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Abstract

Selective estrogen receptor modulators (SERMSs) are a class of compounds that interact with
estrogen receptors (ERs) and exert agonist or antagonist effects on ERs in a tissue-specific manner.
Tamoxifen, a first generation SERM, is used for treatment of ER positive breast cancer.
Raloxifene, a second generation SERM, was used to prevent postmenopausal osteoporosis. The
third-generation SERM bazedoxifene (BZA) effectively prevents osteoporosis while preventing
estrogenic stimulation of breast and uterus. Notably, BZA combined with conjugated estrogens
(CE) is a new menopausal treatment. The menopausal state predisposes to metabolic syndrome
and type 2 diabetes, and therefore the effects of SERMs on metabolic homeostasis are gaining
attention. Here, we summarize knowledge of SERMSs’ impacts on metabolic, homeostasis, obesity
and diabetes in rodent models and postmenopausal women.
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1. Introduction

Increased life expectancy in developed countries indicates that most women will spend the
second half of their lives in an estrogen deficient state. In addition to increasing the risks of
cardiovascular diseases, estrogen deficiency also predisposes to visceral obesity, metabolic
syndrome and type 2 diabetes (T2D). Therefore, the broad impact of estrogen deficiency on
the pathobiology of metabolic diseases in women represents a new therapeutic challenge.
From that perspective, we need to dissect and harness the beneficial effects of estrogen on
metabolic homeostasis while at the same time avoiding its adverse effects.
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Selective estrogen receptor modulators (SERMSs) are a class of compounds that interact with
estrogen receptors (ERs) and induce a unique receptor conformation that correlates with
specific behaviors in estrogen-responsive tissues. SERMs exert agonist or antagonist activity
on ERs in a tissue-specific manner that depends on the complexity of ER signaling,
including different tissue distribution of ERs [1], ligand binding specificity [2, 3] and diverse
interactions with coactivators or corepressors [4, 5].

Tamoxifen, one of the first generation of SERMs, behaves as an ER antagonist in breast
tissue and is used to prevent and treat ER-positive breast cancer [6]. However, tamoxifen
acts as an ER agonist in the endometrium and therefore increases endometrial carcinoma
risk [7, 8]. The second-generation SERMs were developed to overcome the adverse effect of
tamoxifen on endometrial proliferation. Raloxifene, for example, retains anti-estrogenic
activity in breast tissue [9, 10] and also exhibits estrogenic activity in bone, thus preventing
osteoporosis [11]. Bazedoxifene, a third-generation SERM, is used to prevent osteoporosis
in postmenopausal women without raising the safety concerns related to endometrium and
breast [12-14]. The pairing of bazedoxifene with conjugated estrogen (CE) in a tissue-
selective estrogen complex is a novel menopausal therapy [15] which provides the benefits
of CE treatment, and with the addition of BZA, protects breast and uterus from estrogen
stimulation without using a progestin [14, 16].

In addition to the established impacts of SERMs on breast, bone and endometrium, the
impact of SERMs on postmenopausal metabolic dysfunction is gaining attention. Here, we
summarize the accumulated knowledge of SERMs’ impacts on diabetes, obesity and
metabolic homeostasis in rodent models and postmenopausal women.

2. The effects of SERMs on glucose homeostasis and diabetes

Tamoxifen has been used for over 40 years to treat ER-positive breast cancer due to its anti-
estrogenic effect on breast tissue [2]. It has been gradually recognized that tamoxifen causes
metabolic side effects such as diabetes, lipid abnormities and hepatic steatosis. Independent
population-based studies conducted in women with breast cancer have revealed a correlation
between tamoxifen treatment and an increased incidence of diabetes [17-19] (Figure 1). For
example, in a Canadian case control study of 14,360 breast cancer survivors, tamoxifen use
was associated with a 24% increased risk of developing diabetes [19]. In another Asian
population-based cohort study of 22,257 breast cancer patients, tamoxifen use was
associated with a 31% higher diabetes risk [18]. The mechanisms of the diabetogenic effects
of tamoxifen are unclear. One possibility is that tamoxifen exhibits adverse effects on
pancreatic p cells. For example, in wild-type female mice, tamoxifen reversed the protective
effect of estradiol on preventing insulin-deficient diabetes induced by streptozotocin (STZ),
suggesting that tamoxifen acts as an ER antagonist in pancreatic p cells and impairs
pancreatic islet survival [20]. In addition, tamoxifen impairs embryonic and adult mouse (-
cell proliferation by antagonism of ERa. [21]. Treatment with tamoxifen or genetic
elimination of ERa in male mice similarly decreased the expression of the endocrine
specification factor Neurogenin3 (NGN3) and p-cell proliferation in the partial duct ligation
(PDL) rodent model of B-cell expansion due to pancreatic injury. Further, ERa inhibition
with tamoxifen in the embryonic mouse pancreas, or its deletion as in the ERa-deficient
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mouse, also decreased NGN3 expression and NGN3+ progenitors at the end of gestation
[21]. Thus, the generation of NGN3+ cells and the subsequent B-cell mass expansion in
developing or injured mouse pancreas are both blocked by tamoxifen antagonizing ERa.
Tamoxifen may also promote insulin resistance. In premenopausal women at high risk of
breast cancer but with normal body weight, tamoxifen treatment did not alter insulin
sensitivity (quantified with HOMA index) [22]. In contrast, in a subgroup of overweight
women, tamoxifen treatment dramatically decreased insulin sensitivity [22]. The underlying
mechanism by which tamoxifen increases insulin resistance remains poorly understood but
could involve the development of hepatic steatosis, as we will discuss later.

Raloxifene can affect glucose homeostasis to varying degrees depending on treatment
duration (Figure 2). In postmenopausal women with and without type 2 diabetes mellitus,
short-term raloxifene treatment (3 or 6 months) did not alter fasting blood glucose [23-26]
or insulin level [23, 24, 26]. However, in a subgroup of women with hyperinsulinemia,
raloxifene reduced insulin levels by enhancing both fractional hepatic insulin extraction and
peripheral insulin sensitivity [23]. Similarly to short-term treatment, long-term raloxifene
treatment (12 months) did not modify fasting glucose or glucose tolerance [27]. However, in
contrast to short-term treatment, long-term raloxifene treatment decreased insulin sensitivity
[27]. Since the number of study subjects in this latter study was small (only 24 patients), this
duration-based effect warrants further investigation. In summary, tamoxifen and raloxifene
exhibit either deleterious or neutral effects on glucose homeostasis.

The combination of bazedoxifene with CE improved glucose homeostasis in OVX mice fed
a western diet (Figure 3). Blood glucose and insulin levels were significantly decreased after
bazedoxifene/CE treatment under both fasting [28, 29] and fed conditions [28, 29], and mice
showed improved insulin sensitivity and glucose tolerance. These effects are similar to those
observed with CE alone. When systemic insulin action was studied in euglycemic,
hyperinsulinemic clamp conditions, the combination bazedoxifene/CE provided the same
improvement in systemic insulin action in muscle and liver than BZA alone [28]. Yet,
surprisingly, fasting blood glucose and insulin levels were not significantly changed in
postmenopausal women taking the combination bazedoxifene/CE [30]. The
bazedoxifene/CE combination and bazedoxifene alone reduced the severity of p-cells
destruction and insulin-deficient diabetes induced by STZ in OV X female mice to an extent
similar to that of CE alone [31]. The prevention of STZ-induced insulin-deficient diabetes in
mice is a marker of ERa agonist activity in p cells [20]. Thus, the prevention of STZ-
induced diabetes by bazedoxifene suggests that in female mice, bazedoxifene acts as an
ERa agonist in B-cells. In a preliminary report, the effect of bazedoxifene/CE was assessed
in the Akita mouse model of B cell endoplasmic reticulum (ER) stress [32].
Bazedoxifene/CE decreased B cell destruction and helped prevent the development of
diabetes in Akita mice to an extent similar to that of CE alone. In cultured islets from female
mice exposed to ER-stress induced by thapsigargin, CE, BZA or bazedoxifene/CE decreased
the expression of markers of ER stress [32]. Thus, the combination of bazedoxifene with CE
used for menopausal hormone therapy could act as a pharmacological ER stress mitigator
and protect women from estrogen deficiency-induced p-cell dysfunction and damage.
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3. The effects of SERMs on obesity

Tamoxifen significantly reduced food intake, body weight, and fat mass in OV X rats [33]
(Figure 1). In neutered female Wistar-Kyoto (WKY) rats, tamoxifen also suppressed weight
gain partially by suppressing food intake [34]. This effect could reflect the activation of ERa
in hypothalamic neurons which is known to suppress food intake in rodents [35].

Serum leptin positively correlates with body fat mass and plays a key role in regulating
energy balance [36]. Therefore, serum leptin level serves as an indicator of obesity. Serum
leptin levels were higher in breast cancer patients receiving tamoxifen than in those not
taking tamoxifen [37]. Another study conducted in breast cancer patients who received short
term tamoxifen treatment showed that those who developed fatty liver during the 3-month
tamoxifen treatment had elevated serum leptin levels compared to those without fatty liver
[38]. However, in non-cancer patients, tamoxifen decreased body weight [39]. Weight gain
(expressed as BMI increase) was smaller in obese women taking tamoxifen compared to
those taking placebo, indicating that tamoxifen had a predominant anorectic effect, which
was also observed in rats. In these animals, tamoxifen-induced anorexia was associated with
decreased FAS mRNA expression, which caused malonyl-CoA accumulation in the
hypothalamic ventromedial nucleus [39]. Therefore, how tamoxifen regulates energy
balance as an ER agonist in the hypothalamus deserves further investigation.

Raloxifene prevented estrogen deficiency-induced weight gain in OV X rats [40, 41] (Figure
2). In healthy postmenopausal women, a 12-month raloxifene treatment inhibited body
weight gain and abdominal adiposity by changing fat distribution from an android
distribution to a gynoid distribution [42]. Another study conducted in postmenopausal
women reported that a 12-month raloxifene treatment failed to affect body weight, but
remarkably altered body composition by increasing fat-free mass and total body water [43].
However, a 6-month raloxifene treatment was unable to increase either exercise-induced
weight loss or fat-mass loss in postmenopausal women [44], which may be due to
raloxifene’s effect on elevating fat-free mass and total body water. The effect of raloxifene
on serum leptin concentration has been investigated in both rodents and postmenopausal
women. In OV X rats, raloxifene decreased total fat mass induced by estrogen deficiency and
reversed hyperleptinemia [41]. A 3- or 6-month raloxifene treatment significantly increased
serum leptin levels compared to baseline in postmenopausal women [45, 46]. In contrast,
another study found that serum leptin levels were not different from baseline in
postmenopausal women receiving raloxifene, although serum leptin levels were significantly
lower in postmenopausal women receiving raloxifene than in those without treatment [47].
Raloxifene treatment did not alter serum leptin level or body mass index (BMI) in women
who underwent oophorectomy, whereas serum leptin levels significantly increased in the
control group [48].

The impact of the combination bazedoxifene/CE on weight gain and fat mass has been
studied in OV X mice fed a western diet compared to CE and BZA alone. Bazedoxifene/CE
or even bazedoxifene alone significantly attenuated OV X-induced body weight gain [28, 29,
49] and adipose tissue accumulation (both subcutaneous and visceral) without altering lean
body mass to an extend similar to that of CE alone [28, 29] (Figure 3). In a meta-analysis of
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five Selective Estrogens, Menopause, and Response to Therapy (SMART) randomized
control trials in postmenopausal women, bazedoxifene/CE treatment for 2 years prevented
the increase in body weight and BMI observed in the placebo group [50]. Studies are
ongoing to address the effect of bazedoxifene/CE in preventing metabolic dysfunction in
obese postmenopausal women [51, 52].

Interestingly, a novel SERM (GSK232802A) reduced body weight and adiposity in
ovariectomized nonhuman primates by suppressing food intake and increasing locomotor
activity, particularly in the most sedentary individuals [53]. These findings in primates
suggest that SERM treatment may also suppress food intake in postmenopausal women.

4. The effects of SERMs on lipids

Estrogen can increase the concentration of high-density lipoprotein (HDL) cholesterol
(“good” cholesterol) while decreasing the concentration of low-density lipoprotein
cholesterol (LDL) (“bad” cholesterol) in the blood of healthy postmenopausal women [54].
On the other hand, oral estrogen can increase triglyceride levels, which may lead to
hypertriglyceridemia [54]. Hypertriglyceridemia is a frequently encountered lipid
abnormality in patients with uncontrolled diabetes [55]. Tamoxifen treatment produced
severe hypertriglyceridemia in breast cancer patients with preexisting diabetes [56, 57] and
those without known diabetes [58, 59], indicating that tamoxifen usage exacerbates lipid
abnormalities.

Unlike tamoxifen, raloxifene did not increase triglyceride levels in cultured HepG2 human
hepatocarcinoma cells regardless of the presence of added fatty acid [60]. In addition,
raloxifene prevented triglyceride accumulation in cultured rat INS-1 insulin-producing cells
under lipogenic conditions [61]. Thus, the effect of raloxifene in regulating triglyceride
accumulation seems to be tissue-specific. Raloxifene significantly reduced LDL cholesterol
level in postmenopausal women [24, 25, 27, 62]. Unlike estrogen, raloxifene had no impact
on HDL cholesterol [24, 25] or triglyceride levels [24, 25, 63]. Furthermore, raloxifene did
not modify triglyceride levels in patients with a history of oral estrogen-induced
hypertriglyceridemia [64].

A 12-week bazedoxifene treatment alone significantly decreased LDL cholesterol and HDL
cholesterol levels in postmenopausal women with type 2 diabetes (T2DM) but had no impact
on triglyceride levels [65]. Initial studies of bazedoxifene/CE treatment showed that
bazedoxifene/CE had overall favorable effects on the lipid profile with only minimal
changes on coagulation [65], including reduced LDL cholesterol and total cholesterol and
increased HDL cholesterol and triglyceride. A pooled analysis of the effects of
bazedoxifene/CE on lipid parameters in postmenopausal women from the SMART trials
(n=2796) concluded that bazedoxifene/CE reduces LDL and increases HDL, while TG
levels also increased at 24 months [66]. Thus, the addition of bazedoxifene to CE does not
modify the know effect CE on lipids including a reduction in LDL, an increase in HDL, and
an increase in TGs [67-69].
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5. The effects of SERMs on hepatic steatosis

Tamoxifen treatment promotes the development of non-alcoholic fatty liver (hepatic
steatosis) in women with breast cancer [70-73] (Figure 1). The occurrence of fatty liver in
these women was observed as early as 3 months following the initiation of tamoxifen
treatment [70]. In healthy women who had had a hysterectomy, tamoxifen treatment was
associated with the development of hepatic steatosis only in overweight and obese women
with metabolic syndrome [74]. The mechanisms by which tamoxifen promotes fatty liver
development were investigated in different rodent models [75-77]. Tamoxifen increased the
synthesis of hepatic triglyceride without affecting fatty acid p-oxidation, thereby elevating
liver triglyceride content in a rat mammary tumor model [75]. Another study found that
tamoxifen increased de novo fatty acid synthesis in mouse liver at least partially via
downregulating AMP-activated protein kinase (AMPK) activity, a key fatty acid oxidation
activator and fatty acid synthesis suppressor, whereas fatty acid p-oxidation was not
inhibited [76]. In male Wistar rats receiving tamoxifen, the formation of fatty liver was
closely related to decreased expression and enzyme activity of fatty acid synthase (FAS)
[77]. This resulted in the accumulation of the FAS substrate malonyl-CoA, impaired fatty
acid p-oxidation and hepatic triglyceride accumulation. Consistent with these /n vivo
findings, tamoxifen directly upregulated intracellular triglyceride concentration in HepG2
cells cultured in medium containing oleic acid or very low density lipoprotein [60]. Several
studies conducted in rodents also suggested that tamoxifen could have a neutral or even
protective effect on fatty liver. For instance, tamoxifen showed a neutral effect on steatosis in
the absence of high fat diet in male Sprague-Dawley (SD) rats [78]. Tamoxifen alleviated
hepatic steatosis induced by high fat diet or methionine and choline deficient diet in female
ICR mice by diminishing inflammatory responses [79]. Tamoxifen treatment also
contributed to the prevention of fatty liver formation in female WSB/EiJ mice by
upregulating key regulators of hepatic fatty acid p-oxidation, including lipocalin 13 (Lcn13)
and the peroxisome proliferator-activated receptor gamma (PPAR-y) [80]. In addition,
tamoxifen played a hepatoprotective role against hepatotoxic compounds by increasing the
hepatic protein expression of monocyte to macrophage differentiation-associated 2 (Mmd2)
in an ERa dependent manner [81].

The combination bazedoxifene/CE and bazedoxifene alone had a similar favorable impact
on fatty liver in OV X mice than CE alone in directly decreasing hepatic triglyceride
accumulation [28, 29] (Figure 3). De novo fatty acid synthesis was suppressed following
bazedoxifene/CE, CE and BZA treatments, which was secondary to reduced fatty acid
synthase (FAS) expression and enzyme activity [28]. This appears to be mediated in part by
inducing the expression and insulin-stimulated phosphorylation of carcinoembryonic
antigen-related cell adhesion molecule (CEACAML1), which triggers CEACAML1 binding to
and downregulation of FAS activity [28]. Consequently, hepatic free fatty acid accumulation
was also repressed in OV X mice treated with bazedoxifene/CE as those treated with CE
alone [82].

The combination bazedoxifene/CE also increased hepatic lipid oxidation through multiple
critical pathways involved in lipid metabolism [28]. First, CE alone enhanced hepatic
production of fibroblast growth factor-21 (FGF21) [83]. In contract, BZA did not increase
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hepatic production of FGF21. Instead, BZA alone increased hepatic expression and activity
of metabolic activators of hepatic lipid oxidation, sirtuin 1 and its target the peroxisome
proliferator-activated receptor-a, as well as the AMPK a [84-86]. Thus, in OVX mice, the
combination bazedoxifene/CE promotes a state of increased FGF21 production and
sensitivity without increase in FGF21 circulating concentrations [28]. Interestingly,
bazedoxifene/CE also restored the physiological oscillatory activity of liver ERa that was
diminished due to ovariectomy and prevented the effect of estrogen deficiency on hepatic fat
disposition in OVX mice [82]. Finally, bazedoxifene/CE selectively increased ER
transcriptional activity in the hypothalamic arcuate nucleus of mice, a critical area for
control of energy homeostasis, suggesting bazedoxifene/CE may centrally regulate
metabolism [49].

6. Conclusions

Enhancing the metabolic actions of SERMs for the prevention of metabolic dysfunction in
postmenopausal women is an important avenue for clinical investigation. One solution is to
target the ERs involved in energy homeostasis, using novel SERMs that will retain the
beneficial metabolic effects of estrogen while antagonizing ERs in breast and uterus. An
important advantage of using SERMs to prevent postmenopausal metabolic disease is the
vast library of knowledge accumulated from decades of preclinical and clinical studies of
estrogen and ER ligand pharmacology, efficacy and toxicity. The challenge with CE or
estradiol (E2), however, is their narrow therapeutic index when administered as a chronic
treatment. The inherent beauty of using bazedoxifene/CE combining estrogens with a SERM
is that it retains the beneficial effects of estrogens to prevent metabolic dysfunction and other
chronic degenerative diseases, while at the same time blocking ERs in breast and uterus
without the use and side effects of a progestin. In fact, studies presented in this review
suggest that in mice, the combination bazedoxifene with CE promote the same beneficial
metabolic effects than CE alone. Further studies are needed to determine the long term
beneficial effect of bazedoxifene/CE on metabolic function in postmenopausal women.
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Abbreviations

SERMs selective estrogen receptor modulators

ER estrogen receptor

BZA bazedoxifene

CE conjugated estrogens

TSEC tissue-selective estrogen complex
T2D Type 2 Diabetes
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STZ streptozotocin

HDL high-density lipoprotein
LDL low-density lipoprotein
OovX ovariectomized

DMBA 7, 12-dimethylbenz[a]anthracene

FAS fatty acid synthase
Mmd2 monocyte to macrophage differentiation-associated 2
Lcn13 lipocalin 13

PPARYy peroxisome proliferator-activated receptor gamma
FGF21 fibroblast growth factor-21

SIRT1 sirtuinl

PPARa peroxisome proliferator-activated receptor a
AMPKa  AMP-activated protein kinase a

E2 estradiol
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Highlights

Tamoxifen predisposes to lipid abnormities, hepatic steatosis and diabetes in
women

Tamoxifen impairs pancreatic B cell survival and proliferation in rodents.
Raloxifene has neutral effects on glucose homeostasis in women

The combination bazedoxifene with conjugated estrogens prevents obesity and
improves insulin sensitivity in mice to as extend similar to conjugated estrogens
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Figure 1. Summary of the effects of tamoxifen
Tamoxifen is an ER antagonist in breast and has estrogenic effects on bone and uterus.

Tamoxifen decreases food intake, body weight and fat mass in rodents. It also lowers body
weight in obese women. Tamoxifen decreases p-cell survival and proliferation in rodents
and increases the incidence of diabetes in patients with breast cancer. Tamoxifen also
promotes hepatic steatosis in rodents and women.

J Diabetes Complications. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Xu et al.

Brain g»

/.

Adipose
J Abdominal

Raloxifene

adiposity

s 5
Muscle™ i

Figure 2. Summary of the effects of raloxifene
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Raloxifene is an ER agonist in bone and acts as ER antagonist in breast. It has a neutral
effect in uterus. Raloxifene reduced fat mass in OV X female rodents and prevented
abdominal adiposity in postmenopausal women. Raloxifene’s effects on insulin sensitivity

are controversial.
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Figure 3. Summary of the effects of the combination bazedoxifene with CE
Bazedoxifene acts as an ER antagonist in breast and uterus while it is an ER agonist in bone.

In rodent models of menopause, CE/BZA prevents obesity, reduces hepatic steatosis
formation, and improves liver and muscle insulin sensitivity as well as glucose homeostasis.
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