Neonatal exposure to androgens dynamically
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Abstract

Gonadal steroids strongly contribute to the metabolic programming that shapes the
susceptibility to the manifestation of diseases later in life, and the effect is often sexually
dimorphic. Microbiome signatures, together with metabolic traits and sex steroid levels,
were analyzed at adulthood in neonatally androgenized female rats, and compared
with those of control male and female rats. Exposure of female rats to high doses of
androgens on early postnatal life resulted in persistent alterations of the sex steroid
profile later on life, namely lower progesterone and higher estradiol and estrone levels,
with no effect on endogenous androgens. Neonatally androgenized females were
heavier (10% at early adulthood and 26% at adulthood) than controls and had impaired
glucose homeostasis observed by higher AUC of glucose in GTT and ITT when subjected
to obesogenic manipulations. Androgenized female displayed overt alterations in gut
microbiota, indicated especially by higher Bacteroidetes and lower Firmicutes abundance
at early adulthood, which disappeared when animals were concurrently overfed at
adulthood. Notably, these changes in gut microbiota were related with the intestinal
expression of several miRNAs, such as miR-27a-3p, miR-29a-5p, and miR-100-3p.

Our results suggest that nutritional and hormonal disruption at early developmental
periods not only alters the metabolic programming of the individual later in life but
also perturbs the architecture of gut microbiota, which may interact with the host by a
cross-talk mediated by intestinal miRNAs; phenomena that may contribute to amplify the
metabolic derangement caused by obesity, as seen in neonatally androgenized

female rats.

Key Words
gut microbiota
hormones
sex steroids
metabolic diseases
obesity


https://doi.org/10.1530/JOE-20-0277
https://joe.bioscientifica.com
http://orcid.org/0000-0002-0415-4184
mailto:fi1tesem@uco.es
mailto:antonio.camargo@imibic.org

Introduction

Sex steroids are key metabolic regulators in different
tissues, with proven roles in the control of food intake
and energy homeostasis, whose deregulation is frequently
linked to the manifestation of diseases (Mauvais-Jarvis
et al. 2013). In addition, the incidence of metabolic
diseases and their co-morbidities is sexually dimorphic,
and varies depending on the gonadal status; for example,
increases after menopause (Mauvais-Jarvis 2015).

However, the influence of gonadal factors is rather
complex. For instance, male hypogonadism is considered
a risk factor for the development of cardiovascular
complications associated to type 2 diabetes, suggesting
that low testosterone in adult men is detrimental for
metabolic and cardiovascular homeostasis (Rao etal. 2013).
By contrast, androgen excess in women, a characteristic of
polycystic ovary syndrome (PCOY), is associated to insulin
resistance, which also contributes to the excessive ovarian
androgen production (Witchel et al. 2019).

Early metabolic programming by sex steroids also
contributes to define differences in susceptibility to later
development of the metabolic disease. Inappropriate
exposures to sex steroids during early maturational
periods (e.g. excessive androgenization in utero) have
been linked to the development of insulin resistance and
PCOS (Witchel & Tena-Sempere 2013). Hence, gonadal
hormones are likely to influence metabolic homeostasis
via multiple, frequently redundant, regulatory systems,
and can be considered as genuine modifiers of metabolic
homeostasis, which may contribute to generate differences
in susceptibility for the developing of cardiometabolic
disease (Faulkner & Belin de Chantemele 2019).

Gut microbiota is now recognized as an organ
integrated in the metabolism of the host (Tremaroli &
Backhed 2012), and it has been proposed that alteration of
the gut microbiota structure may trigger the development
of cardiometabolic diseases (Jie et al. 2017). Notably, sex
hormones appear to be one of the factors driving gut
microbiota differences between males and females, which
may also contribute to the sexual dimorphism in disease
susceptibility (Cross et al. 2018). In addition, it has been
shown that the gut microbiota structure is influenced
by the combined effects of sex, gonadal hormones, and
obesity, with specific abnormalities in women with PCOS
(Insenser et al. 2018).

In this study, we aimed to explore, using suitable
preclinical (rat) models, the putative role of sex
steroid milieu at early developmental periods, alone
or in combination with obesogenic insults later in life,

as persistent modifiers of gut microbiota architecture, in
the context of development of metabolic alterations. In
order to shed light on the putative mechanisms for the
integration between gut microbiota and host, we also
explored the cross-talk between gut microbiota and the
host through regulation of the expression of miRNAs
in small and large intestine, as intestinal miRNAs are
increasingly recognized as potential decoders of the
impact of dysbiosis into cardiometabolic diseases (Liu
et al. 2016, Serino 2016).

Materials and methods

Animals and diets

Wistar male and female rats bred in the vivarium of
the University of Cordoba were used. The animals were
maintained at 22 + 1°C under constant conditions of
light (14 h) with free access to water. The experimental
animals were fed a control diet (CD), D12450B (10, 20,
and 70% calories from fat, protein, and carbohydrate,
respectively), or a high fat diet (HFD), D12451
(45%, 20%, and 35% calories from fat, protein and
carbohydrate, respectively; Research  Diets Inc,
New Brunswick, NJ, USA).

Experimental design

On postnatal day (PND)-1, males and female pups were
cross-fostered and reared in two different litter sizes:
small litters (SLs: 4 pups per litter; as a model of postnatal
overnutrition) or normal litters (NLs: 12 pups per litter),
as extensively described previously (Castellano et al.
2011, Sanchez-Garrido et al. 2013, 2014). Immediately
afterwards, subsets of female pups of the two litter sizes
were androgenized by a single s.c. injection of a bolus of
1.25 mg of testosterone propionate dissolved in olive oil
(100 pL), whereas the remaining female pups were injected
with vehicle (olive oil), following previously validated
protocols (Pinilla et al. 2002). After weaning on PND-23,
groups of androgenized or vehicle-treated females, as well
as males, were randomly pooled within each category
(androgenization or vehicle; NL or SL) to avoid the bias
of differences in body weight (BW) between the different
subgroups, and were housed in a number of four-five rats
per cage. From weaning onwards, the groups of SL rats
(either males, vehicle-treated or androgenized females)
were fed with an HFD, while the NL groups received a CD;
all animals had access to food ad libitum.
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Analyses were applied at two age points, on PND-50
and PND-150, representative of young adult (PND-50)
or adult rats (PND-150), in order to check the short- and
long-term the impact of the different stressors (neonatal
androgenization, and obesogenic dietary patterns). Rats
of both age-groups were killed by decapitation, and
trunk blood and fecal and tissue samples were collected
for analyses. These analyses included phenotypic indices
and biochemical/hormonal parameters in serum, as
well as fecal and intestinal samples. In intact females,
sampling was carried out at the same stage of the ovarian
cycle, namely diestrus-1, and was conducted between
9:00 h and noon to avoid the potential interference of
circadian variations (Castellano et al. 2011). Small and
large intestine sections were dissected and fecal samples
were obtained from the different study groups directly
from stool expulsion stimulated by manual handling.
The samples obtained were frozen in liquid nitrogen
and stored at —80°C until analysis. All the experimental
protocols were approved by Cordoba University Ethical
Committee of animal experimentation and conducted in
accordance with the European Union guidelines for the
use of experimental animals.

Phenotypic indices and hormonal measurements

Body weight (BW) and basal blood glucose levels were
recorded in all the experimental groups, at the two age-
points (PND-50 and -150); glucose levels were determined
after overnight fasting. In addition, serum level of leptin
was assayed at the same ages by a double-antibody RIA,
using the kit provided by EMD MILLIPORE. The limit
of sensitivity of the assay was 0.801 ng/mlL, and the
intra- and inter-assay coefficients of variation were less
than 4 and 9%, respectively. At the two ages, the serum
levels of ghrelin were also measured using a Bio-Plex Rat
Diabetes Assay, provided by Bio-Rad Laboratories. The
limit of sensitivity of the assay was 0.3 pg/mL, and the
intra- and inter-assay CVs were 4 and 4%, respectively.
In all experimental groups, sex steroid plasma levels
were determined at PND-50 and -150, using a sensitive
gas chromatography-tandem mass spectrometry method,
thoroughly validated as described in previous references
(Nilsson et al. 2015, Velasco et al. 2019).

Glucose tolerance tests and insulin tolerance tests

Rats of all experimental groups were subjected to glucose
tolerance tests (GTTs) at the two age groups indicated
previously. Rats were fasted overnight and subsequently

received an intraperitoneal (ip) bolus of glucose (1 g/kg
BW). Glucose levels were determined in blood before (0)
and at 20, 60, and 120 min post-administration. After
complete recovery 1 week later, insulin sensitivity was
assessed by an insulin tolerance tests (ITT). Rats were
fasted overnight, following an ip injection of 1UI insulin
(Sigma-Aldrich) per kg body weight. Blood glucose levels
were measured before (0) and at 20, 60, and 120 min after
insulin administration. Integral glucose changes levels
were estimated as area under the curve (AUC), during the
120 min period after glucose or insulin administration,
as calculated by the trapezoidal method. All glucose
concentrations were measured using a handheld
glucometer (ACCU-CHECK Aviva; Roche Diagnostics).

Intestinal microbiota analysis

DNA extraction from feces was performed using the
QIAamp DNAStool Mini Kit Handbook (QIAGEN),
following the manufacturer’s instructions.

The microbiota composition analysis of the fecal
samples was performed on a MiSeq Illumina platform
(Ilumina, San Diego, CA, USA), according to the
manufacturer's instructions. Briefly, PCR (PCR) was
performed using 0.2 pM of each one of the primer
5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’
and 5’-GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAG-3' (Klindworth et al. 2013) to generate
amplicons containing the hypervariable region V3
of the 16s rRNA gene, KAPA HiFi HotStart ReadyMix
(KAPABIOSYSTEMS), and 1.25 pL of extracted DNA
(5 ng/pL in 10 mM Tris pH 8.5), using the following
cycle parameters: 3 min denaturation at 95°C
followed by 25 cycles (30 s at 95°C, 30 s at 60°C,
30 s at 72°C) and a final extension at 72°C for 5 min. The
amplicon purification was performed using Agentcourt
AMPure XP beads (Beckman Coulter).

A second PCR reaction attaches dual indices and
[llumina sequencing adapters using the Nextera XT Index
Kit. This PCR was performed with a KAPA HiFi HotStart
ReadyMix (KAPABIOSYSTEMS), 5 pL of the previous
amplicon, 5 pL of each Nextera XT Index Primer 1 (N7xx)
and S pL of each Nextera XT Index Primer 2 (S5xx), using
the following cycle parameters: 3 min denaturation
at 95°C followed by eight cycles (30 s at 95°C, 30 s at
55°C, 30 s at 72°C), and a final extension at 72°C for
5 min. The PCR product purification was performed using
Agentcourt AMPure XP beads (Beckman Coulter). Raw
data are available at NCBI Sequence Read Archive (SRA)
under the accession number PRINA631334. Sequencing
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data were analyzed and visualized using QIIME 2 v. 2019.7
(Bolyen et al. 2019). Demultiplexed single-end reads
containing V3 hypervariable region were truncated at
212 bp (Quality score median >30), and denoised using
DADA2 method (Callahan et al. 2016).

After filtering, the high-quality reads of the 64
samples (n=8 for each group) ranging from 170,919
to 18,682 sequence counts, and rarefaction depth was
established at 18,500 sequence counts. Bacterial richness
and diversity across the samples were calculated using
the observed OTUs and Shannon indexes (Hammer
et al. 2001). Principal component analysis of community
structure (beta-diversity) was done using the unweighted
and weighted UniFrac distance metrics (Lozupone &
Knight 2005) and analyzed by permutational multivariate
ANOVA (PERMANOVA). Taxonomy was assigned to the
high-quality reads using q2-feature-classifier (Bokulich
et al. 2018) with a sequence identity threshold of 99%
interrogating the sequences with the Greengenes
database (13_8) (McDonald et al. 2012). To be consistent
with the 16S rRNA obtained taxonomic data, only taxa
in the bacteria domain were included in the statistical
analysis.

The relative taxonomic abundance was measured
as the proportion of reads over the total in each sample
assigned to a given taxonomy. To exclude bacterial taxa
that were not present in the majority of samples, a cut-
off for exclusion was fixed; only bacterial taxa containing
sequence reads in at least 75% of total samples were
considered. Linear discriminant analysis (LDA) effect size
(LEfSe) (http://huttenhower.sph.harvard.edu/galaxy/)
was used to compare groups at baseline and visualize the
results using taxonomic bar charts and cladograms (Segata
etal. 2011).

RNA isolation from small and large intestine

Frozen tissue was ground to a fine powder in liquid
nitrogen, using a mortar and pestle. RNA was isolated
with the commercial kit Direct-zol™ RNA MiniPrep Plus
(Zymo Research Corp., CA, USA), and quantified using the
spectrophotometer v3.5.2 Nanodrop ND-1000 (Nanodrop
Technologies, Cambridge, UK).

miRNA expression analysis

miRNA expression profiles were generated using the
SurePrint Rat miRNA Microarrays, Rat miRNA 8x15K
Microarray (Release 21.0) (Agilent Technologies Inc.).

RNA samples of each experimental group were pooled and
labeled using the miRNA Labeling and Hyb Kit (Agilent
Technologies Inc.), according to the manufacturer’s
instructions. Hybridization was performed using this latter
kit, also according to the manufacturer’s instructions.
Microarray images of each slide were obtained with
a Gene Pix 4000B scanner (Axon Instruments, Union
City, CA, USA). Image quantization was performed using
Agilent Feature Extraction Software (Agilent Technologies
Inc.). Raw microarray data were analyzed using the
limma R package (Smyth 2005). Spots with foreground
mean and median differing by more than 50 were filtered
out and data quality was checked using limma tools.
Background correction was performed using saddle-point
approximation in the normal-exponential convolution
method Normexp (Ritchie et al. 2007). Then within
arrays Print-tip loess (Yang et al. 2001) and between arrays
quantile were used for normalization. Finally, replicate
spots in the array data were averaged.

Software for miRNA analysis

To identify the role of selected miRNAs in the cellular
processes, we performed an analysis using the DIANA
tools V.3. DIANA-miRPath is a web-server (http://diana.
imis.athena-innovation.gr/DianaTools/index.php),
which provides accurate statistics and can accommodate
advanced pipelines. miRPath can utilize predicted miRNA
targets (in CDS or 3'-UTR regions) provided by the DIANA-
microT-CDS algorithm or even experimentally validated
miRNA interactions derived from DIANA-TarBase (Vlachos
et al. 2015).

Statistical analysis

PASW statistical software package, version 20.0 (IBM
Inc.), was used for statistical analyses of the data. We
used One-way ANOVA to test the differences between
animal’s groups. We used ANOVA for repeated measures
for the time-course glucose levels analysis in the GTT
and ITT with time as intra-individual factor and animal’s
group as inter-individual factor. Post hoc was performed
by Bonferroni multiple comparisons test.
correlation test was used to evaluate the relationship
between miRNAs intestinal expression and bacterial taxa
abundance. Data are presented as mean #s.e.m. P-values
<0.05 were considered statistically significant in all the
statistical analyses.

Pearson’s
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Results

Effect of androgenization on sex steroid profile
according to the nutritional status

In order to evaluate the early metabolic programming by
sex steroids on the susceptibility to later development
of metabolic disease, female rats were subjected to
neonatal androgenization by single injection of a bolus
of testosterone propionate (1.25 mg, s.c.) on PND-1.
By measuring testosterone, dihydrotestosterone and
androstenedione later on life, we did not observe
differences in androgen levels between androgenized and
not androgenized females, with the exception of 49.7%
lower androstenedione levels in androgenized females
(P=0.014) under NL-CD conditions at PND-150. As
expected, in none of the female study groups the androgen
levels reached that of the males, with the exception of
testosterone and androstenedione for which the difference
between the males and androgenized females under
NL-CD condition at PND-50 did not reach the statistical
significance. Of importance, neonatal androgenization
reduced progesterone levels in the females at PND-50
and -150 in both NL-CD (0.22 and 0.15-fold change)
and SL-HFD (0.19 and 0.28-fold change) conditions,
compared to control females (all, P-values < 0.05).
Thus, the progesterone levels in androgenized females
turned toward that measured in males. Interestingly,
estradiol (E2) levels were markedly (16.61 and 8.91-fold
change, P < 0.001 and P=0.018, respectively) increased
in females at PND-50 as a consequence of neonatal
androgenization, in both NL-CD and SL-HFD conditions,
whereas no statistically significant differences were found
between the groups at PND-150. Moreover, estrone (E1)
level was markedly higher in androgenized females at
PND-50, in both NL-CD (26.28-fold change, P=0.009)
and SL-HFD (high levels vs not detected), and at
PND-150 in SL-HFD (31.89-fold change, P=0.011)
conditions compared to intact females. As expected,
only very low or non-detectable level of E2 and E1 was
measured in the males (Fig. 1).

Early manipulation of the sex steroid milieu impairs
energy balance and glucose homeostasis

Neonatal androgenization increased BW of the females
measured at 50 and 150 days, in both NL-CD and SL-HFD
conditions compared to intact females. We found a
grossly similar profile in leptin levels in both intact and
androgenized females, but increased leptin levels were

observed in androgenized females compared to intact
rats under SL-HFD at PND-150. In these rats, leptin levels
were close to the ones observed in males. By contrast,
ghrelin levels were lower in androgenized females
than males (NL-CD and SL-HFD) and intact females
(NL-CD) at PND-50, with no differences between
groups at PND-150 (Supplementary Fig. 1, see
section on supplementary materials given at the end of
this article).

In addition, GTT and ITT were applied to the
experimental groups to assess the potential alterations
in glucose homeostasis. We found that androgenized
female rats at PND-50 displayed an AUC of glucose
higher than intact females, which reached the statistical
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Figure 1

Serum sex steroid levels in intact (non-androgenized) animals and
androgenized females, under normal feeding (NL-CD) and postnatal
overfeeding (SL-HFD) at PND-50 (A) and PND-150 (B). NL-CD, normal litter,
control diet; SL-HFD, small litter, high fat diet; PND, postnatal day.

*P-value < 0.05, **P-value < 0.01, and ***P-value < 0.001 in the one-way
ANOVA statistical analysis. n.d., not detectable.
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Figure 2

Metabolic parameters in intact animals and androgenized females.
Time-course profiles and area under curve of serum glucose in glucose
and insulin tolerance tests, under normal feeding (NL-CD) and postnatal
overfeeding (SL-HFD). NL-CD, normal litter, control diet; SL-HFD, small
litter, high fat diet; PND, postnatal day. Glucose tolerance test (GTT) was
performed in young adult (<PND-50) and adult (between PND-120 and
PND-150) animals. After complete recovery 1 week later, insulin tolerance
tests (ITTs) was assessed. Time-course profiles (A and B) ANOVA for
repeated measures statistical analysis. (a) Intact females lower than
androgenized females (P =0.004) and males (P=0.010). (b) Males lower
than intact females (P=0.014) and androgenized females (P=0.017) at
time point of 20 min. (c) Androgenized females higher than males
(P=0.031) and a trend with intact females (P =0.064) at time point of

0 min. (d) Androgenized females higher than intact females (P =0.004) at
time point of 0 min. (e) Androgenized females higher than males
(P=0.012) at time point of 20 min. (f) Intact females lower than
androgenized females (P=0.001) and males (P =0.009). (g) Intact females
lower than androgenized females (P < 0.001) and males (P=0.022) at time
point of 60 min. (h) Intact females lower than androgenized females
(P=0.005) and a trend with males (P =0.076) at time point of 120 min.
Area under curve (AUC) (C and D) One-way ANOVA statistical analysis.
*P-value < 0.05 and ***P-value < 0.001.

significance under SL-HFD, but not under NL-CD (Fig.
2). In fact, the analysis of the time-course glucose levels
on the GTT showed higher glucose levels (indicative of
lower glucose tolerance) in androgenized females (and
males) at PND-50 than in intact females (Fig. 2). In
addition, we observed in the ITT a higher AUC of glucose
(indicative of lower insulin sensitivity) in androgenized
females than in intact females under SL-HFD, but not
under NL-CD, at both PND-50 and PND-150 (Fig. 2).
Moreover, time-course glucose levels at 0 min on the ITT
showed higher glucose levels in androgenized females
than intact females at PND-50 under both NL-CD and
SL-HFD conditions. In addition, glucose levels on the ITT
showed higher glucose levels of androgenized females
(and males) than intact females at PND-150 under
SL-HFD condition, whereas no differences were shown
under NL-CD (Fig. 2).

Impact of early androgenization on gut
microbiota diversity

We evaluated whether the disruption on the early
metabolic programming by neonatal androgenization
impacts on the gut microbiota architecture. These studies
showed that there were no significant differences in
the a-diversity measured by the Shannon and observed
OTUs indexes, and by the phylogenetic diversity (Faith)
between androgenized and intact females at any age
(PND-50 nor PND-150) and nutritional condition
(NL-CD and SL-HFD). However, there was a higher
a-diversity at PND-50 of the bacterial community in
androgenized females than in males under NL-CD
condition, but these differences were not found when
animals were raised under SL-HFD condition. By contrast,
lack of differences or only trends were found between
androgenized females and males, at PND-150 under both
NL-CD and SL-HFD conditions, with the exception of
Observed OTUs index (Supplementary Table 1).

In term of bacterial p-diversity, we found significant
unweighted UniFrac distances among androgenized,
intact female and male groups (all P and Q values <
0.05), but no differences at PND-150 in the SL-HFD
groups between androgenized and intact females. In
contrast, we found significant differences in weighted
UniFrac distances among the main groups (androgenized,
intact females and males) under NL-CD, and between
androgenized females and intact females under SL-HFD
condition. However, no differences were found between
androgenized females and males under SL-HFD condition
(Supplementary Table 1).
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Impact of early androgenization on gut microbiota
composition at PND-50

Further, we analyzed the differences in the microbiota
structure by LEfSe analysis (Fig. 3 and Supplementary
Figs 2, 3). The data showed that in NL-CD animals at
PND-50 the gut microbiota from androgenized females
was characterized by higher abundance of Bacteroidetes
phylum and by a reduced abundance of Firmicutes and
Euryarchaeota phyla compared to intact females. At
genus level, we observed that androgenization increased
the abundance of Bacteroides, Helicobacter and CF231
genera in addition to one unknown genus from $24-7
family. The androgenization, furthermore, reduced
the abundance of Methanobrevibacter, Desulfovibrio and
p-75-a5 genera, in addition to an unknown genus from
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Desulfovibrionaceae family. In contrast, when animals
were raised under SL-HFD conditions, no differences in
the majority phyla, Firmicutes and Bacteroidetes, were
found between androgenized and intact females, but we
found that androgenization reduced the Euryarchaeota,
Verrucomicrobia, and Cyanobacteria phyla. We observed a
lower Firmicutes/Bacteroidetes (F/B) ratio in androgenized
females than intact females (P=0.022) at PND-50 under
NL-CD condition, whereas no differences were observed
under SL-HFD condition (Supplementary Table 2).
Atgenuslevel, wefoundthatandrogenizationincreased
Clostridium (Clostridiaceae), Clostridium (Lachnospiraceae),
and Lactobacillus. We also observed that androgenization
reduced Ruminococcus (Ruminococcaceae), Oscillospira,
Clostridium  (Peptostreptococcaceae), Methanobrevibacter,
Phascolarctobacterium, Flexispira, Dehalobacterium, Alistipes,
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LEfSe analysis between androgenized females and intact females (and males) under normal feeding (A) and postnatal overfeeding (B) conditions at
PND-50. Cladogram representing the taxonomic hierarchical structure of the identified differences between groups using Linear discriminant analysis
effect size (LEfSe). Each filled circle represents one phylotype. Red, bacterial taxa statistically overrepresented in androgenized females; green, bacterial

taxa overrepresented in females (or males). Phylum and class are indicated in their names on the cladogram and the order, family, or genus are given in
the key. A full colour version of this figure is available at https://doi.org/10.1530/JOE-20-0277.
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p-75-a5, and Parabacteroides genera, in addition to 3
unknown genera from unknown from Christensenellaceae,
Coriobacteriaceae, and Mogibacteriaceae families.

Impact of early androgenization on gut microbiota
composition at PND-150

Analyses of the differences in community structure by
LEfSe analysis at PND-150 (Fig. 4 and Supplementary Figs
4, 5) revealed that, in NL-CD animals, androgenization
increased = Cyanobacteria ~ phylum, and  reduced
Euryarchaeota and Actinobacteria phyla, but no differences
in the majority phyla, Firmicutes and Bacteroidetes, were
found as compared with intact females. At genus level,
we found that androgenization increased CF231 genus in
addition to three unknown genera from the WCHBI1-25,
Elusimicrobiaceae, and RF16 families, whereas it reduced
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Methanobrevibacter and Turicibacter, in addition to two
unknown genera from S$24-7, and Coriobacteriaceae
families. In turn, in SL-HFD animals, we found that
androgenization phylum, in
addition to discrete changes at genus level, as an increase
in Alistipes and Odoribacter genera, and differences in
two unknown additional genera from RFI16 (increase),
and Coriobacteriaceae (decrease) families. Moreover, we
observed no differences in F/B ratio between androgenized
and intact females at PND-150 under both NL-CD and
SL-HFD conditions (Supplementary Table 2).

increased Bacteroidetes

Microbiota putatively modulates host metabolism
via changes in miRNAs

In order to evaluate the cross-talk between gut microbiota
and the changes in sex hormones and obesity of the host,
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LEfSe analysis between androgenized females and intact females (and males) under normal feeding (A) and postnatal overfeeding (B) conditions at
PND-150. Cladogram representing the taxonomic hierarchical structure of the identified differences between groups using Linear discriminant analysis
effect size (LEfSe). Each filled circle represents one phylotype. Red, bacterial taxa statistically overrepresented in androgenized females; green, bacterial
taxa overrepresented in females (or males). Phylum and class are indicated in their names on the cladogram and the order, family, or genus are given in
the key. A full colour version of this figure is available at https://doi.org/10.1530/JOE-20-0277.
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we analyzed the relationship between the bacterial taxa
identified by LEfSe analysis according to sex hormones
and obesity, and the expression levels of the miRNAs in
small and large intestine. First of all, microarray analysis
testing 758 miRNAs detected the expression of 60 miRNAs
in large intestine and 103 miRNAs in small intestine of
the animals in our experimental conditions. Of note, the
expression of 25 of these miRNAs was detected in both
large and small intestine. We performed a correlation
analysis between the bacterial taxa identified by LEfSe
analysis and the intestinal expression of miRNAs. From
this correlation analysis, we selected 30 miRNAs in small
intestine and 23 miRNAs in large intestine (4 miRNAs
expressed in both large and small intestine showed
a relationship with any bacterial taxa identified by
LEfSe analysis) in which Pearson correlation coefficient
was >0.9 or <-0.9, and a P-value < 0.01 (Figs 5, 6 and
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Figure 5

Heatmap from the Pearson’s correlation coefficient between the bacterial
genera (A) and species (B) identified by LEfSe analyses and the expression
levels of the miRNAs in large intestine. A full colour version of this figure
is available at https://doi.org/10.1530/JOE-20-0277.
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Figure 6

Heatmap from the Pearson’s correlation coefficient between the bacterial
genera (A) and species (B) identified by LEfSe analyses and the expression
levels of the miRNAs in small intestine. A full colour version of this figure
is available at https://doi.org/10.1530/JOE-20-0277.

Supplementary Tables 3, 4, 5, 6). Further, we performed
a complementary analysis with the selected miRNAs in
large and small intestine separately using the DIANAtools
V.3. KEGG pathways in which selected miRNAs were
assigned are shown in Tables 1 and 2, and their associated
miRNAs are shown in Table 3. Of note, we found that
several of the selected miRNAs were associated to (1)
sex hormone-related processes: steroid biosynthesis
(miR-15a-3p, miR-100-3p, miR-199a-3p), oocyte meiosis
(miR-27a-3p, miR-29a-5p), progesterone-mediated oocyte
maturation (miR-21-5p, miR-27a-3p, hsa-miR-34a-5p);
(2) metabolism: insulin signaling pathway (miR-15a-3p,
miR-27a-3p), fatty acid biosynthesis (miR-15a-3p,
miR-27a-3p, miR-34a-5p, miR-34c-5p, miR-199a-3p) fatty
acid metabolism (miR-15a-3p, miR-21-5p, miR-27a-3p,
miR-34a-5p, miR-34c-5p, miR-92b-Sp, miR-199a-3p);
and (3) intestinal barrier integrity: focal adhesion
(miR-27a-3p, miR-125a-3p), adherens junction
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Table 1 KEGG pathways related with miRNAs expression in the small intestine.

KEGG pathway P-value
1. Metabolism
1.0 Global and overview maps
Fatty acid metabolism 0.002
1.1 Carbohydrate metabolism
Inositol phosphate metabolism 0.023
1.3 Lipid metabolism
Fatty acid biosynthesis <0.001
1.5 Amino acid metabolism
Lysine degradation <0.001
1.7 Glycan biosynthesis and metabolism
Mucin type O-glycan biosynthesis 0.038
Other types of O-glycan biosynthesis 0.013
Glycosaminoglycan biosynthesis - keratan sulfate 0.011
2. Genetic information processing
2.1 Transcription
Spliceosome 0.047
2.2 Translation
mRNA surveillance pathway 0.022
2.3 Folding. sorting and degradation
Protein processing in endoplasmic reticulum <0.001
RNA degradation 0.041
2.4 Replication and repair
3. Environmental information processing
3.2 Signal transduction
MAPK signaling pathway 0.009
TGF-beta signaling pathway <0.001
Hippo signaling pathway <0.001
TNF signaling pathway 0.016
HIF-1 signaling pathway 0.007
FoxO signaling pathway <0.001
Sphingolipid signaling pathway 0.002
PI3K-Akt signaling pathway 0.047
AMPK signaling pathway <0.001
mTOR signaling pathway <0.001
3.3 Signaling molecules and interaction
ECM-receptor interaction <0.001
4. Cellularprocesses
4.1 Transport and catabolism
Endocytosis 0.009
4.2 Cell growth and death
Cell cycle <0.001
Oocyte meiosis 0.001
p53 signaling pathway 0.003
4.3 Cellular community - eukaryotes
Focal adhesion <0.001
Adherens junction <0.001
Signaling pathways regulating pluripotency of stem cells <0.001
4.5 Cell motility
5. Organismal systems
5.1 Immune system
Leukocyte transendothelial migration 0.034
5.2 Endocrine system
Insulin signaling pathway <0.001
Thyroid hormone signaling pathway <0.001
5.3 Circulatory system
Adrenergic signaling in cardiomyocytes 0.016

(Continued)
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Table 1 Continued.

KEGG pathway P-value
5.6 Nervous system
Neurotrophin signaling pathway <0.001
5.10 Environmental adaptation
Circadian rhythm 0.005
6. Human diseases
6.1 Cancers: overview
Pathways in cancer <0.001
Transcriptional misregulation in cancer 0.016
Proteoglycans in cancer <0.001
Viral carcinogenesis <0.001
6.2 Cancers: specific types
Colorectal cancer <0.001
Pancreatic cancer 0.004
Glioma 0.001
Thyroid cancer <0.001
Chronic myeloid leukemia <0.001
Renal cell carcinoma <0.001
Prostate cancer 0.019
Endometrial cancer 0.001
Non-small cell lung cancer 0.030
6.4 Neurodegenerative diseases
Prion diseases <0.001
6.6 Cardiovascular diseases
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 0.047
6.8 Infectious diseases: bacterial
Shigellosis 0.009
Bacterial invasion of epithelial cells <0.001
6.9 Infectious diseases: viral
Hepatitis B <0.001
Epstein-Barr virus infection 0.004
6.10 Infectious diseases: parasitic
Chagas disease (American trypanosomiasis) 0.002

(miR-27a-3p, miR-34a-5p, miR-99b-3p, miR-125a-3p,
miR-130a-5p, miR-200b-5p), mucin type O-Glycan
biosynthesis (miR-27a-3p, miR-29a-5p, miR-100-3p).

Discussion

Our study shows a disruption of the metabolic
programming by an early (neonatal) exposure to high
doses of androgen, namely testosterone propionate, in
female rats. Androgenized females were heavier than intact
females and displayed impaired glucose homeostasis,
when concurrently exposed to an obesogenic insult
(SL-HFD condition), and these phenotypic alterations were
paralleled by alterations in the gut microbiota. Moreover,
changes in gut microbiota were related with perturbations
of miRNA expression profiles in small and large intestine,
which might reflect a potential mechanism of the cross-
talk between gut microbiota and host. Admittedly,
our model of neonatal androgenization does not fully
recapitulate the phenotype of a particular human disease.

However, it putatively shares features with human
conditions linked to inappropriate exposures to androgens
during early developmental periods, which include not
only PCOS, for which the neonatally androgenized rat
has been used previously as model (Walters et al. 2012,
Romero-Ruiz et al. 2019), but also other pathologies and
conditions, ranging from congenital adrenal hyperplasia
to inappropriate exposures to environmental compounds
with androgenic (or anti-androgenic) activity. This
reinforces the translational value of our current dataset.
Sex steroids are important determinants of metabolic
programming, and an inappropriate exposure to sex
steroids during early maturational periods has been
shown to influence metabolic homeostasis (Witchel
& Tena-Sempere 2013). In fact, it has been shown that
sex steroid manipulations, and particularly postnatal
androgenization, alters gut microbiota composition
(Moreno-Indias et al. 2016). However, this latter study did
not describe whether postnatal androgenization alters sex
steroid plasma levels later on life, neither it used dynamic
test to evaluate the impact of postnatal androgenization
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Table 2 KEGG pathways related with miRNAs expression in the large intestine.

KEGG pathway P-value
1. Metabolism
1.0 Global and overview maps
2-Oxocarboxylic acid metabolism 0.022
Fatty acid metabolism <0.001
1.2 Energy metabolism
Sulfur metabolism 0.002
1.3 Lipid metabolism
Fatty acid biosynthesis <0.001
1.5 Amino acid metabolism
Valine. leucine and isoleucine biosynthesis 0.001
1.7 Glycan biosynthesis and metabolism
Other types of O-glycan biosynthesis 0.002
Glycosphingolipid biosynthesis - lacto and neolacto series 0.002
1.8 Metabolism of cofactors and vitamins
Pantothenate and CoA biosynthesis 0.027
1.12 Chemical structure transformation maps
2. Genetic information processing
2.4 Replication and repair
3. Environmental information processing
3.2 Signal transduction
Hippo signaling pathway 0.022
TNF signaling pathway 0.022
3.3 Signaling molecules and interaction
4. Cellular processes
4.3 Cellular community - eukaryotes
Focal adhesion 0.042
Adherens junction <0.001
4.5 Cell motility
Regulation of actin cytoskeleton 0.022
6. Human diseases
6.1 Cancers:overview
Pathways in cancer 0.022
6.2 Cancers: specific types
Glioma 0.020
6.8 Infectious diseases: bacterial
Pathogenic Escherichia coli infection 0.007
Salmonella infection 0.016
Shigellosis 0.005
Bacterial invasion of epithelial cells 0.003

on glucose homeostasis. More importantly, this
previous study did not include analyses in males or at
two different age-points; the latter have allowed us to
highlight important temporal changes in microbiota
composition between early and late-adulthood. Finally,
the previous study did not analyze the effect of postnatal
androgenization on gut microbiota under lean (NL-CD)
and obese (SL-HFD) condition separately, as in that
former study the groups of androgenized females
under NL-CD and SL-HFD conditions were merged for
microbiota analyses.

Notably, our study showed that whereas
androgenization had no effect on endogenous androgens
levels later in life (except for a slight reduction on the
androstenedione levels), it caused an overt alteration of

serum E2 and E1 levels, in addition to reduced levels of
progesterone. Albeit the positive role of estrogen receptor
activation on insulin sensitivity has been described in
different tissues (Yan et al. 2019), it has been pointed
out also that the constant maintenance of high estrogen
levels could lead to insulin resistance, as a consequence
of increasing insulin secretion (Polderman et al. 1994,
Alonso-Magdalena et al. 2006). This suggests that the
increased serum E2 and E1 levels might contribute to
the lower insulin sensitivity observed in androgenized
females compared to the intact adult females, an effect
exacerbated under SL-HFD condition.

Despite the proven anti-obesity effects of estrogens,
through decreasing food intake and increasing energy
expenditure in females (Eckel 2011, Xu et al. 2019),
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Table 3 KEGG pathways associated with microbiome-related miRNAs.

KEGG pathway

Human miRNA

2-Oxocarboxylic acid metabolism (hsa01210)
Adherens junction (hsa04520)

Allograft rejection (hsa05330)

alpha-Linolenic acid metabolism (hsa00592)

Amoebiasis (hsa05146)

AMPK signaling pathway (hsa04152)

Antigen processing and presentation (hsa04612)

Apoptosis (hsa04210)

Arrhythmogenic right ventricular cardiomyopathy
(ARVC) (hsa05412)

Axon guidance (hsa04360)

Bacterial invasion of epithelial cells (hsa05100)

Biosynthesis of unsaturated fatty acids (hsa01040)

Bladder cancer (hsa05219)

Cell cycle (hsa04110)

Central carbon metabolism in cancer (hsa05230)

Chronic myeloid leukemia (hsa05220)

Circadian entrainment (hsa04713)

Colorectal cancer (hsa05210)

Cytokine-cytokine receptor interaction (hsa04060)

p-Glutamine and p-glutamate metabolism (hsa00471)

ECM-receptor interaction (hsa04512)

Endometrial cancer (hsa05213)
ErbB signaling pathway (hsa04012)
Ether lipid metabolism (hsa00565)
Fatty acid biosynthesis (hsa00061)
Fatty acid degradation (hsa00071)
Fatty acid elongation (hsa00062)
Fatty acid metabolism (hsa01212)

Focal adhesion (hsa04510)

FoxO signaling pathway (hsa04068)

Glioma (hsa05214)

Glycosphingolipid biosynthesis - lacto and neolacto
series (hsa00601)

Graft-vs-host disease (hsa05332)

Hepatitis B (hsa05161)

Hippo signaling pathway (hsa04390)

HTLV-I infection (hsa05166)

Insulin signaling pathway (hsa04910)

Leukocyte transendothelial migration (hsa04670)

Lysine degradation (hsa00310)

Melanoma (hsa05218)

mRNA surveillance pathway (hsa03015)

mTOR signaling pathway (hsa04150)

Mucin type O-Glycan biosynthesis (hsa00512)

Neurotrophin signaling pathway (hsa04722)

NF-kappa B signaling pathway (hsa04064)

Non-homologous end-joining (hsa03450)

Non-small cell lung cancer (hsa05223)

One carbon pool by folate (hsa00670)

Oocyte meiosis (hsa04114)

Other types of O-glycan biosynthesis (hsa00514)

p53 signaling pathway (hsa04115)

Pancreatic cancer (hsa05212)
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hsa-miR-92b-5p-SL; hsa-miR-29a-5p-S; hsa-miR-21-5p-S

hsa-miR-29a-5p-S; hsa-miR-21-5p-S

hsa-miR-92b-5p-SL; hsa-miR-34c-5p-L; hsa-miR-199a-3p-S;
hsa-miR-27a-3p-S; hsa-miR-15a-3p-S; hsa-miR-21-5p-S

hsa-miR-125a-3p-S; hsa-miR-27a-3p-S

hsa-miR-125a-3p-S; hsa-miR-27a-3p-S; hsa-miR-21-5p-S

hsa-miR-34c-5p-L; hsa-miR-27a-3p-S; hsa-miR-15a-3p-S

hsa-miR-505-5p-L; hsa-miR-130a-5p-L

hsa-miR-10b-3p-S

hsa-miR-27a-3p-S; hsa-miR-15a-3p-S; hsa-miR-21-5p-S
hsa-miR-99b-3p-SL; hsa-miR-29a-5p-S; hsa-miR-27a-3p-S; hsa-miR-21-5p-S
hsa-miR-15a-3p-S

hsa-miR-27a-3p-S; hsa-miR-15a-3p-S

hsa-miR-200b-5p-L

hsa-miR-505-5p-L; hsa-miR-125a-3p-S; hsa-miR-27a-3p-S; hsa-miR-21-5p-S
hsa-miR-27a-3p-S

hsa-miR-29a-5p-S

hsa-miR-382-5p-S; hsa-miR-27a-3p-S

hsa-miR-100-3p-S; hsa-miR-29a-5p-S; hsa-miR-27a-3p-S
hsa-miR-27a-3p-S

hsa-miR-200b-5p-L

hsa-miR-99b-3p-SL

hsa-miR-27a-3p-S

hsa-miR-125a-3p-S

hsa-miR-29a-5p-S; hsa-miR-27a-3p-S

hsa-miR-505-5p-L

hsa-miR-27a-3p-S; hsa-miR-21-5p-S

hsa-miR-27a-3p-S

(Continued)
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Table 3 Continued.

KEGG pathway

Human miRNA

Pantothenate and CoA biosynthesis (hsa00770)

Parkinson's disease (hsa05012)

Pathways in cancer (hsa05200)

PI3K-Akt signaling pathway (hsa04151)

Prion diseases (hsa05020)

Progesterone-mediated oocyte maturation (hsa04914)

Prolactin signaling pathway (hsa04917)

Prostate cancer (hsa05215)

Protein processing in endoplasmic reticulum
(hsa04141)

Proteoglycans in cancer (hsa05205)

Renal cell carcinoma (hsa05211)

Salmonella infection (hsa05132)

Shigellosis (hsa05131)

Signaling pathways regulating pluripotency of stem
cells (hsa04550)

Sphingolipid metabolism (hsa00600)

Sphingolipid signaling pathway (hsa04071)

Steroid biosynthesis (hsa00100)

Sulfur metabolism (hsa00920)

Taste transduction (hsa04742)

TGF-beta signaling pathway (hsa04350)

Thyroid cancer (hsa05216)

Thyroid hormone signaling pathway (hsa04919)

Transcriptional misregulation in cancer (hsa05202)

Ubiquitin mediated proteolysis (hsa04120)

Valine, leucine and isoleucine biosynthesis (hsa00290)

Viral carcinogenesis (hsa05203)

Viral myocarditis (hsa05416)

hsa-miR-34c-5p-L; hsa-miR-100-3p-S
hsa-miR-99b-3p-SL
hsa-miR-27a-3p-S; hsa-miR-21-5p-S
hsa-miR-382-5p-S
hsa-miR-382-5p-S; hsa-miR-27a-3p-S
hsa-miR-27a-3p-S

hsa-miR-21-5p-S

hsa-miR-27a-3p-S
hsa-miR-211-5p-L; hsa-miR-27a-3p-S

hsa-miR-125a-3p-S; hsa-miR-199a-3p-S; hsa-miR-29a-5p-S;
hsa-miR-27a-3p-S; hsa-miR-15a-3p-S; hsa-miR-21-5p-S

hsa-miR-100-3p-S; hsa-miR-27a-3p-S

hsa-miR-505-5p-L

hsa-miR-27a-3p-S

hsa-miR-27a-3p-S

hsa-miR-21-5p-S

hsa-miR-27a-3p-S

hsa-miR-100-3p-S; hsa-miR-199a-3p-S; hsa-miR-15a-3p-S
hsa-miR-505-5p-L

hsa-miR-100-3p-S

hsa-miR-125a-3p-S; hsa-miR-29a-5p-S; hsa-miR-27a-3p-S
hsa-miR-125a-3p-S; hsa-miR-27a-3p-S; hsa-miR-21-5p-S
hsa-miR-27a-3p-S; hsa-miR-21-5p-S

hsa-miR-27a-3p-S; hsa-miR-21-5p-S

hsa-miR-27a-3p-S

hsa-miR-505-5p-L; hsa-miR-130a-5p-L
hsa-miR-125a-3p-S; hsa-miR-27a-3p-S

hsa-miR-382-5p-S

hsa, Homo sapiens; L, large intestine; S, small intestine.

our study shows that androgenized females, which
presented higher estrogen levels, were heavier than
intact females, suggesting the contribution of another
factors or mediators for such an obese phenotype. These
might include changes in gut microbiota, as it has been
previously shown that the structure of gut microbiota
is altered in parallel to changes on sex hormones levels
(Markle et al. 2013, Insenser et al. 2018, Santos-Marcos
et al. 2018). However, the causality between these two
phenomena has not been described so far. Our study
conclusively documents that early androgenization of
females alters the gut microbiota profile, evidenced by
the fact that the gut microbiota under NL-CD condition
from androgenized females at PND-50 was characterized
by higher Bacteroidetes and lower Firmicutes than the
intact females. However, differences in these major phyla
disappeared in older rats (PND-150), while in those
androgenization reduced the abundance of Actinobacteria
and Euryarchaeota and increased Cyanobacteria.

Different hormonal changes take place through
the lifespan (Horstman et al. 2012). For example, major

hormonal changes occur during puberty (Koolschijn
et al. 2014), which may also influence gut microbiota
composition (Kim et al. 2019). Our study showed that
the differences between androgenized females and
intact females were more exacerbated at early adulthood
(PND-50) than later in life (late adulthood at PND-150).
In fact, the differences observed between androgenized
and intact females under NL-CD at PND-50 in the major
phyla, Bacteroidetes and Firmicutes, were not observed at
PND-150. These differences also disappeared at early
adulthood (PND-50) were overfed,
suggesting an additional effect of obesity, reducing the
differences in gut microbiota between androgenized
and intact females, as observed later in life. However,
postnatal overfeeding increased the F/B ratio in both
androgenized and intact females as expected taking into
account that the F/B ratio, which has great importance
in the development of obesity, is commonly increased
in this condition (Turnbaugh et al. 2006). Moreover,
postnatal overfeeding reduced the alterations caused by
androgenization in gut microbiota in the late adulthood

when animals
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(PND-150), with only four genera differing between
groups, but androgenized females were characterized by
higher Bacteroidetes than intact females. Overall, our study
supports the idea that the interaction of the hormonal
status during the lifespan with the nutritional conditions
might modulate gut microbiota.

As intestinal miRNAs are increasingly recognized
as potential decoders of dysbiosis into cardiometabolic
diseases, we also explored the putative cross-talk between
gut microbiota and host through regulation of miRNA
expression in small and large intestine (Liu et al. 2016,
Serino 2016). Of note, we did not include in the analysis
all the bacterial taxa but only those identified by LEfSe
analysis in order to reduce the random association. This
approach allowed us to detect those miRNAs that were
affected by neonatal androgenization, and changed in
parallel with changes in bacterial taxa, identified by LEfSe
analysis. Among those, we could identify the miRNAs
that potentially mediate the interaction between sex
hormones, gut microbiota and host metabolism.

In addition to several KEGG pathways related with
metabolism, such as fatty acid metabolism or sphingolipid
signaling pathway, which in turn are related with the
development of type 2 diabetes mellitus (Imamura et al.
2017) and cardiovascular disease (Razquin et al. 2018),
our approach detected also potential miRNA-mediated
relationships between the gut microbiota, metabolism
and sex steroid-related pathways. For example, the
expression levels of miR-27a-3p were positively related
with Oscillospira, a short chain fatty acids (SCFA)-
producer bacterial genus (Gophna et al. 2017), which
in turn may be related with glucose homeostasis, as
SCFA increases the action and release of insulin through
intestinal incretins (Freeland & Wolever 2010, Tarini &
Wolever 2010). Moreover, SCFAs are also involved in
energy metabolism and appetite regulation through
the hormones leptin and ghrelin (Shen et al. 2013,
Byrne et al. 2015, Lv et al. 2018), whose plasma levels
were altered in our study and may be at least partially
responsible of the weight gain in androgenized females.
In addition, miR-27a-3p is involved in fatty acid
metabolism, insulin signaling, oocyte maturation, in
addition to contribute to the intestinal barrier integrity
by processes such as adherens junction, focal adhesion
and mucin type O-glycan biosynthesis. In addition,
other miRNAs showed by this study, such as miR-29a-5p,
and miR-100-3p, may also link metabolism and sex
hormone actions on the basis of their previously reported
involvement in mediating sex-steroid actions in other
tissues, such as progesterone-mediated oocyte maturation

(Navakanitworakul et al. 2016, Tesfaye et al. 2018, Tu
et al. 2019). These evidences suggest that the cross-talk
between gut microbiota and the host via specific miRNAs
may involve also gonadal steroid mediated events. In
addition, the expression of these miRNAs was related with
the intestinal abundance of Treponema, a bacterial genus
that enhances the ability to extract calories from resistant
starch and oligosaccharides, as well as carbohydrates that
escape digestion in the small intestine and are fermented
in the gut (Flint et al. 2008).

Taken together, our results support the idea that
changes in the gut microbiome composition, in response
to alterations in sex hormones, may trigger a further gene
expression response in the host for selective gut microbial
colonization, via miRNAs as a mediator of this process.
Thus, the potential contribution of intestinal bacteria
to the expression levels of miRNAs as a gut microbiota-
intestine cross-talk system, in line with previous studies
(Liuetal. 2016, Serino 2016), would link changes in the gut
microbiota composition to processes such as metabolism
and sex hormone metabolic programming.

Our study suggests that nutritional and hormonal
disruption in early periods of the development alters
metabolic programming with durable consequences later
in life. Moreover, this disruption dynamically affects the
structure of gut microbiota, currently considered as an
integrated organ, which may interact with the host via a
cross-talk mediated by intestinal miRNAs, which may serve
as an additional link between early mal-programming and
impaired metabolic health later in life.
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