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Conjugated equine estrogens (CEEs), whose brand name is
Premarin, are widely used as a hormone-replacement therapy
(HRT) drug to manage postmenopausal symptoms in women.
Extracted from pregnant mare urine, CEEs are composed of
nearly a dozen estrogens existing in an inactive sulfated form.
To determine whether the hepatic steroid sulfatase (STS) is a
key contributor to the efficacy of CEEs in HRT, we performed
estrogen-responsive element (ERE) reporter gene assay, real-
time PCR, and UPLC-MS/MS to assess the STS-dependent
and inflammation-responsive estrogenic activity of CEEs in
HepG2 cells and human primary hepatocytes. Using liver-
specific STS-expressing transgenic mice, we also evaluated
the effect of STS on the estrogenic activity of CEEs in vivo. We
observed that CEEs induce activity of the ERE reporter gene
in an STS-dependent manner and that genetic or pharmaco-
logical inhibition of STS attenuates CEE estrogenic activity.
In hepatocytes, inflammation enhanced CEE estrogenic ac-
tivity by inducing STS gene expression. The inflammation-
responsive estrogenic activity of CEEs, in turn, attenuated
inflammation through the anti-inflammatory activity of the
active estrogens. In vivo, transgenic mice with liver-specific
STS expression exhibited markedly increased sensitivity to
CEE-induced estrogenic activity in the uterus resulting from
increased levels of liver-derived and circulating estrogens.
Our results reveal a critical role of hepatic STS in mediating
the hormone-replacing activity of CEEs. We propose that
caution needs to be applied when Premarin is used in patients
with chronic inflammatory liver diseases because such patients

may have heightened sensitivity to CEEs due to the inflamma-
tory induction of STS activity.

As the average age of menopause is �50, and the average life
expectancy of women is over 85, women may live more than
one-third of their life in the postmenopausal state with dra-
matic sex hormone deficiencies. Many women during the early
phase of menopause experience a number of discomforts, such
as vasomotor symptoms (hot flashes), vaginal dryness, insom-
nia, and mood disturbances. Hormone-replacement therapy
(HRT),3 including estrogens with or without a progestogen, is
the most effective therapy for these symptoms (1). Besides
relieving menopausal symptoms, HRT has been reported to
reduce the incidence of osteoporosis, heart disease, and demen-
tia as well as all-cause mortality. The benefits of HRT have been
supported by many clinical and epidemiological studies and
meta-analyses (2, 3).

Conjugated equine estrogens (CEEs), whose brand name is
Premarin, are one of the most prescribed HRT drugs. CEEs are
a complex natural extract from pregnant mare urine, contain-
ing nearly a dozen different estrogens with equilin and estrone
as the main components (4). The estrogens present in CEEs are
the sulfate esters. Unlike estrogens, sulfonated estrogens can-
not bind to the estrogen receptor (ER) and thus they are hor-
monally inactive (5, 6). To the best of our knowledge, how the
estrogen sulfates in CEEs exert their pharmacological activity of
hormone replacement remains to be defined.
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Steroid sulfatase (STS) is the enzyme responsible for the
hydrolysis of steroid sulfates to their unconjugated forms (7).
Although the tissue distribution of STS varies considerably
among mammalian species, the liver is one of the organs rich
in this enzyme. STS mediated desulfation and sulfotrans-
ferase (SULT) mediated sulfation are critical metabolic
mechanisms to regulate the chemical and functional home-
ostasis of endogenous chemicals, including the estrogens.
Estrogen sulfotransferase (EST; or SULT1E1) is the primary
SULT that sulfonates and deactivates estrogens at their
physiological concentrations (8). Compared with the parent
estrogens, estrogen sulfates have higher concentrations and
prolonged half-life in the circulation. The desulfation of ste-
roid sulfate is catalyzed by STS, which is believed to be the
only enzyme responsible for the activation of conjugated
estrogens. Although it is known that CEEs are a natural mix-
ture of sulfated estrogens, the specific role of STS in the
hormone-replacement effect of CEEs has yet to be estab-
lished. Here, we provide genetic and pharmacological evi-
dence that hepatic STS and its inflammatory regulation in
hepatocytes are essential for the hormone-replacement
therapy efficacy of CEEs.

Results

The expression and activity of STS are required for the
estrogenic activity of CEEs in a reporter gene assay

To evaluate the estrogenic activity of CEEs and its de-
pendence on STS in vitro, 293T cells were transfected with
ER� expression vector and the estrogen-responsive luciferase
reporter gene ERE-Luc in the absence or presence of the
cotransfection of STS expression vector. The transfected cells
were then treated with vehicle or increasing concentrations of
CEEs. Without the STS cotransfection, treatment with the pos-
itive control, estradiol (E2), efficiently induced the reporter
activity as expected, whereas CEEs elicited little reporter activ-
ity (Fig. 1A), consistent with the notion that conjugated estro-
gens are hormonally inactive. In contrast, cotransfection of STS
markedly elevated CEE-induced reporter activity at all of the
tested concentrations, and CEEs induced the reporter activity
in a concentration-dependent manner (Fig. 1A). Cotransfec-
tion of STS had little effect on the activity of E2 (Fig. 1A). In
STS-cotransfected cells, treatment with STX64, a pharmaco-
logical inhibitor of STS (9), concentration-dependently inhib-
ited CEE-elicited reporter activity (Fig. 1B), suggesting that the

Figure 1. The expression and activity of STS are required for the estrogenic activity of CEEs in reporter gene assay. 293T cells were transfected with ER�
expression vector and the ERE-luciferase reporter in the absence or presence of cotransfection of STS expression vector. Transfected cells were treated with the
indicated drugs or their combinations at the indicated drug concentrations for 24 h before cell lysis and luciferase assay. A, treatment with CEEs induced the
ERE-luciferase reporter activity in a concentration-dependent manner. E2 was included as the positive control (left). Shown on the right is the verification of STS
protein expression in STS-transfected cells by Western blotting. B, treatment with the STS inhibitor STX inhibited CEE-responsive ERE-luciferase reporter
activity in a dose-dependent manner. C, treatment with the ER antagonist ICI (100 nM) abolished the CEE-responsive and STS-dependent ERE-luciferase
reporter activity. Results are -fold induction over the vehicle controls from triplicate assays. *, p � 0.05; **, p � 0.01; ***, p � 0.001, compared with vehicle (Veh)
(A). Other comparisons are labeled. ns, not significant. Error bars represent S.E.
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STS activity was required for STS-dependent estrogenic activ-
ity of CEEs. The CEE-elicited reporter activity in STS-trans-
fected cells was estrogen-dependent because the stimulated
reporter activity was abolished in cells cotreated with the ER�
antagonist fulvestrant (also called ICI 182,780 (ICI)) (Fig. 1C).

Inflammation enhances the estrogenic activity of CEEs by
inducing the expression of STS in hepatoma HepG2 cells

We have previously reported that inflammation can induce
the expression of STS in human liver cells, and the human STS
gene was established as an NF-�B target gene (10). Indeed,
treatment of human hepatoma HepG2 cells with phorbol
12-myristate 13-acetate (PMA), but not tumor necrosis factor �
(TNF�) or LPS, induced mRNA expression of STS (Fig. 2A),
and the induction of STS protein in PMA-treated HepG2 cells
was confirmed by Western blot analysis (Fig. 2A, inset) and
enzymatic activity assay (Fig. 2B). In HepG2 cells, CEEs had
little effect on the basal or PMA-inducible expression of STS
(Fig. 2C). The effect of PMA was enzyme-specific because PMA
had little effect on the expression of the estrogen-deactivating
enzyme EST (Fig. 2C).

Having shown that STS can promote the estrogenic activity
of CEEs, we hypothesized that inflammation may enhance the
estrogenic activity of CEEs by inducing STS. To test this
hypothesis, HepG2 cells were treated with CEEs for 24 h, in the
absence or presence of PMA and/or STX, before being mea-
sured for the intracellular or medium concentrations of estrone
and estradiol by ultraperformance LC-tandem mass spectrom-
etry (UPLC-MS/MS). As shown in Fig. 2D, the intracellular (left
panel) and medium (right panel) concentrations of estrone and
estradiol were increased in CEE-treated cells even in the
absence of PMA, likely due to basal endogenous expression of
STS in these cells. Cotreatment with PMA elevated the CEE-
responsive estrogen levels, but the PMA effect was completely
abolished by cotreatment with STX. At the functional level,
treatment with CEEs alone had little effect on the expression of
the estrogen-responsive gene trefoil factor 1 (TFF1) (11), but
cotreatment with PMA resulted in a marked activation of TFF1
(Fig. 2E). The PMA effect on CEE-responsive induction of TFF1
was abolished when STS was knocked down by siRNA (Fig. 2F).
The efficiency of STS knockdown was verified by real-time PCR
and Western blotting (Fig. 2G). The effect of PMA on CEE-
elicited estrogenic activity in HepG2 cells was also confirmed
by a reporter gene assay. The ERE reporter activity induced by
cotreatment with CEEs and PMA was abolished by treatment
with STX (Fig. 2H), ICI (Fig. 2I) or the NF-�B inhibitor pyrrol-
idine dithiocarbamate (PDTC) (12) (Fig. 2J). The effect of
PDTC was consistent with the notion that NF-�B mediates the
inflammatory induction of STS (10).

Inflammation enhances the estrogenic activity of CEEs by
inducing the expression of STS in human primary hepatocytes
(HPHs)

We then determined whether the inflammation-responsive
enhancement of CEE estrogenic activity can be verified in
HPHs. Interestingly, the induction of STS in HPHs was more
responsive to LPS than to PMA as confirmed by real-time PCR
(Fig. 3A) and Western blotting (Fig. 3B). It is unclear why PMA

and LPS showed different effects on STS expression in HepG2
cells and primary human hepatocytes, but a similar pattern of
difference was observed when we compared Huh7 cells and
primary human hepatocytes in their inflammatory induction of
STS (10). CEEs had little effect on the basal or LPS-inducible
expression of STS (Fig. 3C). The expression of EST was sup-
pressed by LPS but restored by the cotreatment with CEEs (Fig.
3C). At the biochemical level, treatment of HPHs with CEEs
alone led to detectable intracellular (Fig. 3D, left panel) and
medium (Fig. 3D, right panel) levels of estrone and estradiol
because of the basal expression of STS. At the same dose of
CEEs, cotreatment with LPS substantially increased the intra-
cellular and medium concentrations of estrogens, and the sen-
sitizing effect of LPS was abolished by STX (Fig. 3D). At the
functional level, CEEs were effective to induce the expression
of estrogen-responsive genes TFF1, X-box binding protein-1
(XBP1), and growth-regulating estrogen receptor– binding 1
(GREB1) (13, 14) only when HPHs were cotreated with LPS
(Fig. 3E).

The inflammation-responsive and STS-mediated estrogenic
activity of CEEs attenuates inflammatory response in liver cells

Given the known anti-inflammatory effect of estrogens (15),
we hypothesized that the inflammation-responsive and STS-
mediated estrogenic activity of CEEs may in return attenuate
inflammation. Indeed, the PMA-responsive induction of in-
flammatory marker genes, including monocyte chemotactic
protein-1 (MCP1), TNF�, and interleukin-8 (IL-8), was attenu-
ated in cells cotreated with CEEs (Fig. 4A). The inflammation-
attenuating effect of CEEs was abolished by treatment with
STX or ICI (Fig. 4A), suggesting that the effect of CEE and PMA
cotreatment was mediated by STS and ER, respectively. In
an independent assay using an NF-�B–responsive luciferase
reporter gene, the PMA-induced activation of the NF-�B
reporter was attenuated by CEEs with an inhibitory effect sim-
ilar to that of estradiol (Fig. 4B). Again, the attenuating effect of
CEEs on the NF-�B reporter activity was abolished by STX or
ICI (Fig. 4C).

The estrogenic activity of CEEs is increased in primary
hepatocytes isolated from the liver of STS transgenic mice

To understand the function of STS in CEE activation in vivo,
we used the FABP-STS transgenic (TG) mice generated by
crossing the FABP-tTA mice that express the tetracycline
transactivator (tTA) in liver under the fatty acid– binding pro-
tein (FABP) gene promoter, and the TRE-STS mice expressing
STS under the control of the tetracycline-response element
(TRE) as outlined in Fig. 5A (16). The protein expression of the
transgene in the liver was confirmed by Western blotting (Fig.
5B) and enzymatic assay (Fig. 5C). We found that the intracel-
lular (Fig. 5D, left) and medium (Fig. 5D, right) concentrations
of estrone and estradiol were substantially higher in CEE-
treated primary hepatocytes isolated from the TG mice com-
pared with their wildtype (WT) counterparts. The basal and
CEE-responsive expression of Hsp, a hepatic estrogen-respon-
sive gene, was increased in hepatocytes isolated from the TG
mice (Fig. 5E).
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Figure 2. Inflammation enhances the estrogenic activity of CEEs by inducing the expression of STS in HepG2 cells. A, HepG2 cells were treated with
vehicle (Veh), PMA (50 ng/ml), TNF� (40 ng/ml), or LPS (1 �g/ml) for 24 h before measuring the mRNA expression of STS by real-time PCR. Shown in the inset is
the protein expression of STS measured by Western blotting in HelpG2 cells treated with PMA for 48 h. B, STS enzymatic activity in HepG2 cells treated with
vehicle or PMA (50 ng/ml) for 24 h. C, mRNA expression of STS and estrogen sulfotransferase (EST) in HepG2 cells treated with PMA (50 ng/ml) and CEEs (100 nM)
individually or in combination for 24 h. D, intracellular (left) and medium (right) estrone and estradiol concentrations in HepG2 cells treated with CEEs (500 nM)
alone or in combination with PMA (50 ng/ml) or STX (10 �M). E, mRNA expression of the estrogen-responsive gene TFF1 in HepG2 cells treated with PMA (50
ng/ml) and/or CEEs (100 nM). F, induction of TFF1 by cotreatment with CEE and PMA was abolished by siRNA knockdown of STS. G, efficiency of STS siRNA
knockdown was verified by real-time PCR (left) and Western blotting (right). H–J, HepG2 cells were transfected with ERE-luciferase reporter. Shown are STX (H),
ICI (I), or PDTC (25 �M) (J) inhibition of reporter activity induced by combined treatment with CEEs (100 nM) and PMA (50 ng/ml). *, p � 0.05; **, p � 0.01; ***, p �
0.001; ****, p � 0.0001; ns, not significant. Ctrl, control. Error bars represent S.E.
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Figure 3. Inflammation enhances the estrogenic activity of CEEs by inducing the expression of STS in human primary hepatocytes. A, mRNA expression
of STS in HPHs treated with vehicle (Veh), PMA (50 ng/ml), or LPS (1 �g/ml) in the absence or presence of CEEs (100 nM) for 24 h. B, protein expression of STS in
HPHs with vehicle or LPS treatment for 48 h was measured by Western blotting. C, mRNA expression of STS and EST in HPHs treated with LPS (1 �g/ml) or CEEs
(100 nM) alone or in combination for 24 h. D, intracellular (left) and medium (right) estrone and estradiol concentrations in HPHs treated with CEEs (500 nM) alone
or in combination with LPS (1 �g/ml) or STX (10 �M). E, mRNA expression of estrogen-responsive genes in HPHs treated with LPS (1 �g/ml) or CEEs (100 nM)
alone or in combination for 24 h. XBP1, X-box– binding protein-1; GREB1, growth-regulating estrogen receptor– binding 1. *, p � 0.05; **, p � 0.01; ***, p � 0.001;
****, p � 0.0001; ns, not significant. Comparisons are labeled. Error bars represent S.E.

Figure 4. The inflammation-responsive and STS-mediated estrogenic activity of CEEs attenuates inflammatory response in liver cells. A, mRNA
expression of proinflammatory marker genes in HepG2 cells treated with PMA (50 ng/ml) and CEEs (100 nM) individually or in combination in the absence or
presence of cotreatment with STX (10 �M) or ICI (100 nM). MCP1, monocyte chemotactic protein-1; IL-8, interleukin-8. B and C, HepG2 cells were transfected with
the NF-�B luciferase reporter gene. Shown are the inhibition of PMA-induced NF-�B reporter activity by cotreatment with CEEs (100 nM) with E2 (10 nM)
treatment as the positive control (B) and the abolishment of the inhibitory effect of CEEs by cotreatment with STX (10 �M) or ICI (100 nM) (C). *, p � 0.05; **, p �
0.01; ***, p � 0.001. The comparisons are labeled. Veh, vehicle. Error bars represent S.E.

Steroid sulfatase activates conjugated equine estrogens

12116 J. Biol. Chem. (2019) 294(32) 12112–12121



Hepatic transgenic expression of STS enhances the estrogenic
activity of CEEs in vivo

The uterus is one of the organs most sensitive to estrogen
stimulation. Therefore, we used the uterus to determine the
estrogenic activity of CEEs in vivo. As outlined in Fig. 6A, ovari-
ectomized virgin female WT mice or TG mice were treated
with a single gavage of vehicle or CEEs (20 or 50 �g/kg of body
weight) and sacrificed 20 h later. The treatment with CEEs,
especially at the dose of 50 �g/kg, which was the boundary and
most sensitive dose of CEEs showing the estrogenic difference
between WT and TG mice, caused obvious uterine enlarge-
ment with hyperemia in the TG mice (Fig. 6B). Consistent with
the gross appearance, CEE-treated TG mice showed a dramat-
ically increased ratio of uterus to body weight, whereas only a
mild increase of the ratio was observed in WT mice (Fig. 6C).
The estrogen-responsive uterine epithelial proliferation was
evaluated by bromodeoxyuridine (BrdU) labeling and immuno-
staining. A single dose of CEEs (50 �g/kg) results in a BrdU
labeling index of �15% in TG mice compared with 5% in the
WT mice (Fig. 6D). The transgenic effect on the uterine
response to CEEs was abolished when the TG mice were treated
with doxycycline (DOX) to silence the transgene expression
(Fig. 6, B–D). The uterotropic effect of CEEs was also confirmed
by estrogen-responsive gene expression in that CEEs had little
effect on the expression of uterine estrogen-responsive genes,
including progesterone receptor (Pgr), lactoferrin (Ltf), and
insulin-like growth factor 1 (Igf-1), in the WT mice, likely
because the boundary dose of CEEs (50 �g/kg) was used, but

it caused a marked induction of these genes in the TG mice
(Fig. 6E).

The uteri of the TG mice did not express the STS transgene,
and the expression of endogenous STS in the uteri of the TG
mice was not affected either (data not shown), suggesting that
the increased CEE-elicited estrogenic activity in the uterus was
derived from the liver and through the circulation. Indeed, the
liver concentrations of estrone and estradiol in CEE-treated
TG mice were significantly higher than those in their WT
counterparts (Fig. 6F). CEEs induced the expression of
hepatic estrogen-responsive genes insulin-like growth factor–
binding protein 4 (Igfbp4), sulfatase 2 (Sulf2), and Hsp in TG mice
but not in WT mice (Fig. 6G). The circulating concentration of
estrone was elevated in CEE-treated TG mice but not in WT mice
(Fig. 6H).

Discussion

HRT is the most effective treatment for menopausal symp-
toms, but the safety profile of these hormone products, espe-
cially the risk of breast cancer, has been a concern (17). It is now
widely accepted that the window of opportunity is crucial for
balancing the benefit and risk of HRT, meaning the women’s
age and the time to initiate HRT relative to menopause onset
are crucial (2). It has been reported that benefits exceed risk for
women starting HRT before 60 years of age or during 10 years
since the onset of menopause (18).

CEEs are one of the most prescribed HRT agents. Indeed,
CEEs were used in the Women’s Health Initiative (WHI), the

Figure 5. The estrogenic activity of CEEs is increased in primary hepatocytes isolated from the liver of STS transgenic mice. A, schematic representation
of the Tet-Off FABP-STS transgenic system. SV40 polyA, simian virus 40 polyadenylation signal; PminCMV, minimal cytomegalovirus promoter. B, hepatic
expression of STS protein was measured by Western blotting. C, hepatic STS enzymatic activity was determined by an estrone sulfate conversion assay
normalized against protein concentrations. D, intracellular (left) and medium (right) estrone and estradiol concentrations in mouse primary hepatocytes
isolated from WT or TG mice treated with the indicated doses of CEEs. E, hepatic expression of the estrogen-responsive gene Hsp was determined by real-time
PCR. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001. The comparisons are labeled. Veh, vehicle. Error bars represent S.E.
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Figure 6. Hepatic transgenic expression of STS enhances the estrogenic activity of CEEs in vivo. A, experimental scheme for vehicle (Veh) or CEE treatment
in ovariectomized (OVX) WT or TG mice. B, gross appearance of the uterus after drug treatment. When applicable, DOX (2 mg/ml) was given in drinking water
1 day before the OVX surgery and until the completion of the experiment. C, quantification of uterus to body weight ratio. D, BrdU labeling and immunostaining
on uterine paraffin sections of mice that received 50 �g/kg body weight CEEs. Shown on the right is the quantification of BrdU-positive nuclei. The original
magnification is 200� for all panels. E, expression of uterine estrogen-responsive genes in mice that received 50 �g/kg body weight CEEs. Pgr, progesterone
receptor; Ltf, lactoferrin; Igf-1, insulin-like growth factor 1. F, liver estrone and estradiol concentrations in mice that received 50 �g/kg body weight CEEs. G,
expression of hepatic estrogen-responsive genes in mice that received 50 �g/kg body weight CEEs. Igfbp4, insulin-like growth factor– binding protein 4; Sulf2,
sulfatase 2. H, serum concentrations of estrone and estradiol in mice that received 50 �g/kg body weight CEEs. n � 3–5 for each group. *, p � 0.05; **, p � 0.01;
***, p � 0.001; ****, p � 0.0001. The comparisons are labeled. Error bars represent S.E.

Steroid sulfatase activates conjugated equine estrogens

12118 J. Biol. Chem. (2019) 294(32) 12112–12121



largest clinical trial to date, that was initiated in 1991. Based on
the results from the WHI, women aged 50 –59 years with CEE-
alone treatment had a lower incidence of the combined end
points of coronary heart disease and coronary revascularization
compared with women older than 60 years (19). Additionally,
the WHI study showed that unlike CEEs plus medroxyproges-
terone acetate, the regimen of CEEs alone did not increase the
risk of breast cancer (20). It was probably due to a decreased
level of total insulin-like growth factor-1 in the CEE-alone sub-
jects (21), which is a risk factor for breast cancer (22). These
clinical observations verify that CEEs are a safe estrogen prod-
uct for women in the early phase of postmenopause.

As a natural hormone product extracted from pregnant mare
urine, containing unique ring B unsaturated estrogens such as
equilin and equilenin (4), the metabolism and therapeutic effect
of CEEs are more complex than single-component natural or
synthetic estrogen. STS is believed to be the only enzyme
responsible for the deconjugation and activation of conjugated
estrogens. In the current study, we have provided compelling in
vitro and in vivo evidence that the expression and activity of
STS are sufficient and necessary for the effective hormonal
activity of CEEs. The induction of STS in hepatocytes had little
effect on the expression of the estrogen-deactivating enzyme
EST, suggesting that STS is the only enzyme responsible for the
estrogenic activity of CEEs. Our transgenic studies showed that
the effect of the hepatic expression of STS on the estrogenic
activity of CEEs can be systemic because transgenic expression
of STS in the liver can distally enhance CEE-induced estrogenic
activity in the uterus.

The effect of inflammation on estrogenic activity of CEEs is
interesting and could have a major clinical significance. Estro-
gen is an anti-inflammatory hormone. As summarized in Fig. 7,
inflammation can enhance the estrogenic activity of CEEs
through the induction of STS in an NF-�B– dependent manner,

and the inflammation-responsive estrogenic activity of CEEs in
return can inhibit inflammation, completing a negative feed-
back loop to attenuate inflammation. It will be interesting to
determine whether chronic inflammation, including that of the
liver, such as viral and nonviral hepatitis, steatosis, steatohepa-
titis, and cirrhosis, can sensitize postmenopausal women to the
HRT effect of CEEs. In addition, a systemic, low-grade, and
subacute inflammatory state is commonly and closely associ-
ated with metabolic dysfunctions, including obesity, type 2 dia-
betes, and nonalcohol fatty liver disease (23). It remains to be
determined whether metabolic syndrome should be a factor
considered for the precise use of CEEs.

Besides the oral tablets, Premarin is also used in the form of
vaginal cream to treat the vaginal symptoms of menopause such
as dryness, burning, irritation, and painful sexual intercourse
(24). Future studies are necessary to examine the expression
and regulation of STS in the vaginal wall and whether vaginal
inflammation can sensitize patients to Premarin vaginal cream.

In summary, the current study has uncovered an essential
function of hepatic STS in activating CEEs. Caution needs to be
applied in the clinical use of CEEs/Premarin in patients with
chronic inflammation in the liver because these patients may be
more sensitive to CEE therapy due to STS induction.

Experimental procedures

Chemicals

CEEs from Pfizer was dissolved in DMSO. The recombinant
human TNF� was purchased from R&D Systems (Minneapolis,
MN). All other chemicals were purchased from Sigma.

Cell culture, plasmid constructs, and reporter gene assay

The HepG2 and HEK293T cell lines were obtained from the
American Type Culture Collection (Manassas, VA). HepG2
and HEK293 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. In
experiments in which exogenous estrogen or anti-estrogen
were added, the cells were maintained in phenol red–free and
serum-free Dulbecco’s modified Eagle’s medium with high
glucose (4.5 mg/liter) before the drug treatment. The TATA-
ERE-Luc or TATA-NF-�B-Luc reporter genes were described
previously (10). Cells were transiently transfected with the
reporter constructs followed by specific chemical treatment for
24 h and then measured for luciferase and �-gal activities.
Transfection efficiency was normalized against �-gal activity
from the cotransfected pCMX-�-gal plasmid.

For knockdown experiments, the human STS siRNA and
control scrambled siRNA were purchased from Dharmacon
Research (Lafayette, CO). After siRNA transfection, the cells
were collected at 24 h for mRNA expression analysis or at 48 h
for protein expression analysis.

Animals

The FABP-STS transgenic mice in C57BL/6J background
were generated by cross-breeding the TRE-STS mice with the
FABP-tTA mice as described before (10). Five-week-old virgin
females C57BL/6J mice (WT) or TG mice were subjected to
ovariectomy. The ovariectomized mice were rested for 7 days

Figure 7. Proposed model by which the hepatic STS and its inflammatory
regulation dictate the hormone replacement therapy efficacy of CEEs.
STS is required for the bioactivation and estrogenic activity of CEEs. Hepatic
inflammation promotes the hormone-replacement therapy efficacy of CEEs
by transcriptional activation of STS, an NF-�B target gene. Hepatic STS and its
inflammatory regulation affect CEE-elicited estrogenic activity in the liver and
distal organs such as the uterus through the circulation. E, estrogen; IL-8,
interleukin-8; MCP1, monocyte chemotactic protein-1.
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before being given a single dose of vehicle or CEEs (20 or 50
�g/kg of body weight) by gavage (25). 18 h after treatment, mice
were given a single i.p. injection of BrdU (60 mg/kg of body
weight) and killed 2 h later. When necessary, DOX (2 mg/ml)
was given in drinking water 1 day before surgery and until the
completion of the experiment. The use of mice in this study
complied with all relevant federal guidelines and institutional
policies and was approved by the University of Pittsburgh Insti-
tutional Animal Care and Use Committee.

Immunohistochemistry, real-time PCR, and Western blot
analysis

One uterine horn was harvested for paraffin section and
BrdU immunostaining using an anti-BrdU antibody (1:200;
ab6326, Abcam, Cambridge, MA) as described before (26), and
the result was quantified using ImageJ software. Total RNA was
prepared using TRIzol reagent. For Western blotting, the anti-
STS antibody (1:200; ab34781) was purchased from Abcam.

Mouse and human primary hepatocyte isolation

Mouse primary hepatocytes were isolated by collagenase
perfusion from age- and body weight–matched female WT or
TG mice as reported previously (27). Human primary hepato-
cytes were provided by BioIVT (Baltimore, MD). The cells were
cultured as described previously (28) and treated with LPS (1
�g/ml) or PMA (50 ng/ml) with or without CEEs (100 nM) for
24 h before cell harvest.

STS enzymatic activity assay and UPLC-MS/MS detection of
estrogens

The hepatic STS enzymatic activity was determined from
cytosol by an estrone sulfate conversion assay as described
before (29). UPLC-MS/MS was used to quantify estrone (E1)
and E2 in the serum or liver of mice and in cell lysate or tissue
culture medium (30).

Statistical analysis

Data represent mean � S.E. GraphPad Prism software (San
Diego, CA) was used for statistical analysis. Student’s t test was
used to calculate statistical significance between two group
means. One-way analysis of variance with Dunnett’s test or
Tukey’s test was used to compare multiple group means. Two-
way analysis of variance with Bonferroni post hoc test was used
to compare two groups with multiple data sets. The statistical
significance threshold was set at p � 0.05.
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view and editing; S. M. P., C. Y., and W. X. supervision; W. X.
resources; W. X. funding acquisition; W. X. project administration.
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