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Abstract

Aging is the greatest risk factor for most chronic diseases. The somatotropic axis is one of the most conserved biological pathways that
regulates aging across species. 17a-Estradiol (17a-E2), a diastereomer of 17f3-estradiol (178-E2), was recently found to elicit health benefits,
including improved insulin sensitivity and extend longevity exclusively in male mice. Given that 178-E2 is known to modulate somatotropic
signaling in females through actions in the pituitary and liver, we hypothesized that 170-E2 may be modulating the somatotropic axis in males,
thereby contributing to health benefits. Herein, we demonstrate that 17a-E2 increases hepatic insulin-like growth factor 1 (IGF1) production
in male mice without inducing any changes in pulsatile growth hormone (GH) secretion. Using growth hormone receptor knockout (GHRKO)
mice, we subsequently determined that the induction of hepatic IGF1 by 17a-E2 is dependent upon GH signaling in male mice, and that 17a-
E2 elicits no effects on IGF1 production in female mice. We also determined that 170-E2 failed to feminize the hepatic transcriptional profile
in normal (N) male mice, as evidenced by a clear divergence between the sexes, regardless of treatment. Conversely, significant overlap in
transcriptional profiles was observed between sexes in GHRKO mice, and this was unaffected by 17a-E2 treatment. Based on these findings,
we propose that 17a-E2 acts as a pleiotropic pathway modulator in male mice by uncoupling IGF1 production from insulin sensitivity. In
summary, 17a-E2 treatment upregulates IGF1 production in wild-type (and N) male mice in what appears to be a GH-dependent fashion,
while no effects in female IGF1 production are observed following 17a-E2 treatment.
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Aging and the onset of chronic diseases can be attenuated through elicit health benefits and extend longevity is 17a-estradiol (17a-E2).
interventional strategies that modulate growth and nutrient-sensing 170-E2 is a diastereomer of 17f-estradiol (178-E2) that is naturally
pathways (1). One of the more recently studied compounds found to present in both sexes (2). 17a-E2 extends longevity in a sex-specific
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manner (3). We have previously reported that 17a-E2 treatment
reverses several conditions associated with advancing age in male
mice, including visceral adiposity, ectopic lipid deposition, glucose
intolerance, insulin resistance, chronic low-grade inflammation, and
hepatocyte DNA damage in telomeric regions (4). These phenotypic
alterations were found to be linked with the activation of AMPKa
and suppression of mTORC1, which are consistent with beneficial
outcomes with advancing age (5). Some effects of 170-E2 are similar
to that of calorie restriction (CR) because it reduces calorie intake by
modulating hypothalamic anorexigenic pathways (4). 170-E2 also
elicits metabolic benefits in hyperphagic male mice, indicating that
170-E2 improves metabolic parameters in the absence of significant
reductions in calorie intake (6). Despite some similarities between
health outcomes following 17a-E2 and CR treatments, we have also
demonstrated that 170-E2 treatment fails to modulate proteostasis
similarly to CR in aged male mice (7), suggesting that 17a-E2 and
CR may also differ in some of the ways in which they improve health
and extend life span.

Decades of research has firmly established that the somatotropic
axis is one of most conserved biological pathways that regulates life
span and healthspan across species. In mammals, the biosynthesis
of pituitary growth hormone (GH) and subsequent production of
insulin-like growth factor 1 (IGF1) represent important mechanisms
that modulate postnatal growth and development (8). While the in-
hibition of the GH/IGF1 axis by either GH deficiency or resistance
(GH receptor ablation) significantly stunts growth rate and adult
body size, it also significantly extends life span (1). Homozygous
loss-of-function mutation at the Prop-1 locus in Ames dwarf (df/df)
mice causes deficiency in GH, thyroid-stimulating hormone (TSH),
and prolactin (PRL). Lack of GH production in these mice causes
significant reductions in hepatic and circulating IGF1, yet despite
these hormonal deficiencies df/df mice live up to 60% longer than
their normal littermate controls (1). Similarly, the GH-resistant
(GHR knockout [GHRKO]) mice, which we use in these studies,
have normal levels of PRL and TSH, but also show robust reduc-
tions of hepatic and circulating of IGF1 (9). These mice also display
reduced adult body size and significant life span and healthspan ex-
tension (9). Long-lived df/df and GHRKO mice are also character-
ized by hypersensitivity to insulin and maintain very low circulating
insulin and glucose levels throughout their lifecycle (1). Both IGF1
and insulin are known to cross-react with each respective receptor,
which complicates the understanding of detailed regulation and in-
dependent role insulin and IGF1 play in some physiological con-
ditions (10). However, several studies evaluating long-lived mice
suggest that insulin sensitivity and IGF1 production are coupled. For
instance, insulin sensitivity in GHRKO mice cannot be improved
by CR (11), suggesting that reduced activity of the GH/IGF1 axis
and initiation of CR elicit health benefits through similar cellular
mechanisms.

Several mammalian species exhibit differences in lifespan be-
tween the sexes and also frequently respond in divergent manners
to interventional strategies aimed at curtailing diseases (12). As men-
tioned above, 170-E2 improves life span in males, but not female,
mice (3). Previous studies have linked sexual dimorphism in health
parameters to differences in hepatic drug metabolism (13) and sus-
ceptibility to liver diseases (14). Interestingly, there are large differ-
ences in hepatic transcriptional profiles between male and female
mice that essentially disappear in the absence of STATSb signaling
(15), a major mediator of GH signaling. Importantly, the pattern
of pituitary GH secretion differs between males and females (16),
which exerts significant effects on hepatic transcriptional activity,

as demonstrated by ablating hepatic GH signaling which abolishes
90% of sex differences in hepatic gene expression (17). Moreover,
persistent exposure to GH in male mice induces a feminization of
hepatic transcriptional profiles (18).

17B-E2 is known to inhibit the GHR-JAK2-STATS signaling cas-
cade and downstream transcriptional activity in liver by inducing
suppressor of cytokine signaling (SOCS) 2 and SOCS3 expres-
sion (19). 17B-E2 can also directly affect pituitary GH secretion
through estrogen receptor (ER) o and ERf (20), which almost cer-
tainly contributes to the observed sex differences in GH secretion.
Interestingly, 17B-E2 administration increases hepatic and plasma
IGF1 in GHRKO, but not normal littermate, mice (21), thereby sug-
gesting that estrogens may uncouple the insulin and IGF1 actions. If
this is found to be true it could provide important insights into what
role insulin and IGF1 play in differences in aging biology between
the sexes. Given that 173-E2 has been shown to modulate the GH/
IGF1 signaling axis, coupled with our recent report demonstrating
that 17a-E2 signals through ERa to elicit health benefits (22), we
hypothesized that 170-E2 improves health parameters in male mice
by altering GH pulsatility, thereby feminizing the hepatic transcrip-
tional profile. To test this hypothesis, we exposed aged male mice
to 17a-E2 to measure GH secretion. We also evaluated circulating
insulin and IGF1 and the sex-specific pattern of liver gene regulation
prompted by 170-E2 in male and female GHRKO mice.

Materials and Methods

Control and Experimental Diets

TestDiet, a division of Purina Mills (Richmond, IN), prepared all the
diets for these studies. Study 1 utilized TestDiet SLG6 (65.4% CHO,
22.4% PRO, 12.2% FAT) = 170-E2 (14.4 ppm; Steraloids). Study 2
utilized TestDiet S8YP (66.6% CHO, 20.4% PRO, 13.0% FAT) =
170-E2 (14.4 ppm).

Study 1, Animals

Eighteen-month-old male C57BL/6 were obtained from the National
Institutes on Aging breeding colony and were individually housed at
22 + 0.5 °C on a standard 12:12-hour light-dark cycle, with lights
coming on at 07:00 each day. Unless otherwise noted, mice had
ad libitum access to food and water throughout the experimental
timeframe. Mice were handled extensively to acclimatize them to
human interaction prior to performing blood draws for assessing
GH pulsatility. Following acclimatization, mice were randomized
by body mass, body composition, and fasting glucose to control
(CON) or 17a-E2 treatment groups (7 = 8/group). Prior to study ini-
tiation and following 15 weeks of treatment, all mice underwent tail-
bleeding in the fed state to assess GH pulsatility as outlined below.
At the conclusion of the 15-week treatment period, mice were anes-
thetized with isoflurane and euthanized by cervical dislocation prior
to dissection. Blood was collected into ethylenediaminetetraacetic
acid (EDTA)-lined tubes by cardiac puncture, and plasma was col-
lected and frozen. Tissues were excised, weighed, flash frozen, and
stored at —80 °C for future analyses. All procedures were approved
by the appropriate Institutional Animal Care and Use Committees
(IACUC).

Study 1, GH Pulsatility

Pulsatile GH release was measured. Briefly, tail-clip whole-blood col-
lection (2 pL) began at 09:00 and was repeated every 10 minutes
over a 6-hour period. Each collection of whole blood was transferred
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to 58 pL of 0.05% PBS-T. Samples were vortexed and placed on dry
ice. After each blood collection, gentle pressure was applied to the
tail wound to stem blood flow, and the animal was returned to the
home cage. For repeated sampling, the surface of the original wound
was disrupted and the tail wound was briefly immersed in physio-
logical saline (0.9% sodium chloride) so any scab would soften and
be easily removed. When necessary, gentle pressure was applied
along the base to the tip of the tail to assist blood flow. Samples were
then transferred to -80 °C for future evaluation by ELISA.

Study 2, Animals

GHRKO and normal (N; wild-type or heterozygous littermates)
mice were bred and maintained at Southern Illinois University. Mice
were group housed at 22 = 0.5 °C on a standard 12:12-hour light—
dark cycle, with lights coming on at 07:00 each day. Unless other-
wise noted, mice had ad libitum access to food and water throughout
the experimental timeframe. At 6 months of age, mice were ran-
domized by mass into eight experimental groups (n = 8/group)
including: Normal male, CON diet (N-CON-M); Normal male,
170-E2 diet (N-17a-M); GHRKO male, CON diet (KO-CON-M);
GHRKO male, 17a-E2 diet (KO-170a-M); Normal female, CON diet
(N-CON-F); Normal female, 17a-E2 diet (N-17a-F); GHRKO fe-
male, CON diet (KO-CON-F); and GHRKO female, 170-E2 diet
(KO-17a-F). Body mass was assessed periodically throughout the
study. At the conclusion of the 22-week treatment period, mice were
anesthetized with isoflurane and euthanized by cervical dislocation
prior to dissection. Blood was collected into EDTA-lined tubes by
cardiac puncture, and plasma was collected and frozen. Tissues were
excised, weighed, flash frozen, and stored at -80 °C for future ana-
lyses. All procedures were approved by the appropriate IACUC.

Insulin and IGF1 Assessments

Plasma insulin was evaluated using the Ultra-sensitive Rat Insulin
ELISA Kit (Crystal Chem, Downers Grove, IL). Plasma IGF1 was
evaluated using the Mouse/Rat IGF-I Quantikine ELISA Kit (R&D
Systems, Minneapolis, MN). Tissue IGF1 was evaluated as follows.
Liver, quadriceps, and white adipose tissue (WAT; ~100 mg) were
homogenized in Cell Lysis Buffer (Cell Signaling, Danvers, MA) with
protease inhibitors (Sigma-Aldrich) and total protein was quantified
using BCA Protein Assay Reagent Kit (Pierce, Rockford, IL). Protein
supernatant was then diluted 10x and analyzed using the ELISA de-
scribed above. Supernatant protein concentrations were used to nor-
malize across tissues.

Liver RNA Extraction

RNA was extracted from ~50 mg of frozen liver using RNeasy mini
kits (Qiagen, Valencia, CA). RNA concentrations and integrities were
determined using RNA ScreenTape assays and a 2200 Tapestation
analyzer (Agilent Technologies, Santa Clara, CA). Only samples with
RNA integrity numbers greater than 7 were sequenced. Extracted
RNA was stored at =80 °C in preparation for sequencing. The whole
transcriptome dataset is available on the Sequence Read Archive
(SRA) at NCBI (accession #PRJNA643403).

RNA Sequencing

Six samples from each experimental group were randomly selected
for RNA sequencing (N = 48). Library preparation and sequencing
was performed at Beijing Novogene Co., Ltd. using the Illumina

HiSeq 2500 instrument. The mapping of sequencing reads to the
mouse transcriptome (Illumina iGenomes annotation for UCSC
mm10,  http://support.illumina.com/sequencing/sequencing_soft-
ware/ igenome.html) was performed using HiSat2 (23). The number
of reads aligned to its corresponding gene was calculated by HTSeq
0.6.1 (24). Genes with an average FPKM lower than 1/100 000th of
the total aligned reads in more than 50% of the samples were elim-
inated from further analyses. Statistical analyses for differentially
expressed mMRNAs were performed using the software R (3.2.2) and
the Bioconductor package EdgeR using the HTSeq output count.
Read counts were normalized for library depth, and pairwise com-
parisons, measuring fold change (FC), uncorrected p-values from
the negative binomial distribution, and adjusted p-values (false dis-
covery rate [FDR]) were obtained. Principal component analysis
(PCA) was also performed using R to observe sample distribution
in a two-dimensional plot and eliminate outliers. Unsupervised hier-
archical clustering was performed also using the DESeq package to
observe sample clustering. Genes with a FDR <0.05 and FC >2.0
were considered upregulated; and with FDR <0.05 and FC <0.5
were considered downregulated. mRNAs were further processed
for pathway analysis using the Generally Applicable Gene-set
Enrichment (GAGE), which uses log-based FCs as per gene statistics,
and Pathview packages in R (25). p-Values lower than .05 were con-
sidered significant for pathways and GO Terms analysis.

Statistical Analysis

Analyses of differences between groups for Study 1 were performed
by Student’s ¢ test (plasma, liver, muscle, WAT IGF1). For plasma
GH, the area under the curve was calculated and then compared by
Student’s # test. For Study 2, two-way analysis of variance (ANOVA)
was used to compare the effect of genotype, treatment, and poten-
tial interactions on plasma insulin and IGF1 with a Tukey post hoc
test to compare individual means. GraphPad Prism Software, version
8.3.1, was used for statistical analysis. Values are presented as mean
+ SEM and were considered significantly different when p <.05.

Results

170-E2 Increases Hepatic IGF1 Production in Male

Mice Without Altering GH Secretion

It is well established that GH pulsatility patterns differ between
the sexes and this contributes to divergent transcriptional pro-
files in liver. In addition, there is also emerging evidence that the
age-related detriments of IGF1 signaling may be greater in fe-
males, whereas males appear less affected (26). Given that 17f-
E2 is known to alter the GH/IGF1 axis, we sought to determine
if 17a-E2 would modulate GH pulsatility and tissue-specific IGF1
production. We found that GH pulse patterns were nearly iden-
tical between CON and 17a-E2-treated animals at baseline and
following 15 weeks of treatment (Figure 1A-D and Supplementary
Figures 1-4). Total GH secretion during the testing period was
also not different between treatment groups or timepoints
(Figure 1E), indicating that 17a-E2 almost certainly does not alter
GH pulsatility in male mice. Surprisingly, despite the lack of differ-
ences in GH secretion following 17a-E2 treatment, circulating and
hepatic IGF1 concentrations were increased by 17a-E2 in these
mice (Figure 1F and G). We also found that muscle and WAT IGF1
production were unaffected by 170-E2 (Figure 1H and I), sug-
gesting that any increase in circulating IGF1 induced by 17a-E2
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Figure 1. 170-E2 increases hepatic IGF1 production in male mice without
altering GH secretion. Representative GH pulse patterns over a 6-h period in
(A) male C57BL6/n control (CON) mice at baseline, (B) male C57BL6/n mice
at baseline prior to 17a-E2 treatment, (C) male C57BL6/n CON mice following
the 15-wk treatment period, and (D) male C57BL6/n mice following 15 wk
of 17a-E2 treatment. (E) Total GH secretion during the 6-h testing period
and (F) plasma, (G) liver, (H) muscle (quadriceps), and white adipose tissue
(WAT; epididymal) IGF1 protein concentrations in C57BL6/n CON and 17a-E2-
treated mice following a 15-wk intervention. All data are presented as mean
+ SEM and were analyzed by Student’s t test. n = 8/group. Full color version
is available within the online issue.

was likely being produced in the liver. These observations were
contrary to our initial hypothesis, which led to additional studies
in GHRKO mice aimed at unraveling how 170-E2 may alter the
GH/IGF1 axis.

170-E2 Fails to Increase Circulating IGF1 in Male
GHRKO, or Female, Mice

As previously reported, 170-E2 reduced body mass more robustly
in N male mice as compared to female mice (Figure 2A and B).
17a-E2 also induced greater losses of mass in N mice than that ob-
served in GHRKO (Figure 2A and B), which is not surprising given
the small size of GHRKO mice. In alignment with the results from
Study 1, 17a-E2 increased circulating IGF1 in N male mice, but this
effect was absent in GHRKO mice receiving 170-E2 (Figure 2C).
This finding suggests that GH signaling is involved in 17a-E2-
mediated increases in hepatic IGF1 production, although the results
from Study 1 indicate that this is occurring independent of changes
in GH pulsatility. 170-E2 failed to modulate circulating IGF1 in fe-
male mice of either genotype in our study (Figure 2D), which is con-
trary to a previous report showing that long-term 17a-E2 treatment
increased circulating IGF1 in both sexes (27). As expected, 17a-E2
also reduced circulating insulin in N male mice (Figure 2E), thereby
indicating that 17a-E2 “uncouples” the connections between cir-
culating insulin and IGF1 in male mice. Unexpectedly, we also ob-
served a mild treatment effect of 17a-E2 on circulating insulin levels
in female mice. Given the sexually dimorphic responsiveness in
IGF1 production following 17a.-E2 treatment, we wanted to deter-
mine if the hepatic transcriptome was being differentially affected
between the sexes by 170-E2.

A 5 A in Mass - Male

o o
: Q o
0---‘-. .............. Q% R0 o
£ 08 ° Qo
e
Treat. 0.
Geno. 0.001
o Norlmal GH&KO N Norlmal GHIIRKO
. . @ N-CON-M
Ciso Plasma IGF1 - Male D 100 Plasma IGF1 - Female @ N-17a-M
7] O KO-CON-M
200 ﬁ‘..'. OKO-17a-M
- Em B B N-CON-F
L]
E100 B N-17a-F
2 [0 KO-CON-F
8 O KO-17a-F

4| Treat. 0.008

0. Inter.  0.68 oo
4| Treat. 043 H
Nl o &&D o ] o

I SO0 -
Normal GHRKO Normal GHRKO
E Plasma Insulin - Male F Plasma Insulin - Female
2.0 2.59
(<)
15 (] 8 2.04 =
= E1.51
1.0 ..& ‘ [e) =)
c (") o o £1.04 = ] o
o = u"®
05le@0 o) os5{ H -“.
0.0- ) 89 0.0 oy
Normal GHRKO Normal GHRKO

Figure 2. 170-E2 uncouples insulin and IGF1 production in male mice. (A, B)
Change in mass from baseline in male and female normal (N) and GHRKO
following a 22-wk intervention period. (C, D) Plasma IGF1 in male and female
N and GHRKO following a 22-wk intervention period. (E, F) Plasma insulin
in male and female N and GHRKO following a 22-wk intervention period. All
data are presented as mean + SEM and were analyzed by two-way ANOVA.
n = 6-8/group. Full color version is available within the online issue.

GHR Ablation Alters the Sex-Specific Hepatic
Transcriptome Responses to 17a-E2 Treatment

On average 39 933 632.15 = 423 256.43 reads were obtained after
processing the liver samples. From these, an average of 95.6% =
0.1% of the reads aligned to the mouse mm10 genome. After re-
moving transcripts with very low reads, 14 357 transcripts were
detected and analyzed. The PCA analyses of the 500 most variable
genes are represented in Figure 3. To our surprise, 17a-E2 treatment
did not significantly shift the expression profile of hepatic genes of
either sex in this study. There is a clear distinction between the ex-
pression profiles of N male and N female mice, regardless of treat-
ment. Conversely, both male and female GHRKO mice of both
treatments clustered together closely, indicating similar expression
profiles. In N male mice, 112 genes were differentially expressed fol-
lowing treatment with 17a-E2, whereas 106 were found to be differ-
entially expressed in N female mice receiving 17a-E2 (Figure 4). In
GHRKO mice, only 13 genes in males and 43 genes in females were
found to be differentially expressed following 17a-E2 treatment.
There were very few commonly regulated genes among GHRKO and
N mice (Figure 4). Several genes that have previously been linked
to hepatic steatosis were found to be differentially expressed fol-
lowing 170-E2 treatment in this study. In male mice only, 17a-E2
upregulated Cyp17al, Abcbla, and Ace2, all of which have effects
on hepatic lipid metabolism (Supplementary Tables 1-4). Scd3 and
Tff3, regulators of lipogenesis, were also found to be upregulated
in N mice of both sexes. A KEGG pathway analysis revealed that
170-E2 treatment downregulated both steroid and terpenoid bio-
synthesis in both N and GHRKO male mice (Supplementary Tables
5-8). Interestingly, both the steroid and terpenoid biosynthesis path-
ways are involved in sterol, cholesterol, and steroid synthesis the
liver (28). Similar KEGG pathway analyses in female mice revealed
that 8 pathways were regulated by 17a-E2 treatment in N females
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Figure 3. 17a-E2 fails to feminize the global transcriptional profile in male
mice. PCA plot of hepatic transcriptional profiles by RNA sequencing
analyses in male and female normal (N) and GHRKO mice following a 22-wk
intervention period. Notably, N mice clustered by sex regardless of treatment,
whereas GHRKO clustered closely together regardless of treatment or sex.
Full color version is available within the online issue.

and 13 pathways in GHRKO females. Most notable were the ob-
servations that 17a-E2 upregulated the bile secretion pathway in N
males, which further suggests that 17a-E2 reduces liver steatosis by
increasing cholesterol excretion from liver (Supplementary Table 5).
Additionally, 170-E2 downregulated xenobiotic and drug metab-
olism by cytochrome P450 enzymes in N females, whereas peroxi-
some and fatty acids metabolism were upregulated by 170-E2 in
GHRKO females.

Discussion

In the current studies, we observed that 17a-E2 treatment increased
IGF1 production in wild-type (and N) male mice. Surprisingly, these
increases occurred in the absence of changes in GH pulsatility, yet
were blunted by GHR ablation. These data suggest that 17a-E2
modulates IGF1 production by direct actions in the liver and that GH
signal transduction may be at least partially involved. This observa-
tion is contrary to a previous report showing that 178-E2 increases
IGF1 production in GHRKO, but not N, mice (21), suggesting that
170-E2 and 17B-E2 may differentially regulate IGF1 expression in
the liver. Previous work has established that ERa can modulate IGF1
gene expression (29), and we recently showed that the global abla-
tion of ERa prevents nearly all the metabolic benefits of 17a-E2 in
the liver of male mice (22). Moreover, dietary amino acids can regu-
late the transcriptional activity of hepatic ERa through an mTOR-
dependent mechanism, thereby increasing hepatic IGF1 expression
and circulating IGF1. CR and the ablation of ERa in the liver were
found to decrease circulating IGF1 in these studies (30). In alignment
with these observations, a recent report established that 17a-E2 in-
creases the abundance of several amino acids in the liver of male
mice (31). Collectively, these observations suggest that 17a-E2 likely
modulates hepatic IGF1 production through several mechanisms.
Previous studies have shown that there are large differences
in hepatic transcriptional profiles between male and female mice,
which essentially disappears when circulating GH is abolished (17).
Our liver transcriptome analyses also revealed a clear distinction

Figure 4. 170-E2 elicits far greater transcriptional responses in Normal than
GHRKO mice. Venn diagrams showing the number of differentially expressed
hepatic genes in (A) male and (B) female normal (N) and GHRKO mice
following a 22-wk intervention period. Full color version is available within

the online issue.

between N male and female mice, with surprisingly modest effects
of 17a-E2 on the global transcriptional profiles of either sex in
these studies. As alluded to above, this sexually dimorphic profile
was completely absent in GHRKO mice, as evidenced by GHRKO
mice of both sexes and treatments displaying similar transcriptomes.
This observation clearly demonstrates that the phenotypic response
to GHR ablation far exceeds any response elicited by 17a-E2.
Surprisingly, 170-E2 treatment in N mice failed to elicit a conver-
gence of the transcriptional profiles between the sexes, indicating
that 17a-E2 failed to feminize the global transcriptome in male
livers. It remains unclear if a greater effect would be observed in
older mice (>18 months) with greater morbidity. Future studies will
be needed to determine if 17a-E2 elicits more robust effects in male
mice under challenged conditions (eg, obesity or old age).
Historically, negative modulation of the GH/IGF1 axis increases
healthspan and/or life span as demonstrated in models such as the
GHRKO and GH-deficient Ames Dwarf mice (1). These long-lived
models are characterized by a simultaneous decrease in plasma
levels of GH, IGF1, and insulin (1). In a rare exception to this ex-
ample, 17a-E2 treatment increases plasma IGF1 in wild-type (and
N) male mice while also significantly reducing body mass and in-
sulin (4,6,27). We have also firmly established that 17a-E2 improves
systemic and tissue-specific insulin sensitivity in male mice and
rats (4,22). Although 170-E2 failed to alter plasma IGF1 in male
GHRKO or female mice of either genotype, plasma insulin was
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reduced by 170-E2 treatment in these groups. This indicates that
170-E2 uncouples IGF1 production from insulin sensitivity in male
mice, and more importantly suggests that IGF1 expression and ac-
tivity is not a primary determinant in male longevity since 17a-E2
significantly extends lifespan in male mice (3). These data provide
insight into the relationship between the role insulin and IGF1 play
in aging biology between the sexes. Previous work has demonstrated
that inhibiting IGF1 signaling can extend life span only in females
(26), and may point to why 17a-E2 treatment did not work in fe-
males in this and previous studies (27,32). Other studies also sug-
gest that early-life IGF1 deficiency can improve life span in females
only (33), further emphasizing this sex-specific effect. Although it is
surmised that 170-E2 treatment exerts at least part of this its bene-
ficial effects on longevity through reductions in calorie intake (6),
CR reduces plasma IGF1 and insulin (34), similarly to GH-deficient
mice. Therefore, it seems reasonable to surmise that 17a-E2 likely
alters healthspan and longevity through mechanisms that are gener-
ally more dissimilar, than similar, to those of CR or GH/IGF1 axis
inhibition.

When looking for specific transcriptional links to how 17a-E2
treatment may be divergent from GH/IGF1 axis inhibition, we found
that genes and pathways regulated by 170-E2 treatment in N and
GHRKO mice do not generally overlap. 17a-E2 treatment regulated
almost 10 times more genes in the liver of N male than GHRKO
male mice. In females, this difference was smaller, with twice as many
genes regulated in N compared to GHRKO. This alone can point to
some gender-specific regulation that blunts positive effects of 17a-
E2 treatment in females. As mentioned above, sexual dimorphism
is often dependent on differences in hepatic drug metabolism (13)
and susceptibility to liver diseases (14). We did observe that in both
N and GHRKO male mice, the terpenoid and steroid biosynthesis
pathways were downregulated by 170-E2 treatment. Terpenoid
and steroid biosynthesis pathways are the primary mechanism re-
sponsible for sterol, cholesterol, and steroid biosynthesis in the liver
(28). Interestingly, both of these pathways are upregulated in mice
with diet-induced hepatic steatosis (35), indicating that a suppres-
sive effect by 17a-E2 treatment could be indicative of preventing
or reversing liver damage. Importantly, we have previously shown
that 170-E2 does indeed reduce hepatic steatosis, hepatic fibrosis,
and hepatocyte DNA damage in male mice (4,22). Interestingly, the
terpenoid and steroid biosynthesis pathways were unchanged by
170-E2 in female mice, providing further support for the idea that
170-E2 is predominantly effective in males.

The liver plays a critical role in modulating systemic metabolic
homeostasis and conditions such as obesity and advancing age
promote a variety of liver conditions, including steatosis, fibrosis,
and insulin resistance (36), all of which are associated with hall-
marks of aging (37). ERa has been shown to beneficially modulate
the expression and activity of genes that regulate hepatic lipid me-
tabolism (38), thereby curtailing liver steatosis (39). As alluded to
above, we have previously shown that 17a-E2 improves several
pathological-related parameters in the liver in an ERa-dependent
manner (22). In the current study, we also discovered that 17a-E2
regulated myriad of genes related to hepatic lipid metabolism. These
included Abcbla, Scd3, Tff3, and Ace2. Abcbla was upregulated
4-fold exclusively in N male mice treated with 17a-E2. The ABC
transporter family transport lipids and sterols across membranes
and maintain lipid homeostasis. Previous studies have shown that
Abcbla is upregulated by CR (40). Interestingly, Abcb1a null-mice
display increased body mass, hepatic steatosis, and hyperinsulinemia
(41) predominately in male mice, which again supports the idea of

sexually divergent phenotypes in liver diseases and responsiveness
to 17a-E2. Ace2 was also upregulated exclusively in N male mice
receiving 17a-E2. Others have shown that Ace2 is protective against
liver fibrosis in models of chronic liver injury (42). Scd3 was strongly
regulated in males and to a lesser extent in females treated with 17a-
E2. Scd3 synthesizes palmitoleate (16:1n-7) from saturated fatty acid
precursors. Studies suggest that palmitoleate can reduce hepatic de
novo lipogenesis and improve systemic insulin sensitivity (43). Tff3
was highly upregulated in both N males and females treated with
170-E2. Previous reports indicate that restoring Tff3 expression in
the liver of obese mice attenuates hepatic steatosis. These observa-
tions provide additional evidence that 17a-E2 has profound effects
on liver pathophysiology, which could lead to future clinical studies
aimed at alleviating fatty liver disease and potentially liver fibrosis.

In contrast to the findings in males, N female mice treated
with 17a-E2 displayed a strong downregulation of cytochrome
P450 pathways, providing additional evidence of sexually di-
vergent responsiveness to 17a-E2. The cytochrome P450 super-
family of enzymes catalyze the metabolism of several molecules,
ranging from lipids and steroidal hormones to xenobiotics (44).
In mice, there is evidence of sex-specific expression of hepatic
cytochrome P450 enzymes and drug metabolism (13). There is
also evidence in humans suggesting that these sex-specific profiles
play a role in adverse drug reactions that only occur in a single
sex (45). Therefore, our observation that 170-E2 downregulates
cytochrome P450 enzymes may provide insight into a lack of
17a-E2-mediated benefits in female mice. Conversely, Cyp17al,
a member of the cytochrome P450 superfamily, was upregulated
8-fold in N males, with no significant effect being observed in
any other group. Interestingly, following translation, CYP17A1
enzymatically converts pregnenolone to dehydroepiandrosterone
(DHEA) (46). DHEA is an abundantly circulating sex hormone
precursor that is known to decrease with advancing age (47) and
is positively associated with metabolic homeostasis (48). Of par-
ticular importance, fasting has been shown to increase Cyp17al
expression and hepatic DHEA concentrations (49,50), indicating
that 17a-E2 and fasting may elicit similar cellular responses that
are important for longevity in males. Future studies will be needed
to determine if 17a-E2 treatment alters systemic and/or local con-
centrations of DHEA.

There are a few notable limitations to the current study. First,
in Study 1, we did not perform GH pulsatility assessments in fe-
male mice. This prevented us from comparing GH secretion profiles
across sexes. However, given that we failed to observed differences
in GH secretion between treated and untreated males, we speculate
that the additional female mice in this experiment would not have
provide any additional insight. Second, Study 2 utilized mice that
were relatively young (6 months) and treated them for a relatively
short period of time (5§ months). Given that the mice were lean and
healthy, this may have limited our ability to observe a greater effect
of 170-E2 between treated and untreated mice. Future studies should
undoubtedly consider the use of older, and/or challenged (eg, obese)
mice. Lastly, our library sequencing depth in Study 2 could have been
greater, which would have allowed us to detect more genes and po-
tential differences in lowly expressed genes and splice variants.

In summary, we show that 17a-E2 treatment upregulates IGF1
production in wild-type (and N) male mice, in what appears to be
a GH-dependent fashion. 17a-E2 did not alter IGF1 production
in female mice. These observations occurred in conjunction with
modest overall effects on the liver transcriptome, with the excep-
tion of a few very specific pathways in involved in terpenoid and
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steroid biosynthesis and cytochrome P450 metabolism, which display
sex-specific regulation. Most notable were the observed changes in
genes and related pathways known to improve liver pathophysiology,
which likely promote lipid oxidation and DHEA formation. These
studies indicate that 17a-E2 uncouples IGF1 production from insulin
sensitivity in male mice. More importantly, it suggests that IGF1 re-
duction is not necessary to improve male longevity since 17a-E2 sig-
nificantly extends lifespan in male mice despite increasing IGF1.
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