL metabolism

Tamoxifen, but not EV, significantly (P<0.05) lowered
mean VLDL-apoB concentration (A -27.3+7.8%; Fig. 1
and Table 1). The change in VLDL-apoB concentration
between tamoxifen and EV treatments was significantly
different (P<0.05). Tamoxifen significantly lowered
VLDL-apoB secretion rate by 29.8 +10.2% (P<0.05), while
EV treatment did not significantly affect this. Neither
tamoxifen nor EV significantly changes the FCR of
VLDL-apoB.

Both tamoxifen and EV did not significantly change
plasma or VLDL triglyceride concentrations. The VLDL-TG
to VLDL-apoB ratio, a measure of the TG content of VLDL
particles, also did not change significantly with tamoxifen
or EV treatments (Table 1).

Effects on GH and IGF-1

Tamoxifen significantly reduced the peak GH response
to arginine stimulation by 45.3 +8.9% (P<0.01; Table 1).
EV did not significantly affect the peak GH response
to stimulation (Fig. 2). Compared with baseline,
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Figure 1

Changes in VLDL-apoB concentration (A) and VLDL-apoB
secretion (B) during tamoxifen (Tam; 20 mg/day) and estradiol
valerate (EV; 2mg/day) treatments. *P<0.05 compared to
baseline. Data are expressed as means+s.e.M.

administration of tamoxifen or EV significantly reduced
circulating IGF-1 concentrations (A -14.8+5.3% and
-21.4+4.7%, respectively; P<0.05; Table 1). IGF-1
levels following tamoxifen and EV treatments were not
significantly different.

Other measurements

FFA concentrations did not change significantly with
either treatments. Mean circulating estradiol levels
increased significantly during treatment with EV
(P<0.01; Table 1).
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Discussion

We investigated the effects of tamoxifen and estradiol
valerate on hepatic VLDL metabolism and on the GH
system in healthy postmenopausal women using isotopic
tagging of apoB, the principal structural protein of VLDL.
VLDL-apoB concentration was significantly lower during
tamoxifen than during EV treatment. Tamoxifen but not
EV significantly reduced hepatic VLDL secretion, while
both treatments did not affect the FCR. Neither tamoxifen
nor EV significantly modified the TG content of VLDL.
Tamoxifen but not EV treatment significantly reduced the
peak GH response to stimulation. Both tamoxifen and EV
significantly reduced IGF-1 levels to a similar extent. In
summary, tamoxifen but not EV reduced hepatic VLDL
production and reduced GH secretion.

VLDL is composed of a core of triglycerides,
surrounded by  cholesterol, cholesteryl  esters,
phospholipids and apolipoproteins, of which apoB is the
principal apolipoprotein. VLDL secretion rate depends
on availability of intrahepatic lipid substrate. Fatty acids
taken up by the liver are either oxidized or reesterified to
triglycerides and exported from the liver as VLDL particles.
Therefore, a block in either beta-oxidation or VLDL
export leads to TG accumulation and the development of
a fatty liver.

GH plays a pivotal role in hepatic lipid metabolism.
Rodent studies reveal that loss of hepatic GH receptor
function leads to TG accumulation in the liver (11).
Several clinical studies have described the occurrence
of steatosis in patients with GH deficiency, which
resolves with GH therapy (7, 8). Because GH stimulates
hepatic fatty acid oxidation (13) and VLDL secretion
(14, 27), it is likely that steatosis develops in GHD

Table 1 Endpoint measures at baseline and during the treatment with tamoxifen (20 mg/day) and estradiol valerate (2 mg/day).

Data are expressed as means +S.E.M.

Outcome measures Baseline Tamoxifen Estradiol
Weight (kg) 64.0+3.0 63.8+3.1 64.3+3.1
Estradiol (pmol/L) 11.7+4.1 10.5+3.7 349.5+71*%*A
GH max (ng/mL) 17.3+£4.0 10.4+3.5** 20.5+10.8
IGF-1 (nmol/L) 149+1.0 12.7+1.2* 11.7+1.0**
VLDL-apoB concentration (mg/L) 31.1+5.6 21.8+4.8* 29.0+4.5"
VLDL-apoB FCR (pools/days) 3.8+0.7 3.2+0.8 3.5+0.5
VLDL-apoB secretion (mg/kg/day) 45+1.1 3.0+0.8* 4.0+0.6
TG (mmol/L) 0.84+0.1 0.81+0.1 1.0+0.1
VLDL-TG (mmol/L) 1.06+0.1 1.03+0.2 1.29+0.2
VLDL-TG to VLDL-apoB ratio 4.5+0.9 6.2+1.3 49+0.9
FFA (umol/L) 574.5+66 574.2+76 601.1+102

*P<0.05 compared with baseline; **P<0.01 compared with baseline; "P<0.05 compared with tamoxifen.
FCR, fractional catabolic rate; FFA, free fatty acids; GH max, peak GH response to arginine stimulation, conversion factor: 11U/L=0.33 ug/L;

TG, triglycerides; VLDL, very-low-density lipoprotein.
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Figure 2

Change from pre-stimulation serum GH levels at 30, 60, 90
and 120min after arginine infusion measured before (nil; solid
line), during oral treatment with estradiol valerate

(EV; 2mg/day; dotted line) and during tamoxifen treatment
(20mg/day; dashed line). Data are expressed as means +s.e.M.
Conversion factor: 11U/L=0.33 pg/L.

patients from suppression of fatty acid oxidation and of
VLDL production.

Our previous work has provided strong evidence
that tamoxifen exerts a more profound suppressive effect
on the GH system than classical estrogen such as EV.
While both tamoxifen and EV antagonize the action of
GH on the liver, tamoxifen exerts an additional central
effect of inhibiting GH secretion as observed in the GH
response to arginine, confirming our earlier report (17).
We investigated whether the double blow effect which
creates a more profound GH-deficient state reduced VLDL
production. Our findings provide evidence that steatosis
develops during tamoxifen most likely from impaired
VLDL export arising from the induction of a profound
GH-deficient state.

Studies have demonstrated that estrogens may
stimulate VLDL production depending on the route
of administration. Oral but not transdermal estrogen
enhances the fractional secretion and production rate of
VLDL in particular the light fraction of VLDL particles
(28, 29). As oral but not parenteral route of estrogen
delivery stimulates GH secretion (17, 20), the increase in
GH output may in turn stimulate hepatic VLDL production.
We did not observe a significant increase in GH secretion
or VLDL production during EV administration although
there was a small trend. Steatosis is not a recognized
complication of oral estrogen use. The finding that VLDL
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secretion is either unaffected or may be stimulated by oral
estrogens supports the hypothesis that suppression of
GH-stimulated VLDL export is a plausible mechanism for
the development of steatosis.

It is not clear from clinical studies whether GH or
IGF-1 regulates hepatic VLDL metabolism. However,
rodent studies provide little evidence that IGF-1 has a
major role in regulating VLDL metabolism in the liver.
In vitro studies report no direct effect of IGF-1 on VLDL
secretion in isolated rat hepatocytes, contrary to that of
GH (27, 30). Steatosis that develops as a consequence of
liver-specific deletion of the GH receptor is not improved
by IGF-1 treatment (12). Steatosis does not develop in
liver-specific IGF-1-deficient mice (31). Thus, the collective
evidence points to a direct non-IGF-1 mediated action of
GH on VLDL secretion.

The intracellular biochemical mechanisms by which
VLDL secretion is reduced by tamoxifen is not known. The
assembly and secretion of apoB-containing lipoproteins
are strictly dependent on the microsomal triglyceride
transfer protein (MTP), which shuttles triglycerides
into the nascent VLDL particle (32, 33). Animal studies
show that continuous GH infusion stimulates hepatic
MTP mRNA and protein levels (34). Thus, tamoxifen, by
inhibiting GH secretion, could reduce MTP synthesis in
the liver, reducing VLDL formation.

A direct effect of tamoxifen, independent of GH,
on hepatocytes cannot be ruled out. It is been proposed
from in vitro experiments that tamoxifen induces hepatic
steatosis by impairing beta-oxidation and respiration, or
by increasing fatty acid synthesis through upregulation
of SREBP-1c pathway (35, 36). Other studies report
no direct effect of tamoxifen on hepatocyte fatty acid
oxidation, whereas systemic treatment of tamoxifen in
mice substantially increases hepatic triglyceride content
and activates fatty acid synthesis (37). In vitro incubation
of VLDL with tamoxifen resulted in increased TG content
in VLDL particles (38); however, studies investigating the
direct effect of tamoxifen on hepatic VLDL production are
scarce. Studies comparing the in vitro effects of tamoxifen
and estradiol have not been reported. Thus, the possibility
that tamoxifen direct regulates VLDL turnover and
assembly cannot be excluded.

This study has some limitations, including a relatively
small sample size, although each patient completed each
treatment and as such served as their own control. In
addition, the duration of the tracer study was relatively
short, limiting the identification of kinetic heterogeneity
within the VLDL-apoB fraction. Longer term studies may
provide more precise measures of VLDL-apoB Kkinetics.
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However, as the primary determinant of VLDL-apoB
concentration is secretion rate it is unlikely that small
errors in FCR impact on our findings.

In summary, tamoxifen significantly reduced
hepatic VLDL secretion in healthy postmenopausal
women. Tamoxifen inhibited GH secretion, inducing
a GH-deficient state. As GH is a potent stimulant of
hepatic lipid metabolism and VLDL secretion, we
propose that the reduction in VLDL secretion may arise
in part from profound suppression of the GH-IGF-1 axis.
Diminished hepatic VLDL secretion may contribute to the
development of fatty liver during tamoxifen therapy.
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