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Abstract
Introduction: Polycystic ovary syndrome (PCOS) is a common endocrine pathology 
in women. In addition to infertility, women with PCOS have metabolic dysregulation 
which predisposes them to Type 2 diabetes, cardiovascular disease and non-alcoholic 
fatty liver disease. Moreover, women with PCOS have changes in their gut microbial 
community that may be indicative of dysbiosis. While hyperandrogenism is associated 
with both the development of metabolic dysfunction and gut dysbiosis in females, the 
mechanisms involved are not well understood.
Methods: We used dihydrotestosterone (DHT) and ovariectomy (OVX) mouse models 
coupled with metabolic assessments and 16S rRNA gene sequencing to explore the 
contributions of hyperandrogenism and oestrogen deficiency to the development of 
insulin resistance and gut microbial dysbiosis in pubertal female mice.
Results: We demonstrated that, while DHT treatment or OVX alone were insuffi-
cient to induce insulin resistance during the pubertal-to-adult transition, combining 
OVX with DHT resulted in insulin resistance similar to that observed in letrozole-
treated mice with elevated testosterone and decreased oestrogen levels. In addition, 
our results showed that OVX and DHT in combination resulted in a distinct shift in 
the gut microbiome compared to DHT or OVX alone, suggesting that the substan-
tial metabolic dysregulation occurring in the OVX + DHT model was accompanied by 
unique changes in the abundances of gut bacteria including S24-7, Rikenellaceae and 
Mucispirillum schaedleri.
Conclusions: While hyperandrogenism plays an important role in the development 
of metabolic dysregulation in female mice, our results indicate that investigation into 
additional factors influencing insulin resistance and the gut microbiome during the 
pubertal-to-adult transition could provide additional insight into the pathophysiology 
of PCOS.
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1  |  INTRODUC TION

Polycystic ovary syndrome (PCOS) is a common endocrine disorder 
affecting approximately 10%–15% of reproductive-age women.1 
PCOS diagnosis requires two out of three Rotterdam consensus crite-
ria: hyperandrogenism, oligo−/amenorrhoea and polycystic ovaries.2 
Reproductive dysfunction is a hallmark of PCOS as patients are at 
greater risk for infertility and pregnancy complications.3,4 Metabolic 
dysfunction is also associated with PCOS including obesity, insulin 
resistance, dyslipidaemia and hypertension, all of which increase 
the risk of developing Type 2 diabetes, cardiovascular disease and 
non-alcoholic fatty liver disease.5–12 Interestingly, the majority of 
hyperandrogenic women with PCOS have some degree of insulin re-
sistance that is independent of body mass index,13,14 suggesting that 
the relationship between androgens and insulin resistance may play 
an important role in PCOS pathophysiology. Additionally, women 
with PCOS have changes in their gut microbiome, including a de-
crease in overall diversity and changes in the abundance of specific 
bacteria.15–22 While faecal microbiome transplant studies indicate 
that the gut microbiome may influence PCOS pathology,18 the role 
of hyperandrogenism in regulating the gut microbial community is 
poorly understood.

As hyperandrogenism is associated with PCOS, researchers have 
employed mouse models to study the role of androgen excess in the 
development and pathology of PCOS.23 We previously developed 
a mouse model that uses letrozole (LET), a nonsteroidal aromatase 
inhibitor, to limit the conversion of testosterone to oestrogen, re-
sulting in increased testosterone levels and decreased oestrogen 
levels. This model was based on findings that genetic variants of 
the aromatase gene were associated with PCOS and that decreased 
aromatase gene expression and oestrogen/androgen ratio were 
found in the follicular fluid of women with PCOS.24–28 LET treat-
ment recapitulated many reproductive hallmarks of PCOS including 
hyperandrogenism, acyclicity, polycystic ovaries and elevated LH 
pulsatility.29,30 LET treatment during puberty also resulted in PCOS-
like metabolic dysregulation, including increased weight, abdominal 
adiposity, increased fasting blood glucose (FBG) levels, hyperinsu-
linaemia, insulin resistance and dyslipidaemia.29,31 In addition, LET 
treatment resulted in changes in gut microbes and metabolites32,33 
and exposure to a healthy gut microbiome via a cohousing paradigm 
improved both reproductive and metabolic phenotypes in the LET 
model.34

Another rodent model used to study the effects of hyperan-
drogenism is the pubertal dihydrotestosterone (DHT) model.35,36 
Treatment with exogenous DHT that cannot be aromatized to oes-
trogen results in reproductive dysfunction, including hyperandro-
genism, acyclicity and polycystic ovaries.37,38 However, DHT mice 
lack elevated LH levels that are characteristic of women with PCOS. 
Although treatment with DHT for 3 months or more was associated 
with weight gain, increased body fat and glucose intolerance,37,38 
the short-term effects of DHT treatment on metabolism or the gut 
microbiome during the pubertal-to-adult transition have not been 
well characterized.

As testosterone and oestrogen levels are both altered in the LET 
mouse model and women with PCOS may have altered aromatase 
activity, we used DHT and ovariectomy (OVX) models to explore 
the contributions of hyperandrogenism and oestrogen deficiency 
both independently and in combination to the development of insu-
lin resistance and gut dysbiosis in pubertal female mice. Our results 
demonstrated that, while DHT treatment alone was insufficient to 
induce insulin resistance, the combination of DHT with OVX re-
sulted in insulin resistance during the pubertal-to-adult transition. In 
addition, our results showed that DHT and OVX treatment in com-
bination resulted in a distinct shift in the gut microbiome compared 
to DHT or OVX alone, suggesting that the substantial metabolic 
dysregulation occurring in the DHT and OVX model is accompanied 
by unique changes in gut bacteria including S24-7 and Mucispirillum 
schaedleri. While hyperandrogenism plays an important role in the 
development of metabolic dysregulation in female mice, our results 
suggest that investigation into other factors including aromatase 
activity that could influence insulin resistance and the gut microbi-
ome during the pubertal-to-adult transition may provide additional 
insight into the pathophysiology of PCOS.

2  |  MATERIAL S AND METHODS

2.1  |  Mouse models

Three-week-old C57BL/6N female mice were purchased from Envigo 
and housed in a vivarium with an automatic 12 h light:12 h darkness 
cycle (light period: 6:00 AM–6:00 PM). Mice were given ad libitum 
access to water and food (Teklad Global 18% Protein Extruded Diet, 
Envigo) and weighed each week.

At 4 weeks of age, mice underwent either a sham surgery (SHAM) 
or ovariectomy (OVX). Mice were anaesthetised with 2.5% isoflu-
rane and placed in a prone position on a sterile field. A dorsal incision 
was made approximately 1 cm from the top of each leg. An incision in 
the inner layer of skin exposed the ovary near the fat pad which was 
then removed from the adherent tissue. Absorbable surgical suture 
(5-0, 18″ Chromic Gut Absorbable Suture) was used to suture the ab-
dominal cavity/muscle wall. The outer skin incision was closed with 
surgical wound clips. Mice that were sham-operated were subject to 
similar surgical procedures, but the ovary was not removed.

Additionally, at 4 weeks of age, the mice were implanted subcu-
taneously with either a placebo (P) or DHT (Steraloids) implant made 
in-house with an 8 mm silastic implant (i.d., 1 mm; o.d., 2.15 mm, 
1118915D, Dow Corning) containing 2 mg of DHT within a 4 mm space. 
Surgery and implant combinations created four experimental groups: 
SHAM + P, OVX + P, SHAM + DHT and OVX + DHT (n = 10/group).

2.2  |  Oestrous cycle assessment

Oestrous cycles of the mice were determined during Weeks 4–5 of 
treatment by light microscopy examination of vaginal cytology for 
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7 days, as previously described.39 Dioestrus consisted predominantly 
of leucocytes; pro-oestrus of nucleated epithelial cells; oestrus of 
cornified epithelial cells; metoestrus of a combination of cornified 
and nucleated epithelial cells along with leucocytes.

2.3  |  Insulin tolerance test

At 5 weeks of treatment, mice were fasted for 5 h. A handheld glu-
cometer (One Touch UltraMini; LifeScan, Inc.) was used to measure 
FBG at all timepoints. Tail blood was collected and FBG was measured 
at time point 0 before administration of an intraperitoneal injection 
of insulin (0.75 U/kg in sterile saline, Humulin R U-100). Blood glucose 
was measured at 15, 30, 45, 60, 90 and 120 min post insulin injection. 
Collected tail blood was used to measure serum fasting insulin levels 
via ELISA at the UC Davis Mouse Metabolic Phenotyping Center.

2.4  |  Tissue collection

Five weeks post implantation, mice were euthanized with 2.5% 
isoflurane. Terminal blood was collected from the inferior vena 
cava for hormone assays. Parametrial fat pads were dissected and 
weighed.

2.5  |  Hormone assays

Radioimmunoassays were used to measure serum LH levels (range 
0.02–75 ng/mL) at the University of Virginia Center for Research 
in Reproduction Ligand Assay and Analysis Core Facility. Serum 
DHT levels (range 0.093–750 ng/mL) were measured by radioimmu-
noassay at the Oregon National Primate Research Center Endocrine 
Technologies Core.

2.6  |  Statistical analyses of reproductive and 
metabolic phenotypes

The statistical package JMP 15 was used to analyse differences 
among groups. Data residuals were checked for normality and one-
way ANOVA followed by post hoc Tukey–Kramer honestly signifi-
cant difference test was performed. If residuals were not normal, 
data underwent Box-Cox transformation. Non-parametric tests were 
performed if transformation did not result in normality. Statistical 
significance (p < .05) was indicated by different letters or an asterisk.

2.7  |  Faecal sample collection, DNA isolation and 
16S rRNA gene sequencing

Faecal samples were collected from 10 mice/group (40 mice total) 
at 4 weeks of age prior to treatment and once per week during the 

5 weeks of the experiment without regard to the oestrous cycle stage. 
Faecal samples were frozen and stored at −80°C. DNA was extracted 
from the faecal samples using the DNeasy PowerSoil Pro kit (Qiagen). 
Samples were amplified using polymerase chain reaction using 515F 
and 806R to target the V4 region of 16S rRNA.40 Amplicon sequenc-
ing libraries were prepared at the Scripps Research Institute Next 
Generation Sequencing Core Facility and samples were sequenced on 
an Illumina MiSeq Platform as previously described.32

2.8  |  Bioinformatics analysis of 16S rRNA  
sequences

Processing of the forward sequence reads was performed using 
Qiime2 (version 2021.4.0). Demultiplexing resulted in 8.7 million se-
quences with an average of 35,223 sequences per sample. DADA2 
was used for denoising the sequence data and to create sequence 
variants (SVs).41 Sequences were truncated to 280 bp (when the 
average quality score dropped below 20). For taxonomic analy-
sis, the function feature-classifier classify-sklearn was trained on 
Greengenes 13_8 99% and applied to the sequences. For beta di-
versity, the feature table was exported and converted to a biom-
formatted SV table. SVs were then removed if they were present 
in four or fewer samples. As microbiome data are compositional by 
nature,42,43 the SV table was center log-ratio (clr) transformed to 
convert the data from compositional to a N-dimensional Euclidean 
vector subspace. Eight samples that contained >30% of k__bacteria 
(unknown) were removed from the SV table. This resulted in an SV 
table of 4426 SVs with 232 samples.

2.9  |  Statistical analysis of 16S rRNA gene  
sequencing

Statistical analyses were performed in the R statistical package (ver-
sion 4.2.1). Nonmetric multidimensional scaling (NMDS) was used in 
the R package Vegan (version 2.6-2) to visualize differences among 
the treatment groups over time. To statistically analyse differences 
among treatment groups, permutational multivariate analysis of var-
iance using distance (PERMANOVA) was used (9999 permutations 
‘vegan’ package). The R package Random Forest (version 4.7-1.1) was 
used to determine the top 50 features that best predicted the treat-
ment group based on Mean Decrease Gini.44 These features were 
used for differential taxa analysis using a linerar mixed model using 
the nlme package in R (version 3.1-158) with treatment and time as 
the independent variables and the individual mouse as the random 
effect. The model was Feature ~ Treatment*Time and the Random 
Effect was approximately 1 | Mouse ID. A Type I ANOVA was used to 
determine whether treatment, time or an interaction had significant 
effects on the feature. The emmeans package from R was utilized 
to compute estimated marginal means (least-squares means) for the 
model to compare treatment groups. The p-values for treatment, 
time and the interaction were adjusted using the FDR method.
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3  |  RESULTS

3.1  |  Mice with ovariectomy and DHT treatment 
have hyperandrogenism and acyclicity

As the contribution of hyperandrogenism to metabolic dysregula-
tion in female mice is still unclear, we investigated whether elevated 
androgens were sufficient to induce insulin resistance and gut dys-
biosis alone or in combination with OVX during the pubertal-to-
adult transition. Four-week-old mice were either OVX or SHAM and 
treated with either P or DHT for 5 weeks (Figure 1A). OVX + DHT 

mice had elevated levels of serum LH similar to OVX + P mice, indi-
cating lack of ovarian negative feedback (Figure 1B). As expected, 
repressive effects of DHT on LH pulses in the context of OVX were 
not observed with a one-off measurement of LH in contrast to 
repeated LH sampling.45 OVX + DHT mice also had elevated serum 
levels of DHT similar to SHAM + DHT (Figure  1C). No significant 
difference was observed in ovary weight between the two SHAM 
groups treated with P or DHT (Figure 1D). Also, like OVX and DHT 
mice, mice with both OVX + DHT lacked regular oestrous cycles and 
they were stuck in the dioestrus stage (Figure 1E,F).

3.2  |  Ovariectomized and DHT-treated mice 
displayed a PCOS-like metabolic phenotype that 
included insulin resistance

One week after surgery, OVX + DHT mice gained significantly 
more weight than the other three groups, maintaining this trend 
until the end of the experiment (Figure  2A,B). In addition to 
weight gain, OVX + DHT mice also had greater abdominal adipos-
ity compared to SHAM + P as reflected by an increase in parame-
trial fat relative to body weight that was similar to OVX + P mice 
(Figure  2C). As for glucose homeostasis, OVX + DHT mice had 
elevated FBG and were severely hyperinsulinemic (Figure  2D,E). 
Notably, OVX + DHT mice displayed decreased insulin sensitivity 
during an ITT compared to the other three groups that did not 
display insulin resistance (Figure 2F).

3.3  |  DHT treatment and OVX alone or in 
combination resulted in distinct changes in gut 
bacterial beta diversity compared to control

NMDS was used to visualize differences in beta diversity of gut 
bacterial communities among the treatment groups at Weeks 0–5 
(Figure 3A–F). Analysis of variance (PERMANOVA) determined that 

F I G U R E  1 Mice with ovariectomy (OVX) and 
dihydrotestosterone (DHT) treatment developed acyclicity. (A) 
Schematic of study design: Mice were given either a placebo (P) 
or DHT silastic implant, along with either an OVX or sham surgery 
(SHAM) at 4 weeks of age (n = 10 per group). Weekly weight 
assessments, an insulin tolerance test (ITT), measurement of fasting 
blood glucose (FBG), fasting blood insulin (FBI) and parametrial 
fat weight were performed. (B) OVX + P and OVX + DHT mice 
demonstrated elevated serum luteinising hormone (LH) levels 
compared to SHAM + P and SHAM + DHT mice, indicating a lack 
of oestrogen negative feedback. (C) SHAM + DHT and OVX + DHT 
mice had increased serum DHT levels compared to SHAM + P. 
(D) There was no difference in ovary weight between SHAM + P 
and SHAM + DHT mice. (E, F) All OVX + DHT mice were acyclic 
and were stuck in the dioestrus stage. Graph error bars represent 
standard error of the mean. Different letters signify significant 
differences among groups using a one-way ANOVA followed by 
post hoc comparisons with the Tukey–Kramer honestly significant 
difference test (p < .05).
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the treatment groups differed from each other at Week 0 and Weeks 
2–5 (p < .05). Analysis of the R2 values showed that 9%–11% of the 
variation in beta diversity was explained by treatment at any given 
time point. Pairwise PERMANOVA comparisons of beta diversity be-
tween treatments were performed for Weeks 1–5 (Table 1). At Week 
1, none of the comparisons were different. At Week 2, all pairwise 
comparisons were different except for the SHAM + P versus OVX + P 
comparison. At Weeks 3–4, all comparisons were different. At Week 

5, all pairwise comparisons were different except for the SHAM + P 
versus OVX + P and SHAM + DHT versus OVX + DHT comparisons.

3.4  |  DHT treatment and OVX 
alone or in combination resulted in distinct changes 
in gut bacteria including Lactobacillus, S24-7, 
Rikenellaceae and Mucispirillum schaedleri

The Random Forest algorithm was used to identify the top 50 
bacterial taxa with the most predictive power for differentiation 
among the four treatment groups. A linear mixed-effects model was 
then used to determine which of these 50 taxa differed by treat-
ment, time or interaction between treatment and time. Treatment 
was found to alter the abundance of 27 bacteria after adjusting for 
multiple comparisons including Lactobacillus, S24-7, Rikenellaceae 
and Mucispirillum schaedleri (Table  2). Twenty taxa were from 
the Bacteroidetes phylum, five were Firmicutes and two were 
Deferribacteres. Nineteen of these bacteria were affected by time 
while only four were affected by an interaction between treatment 
and time. Pairwise comparisons between means determined which 
treatments had different bacterial relative abundances (Table  3). 
The OVX + P versus SHAM + DHT comparison had the most differ-
ent bacteria with a total of 13 out of 27. This was followed by the 
OVX + DHT versus SHAM + DHT comparison with 12 out of 27.

Changes in clr-transformed bacterial abundances over time associ-
ated with treatment were graphed for three bacteria of interest includ-
ing Lactobacillus, Rikenellaceae and S24-7 (Figure 4). The abundance 
of Lactobacillus sp. changed in the OVX + P group while Rikenellaceae 
showed the largest increase in abundance for the SHAM + DHT 
group and S24-7 showed the largest increase in abundance for the 
OVX + DHT group compared to the other treatment groups.

4  |  DISCUSSION

To investigate the role of hyperandrogenism during puberty in 
female metabolism and gut dysregulation, we characterized the 
effects of DHT treatment alone or in combination with OVX during 

F I G U R E  2 Ovariectomy (OVX) and dihydrotestosterone 
(DHT) treatment resulted in a more severe metabolic phenotype 
compared to OVX or DHT treatment alone. (A, B) OVX + DHT 
mice gained significantly more weight compared to the other three 
groups. (C) Similar to OVX + placebo (P) mice, OVX + DHT mice had 
greater parametrial fat relative to body weight compared to sham 
surgery (SHAM) + P and SHAM + DHT. (D) Similar to SHAM + DHT 
mice, OVX + DHT mice had significantly higher fasting blood 
glucose (FBG). (E) OVX + DHT mice had significantly elevated levels 
of fasting insulin compared to the other three groups. (F) Among 
the four groups, only OVX + DHT mice displayed insulin intolerance. 
Graph error bars represent standard error of the mean. Different 
letters signify significant differences among groups using a one-
way ANOVA followed by post hoc comparisons with the Tukey–
Kramer honestly significant difference test (p < .05).
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the pubertal-to-adult transition. The 4 mm dose was modelled on 
previous studies that reported a twofold increase in serum DHT 
in 8-week-old adult mice.46,47 However, treatment of pubertal fe-
male mice with 4 mm DHT resulted in a sevenfold increase in DHT 
after 5 weeks which is higher than that observed in PCOS and more 
comparable with 10-fold higher levels in the previously published 
mouse model.37 DHT treatment resulted in reproductive dysfunc-
tion including acyclicity similar to previous studies in pubertal DHT 
models.37,48

In terms of metabolic dysfunction, our results showed that 
4 mm DHT treatment for 5 weeks during the pubertal-to-adult 
transition resulted in elevation in FBG and FBI but minimal weight 
gain and adiposity. These results are in agreement with previous 
studies showing that DHT causes minimal metabolic effects in the 
first month of treatment and more dysregulation including insu-
lin resistance with longer treatment (3 months).37,49 In contrast to 
DHT, OVX resulted in increased abdominal adiposity and hyper-
insulinemia after 5 weeks but weight gain and dysglycaemia were 
minimal in this time frame. Notably, insulin resistance did not occur 
in female mice after 5 weeks of treatment with either 4 mm DHT 
or OVX, in agreement with a previous study that OVX was not 
sufficient to induce insulin resistance during the pubertal-to-adult 
transition in female mice.50

OVX + DHT combined treatment led to a severe metabolic 
phenotype that was not observed with OVX or DHT alone. 
OVX + DHT mice gained weight after just 1 week of treatment, 
and by Week 5, they were 5–6 g heavier and gained at least 30% 
more weight compared to the control group. Substantial abdomi-
nal adiposity, dysglycaemia and hyperinsulinemia were observed 
in OVX + DHT mice during the pubertal-to-adult transition along 
with insulin resistance, which was not observed in either DHT or 
OVX mice but was similar to the phenotype of the LET model.31 
Our results indicate that hyperandrogenism is not sufficient to 

induce insulin resistance in certain situations. This idea is sup-
ported by the fact that prenatal exposure to androgens did not 
induce insulin resistance in female offspring as defined by an ITT 
or hyperinsulinaemic–euglycaemic clamp.37,51,52 In addition, LET 
treatment of adult female mice resulted in a mild metabolic pheno-
type including a lack of insulin resistance.53

In addition to studying the role of hyperandrogenism on metab-
olism, we used 16S rRNA gene sequencing to study the effects of 
DHT alone and in combination with OVX on the gut microbiome of 
pubertal female mice. The beta diversity of gut bacteria differed at 
Week 0 prior to treatment, perhaps due to slight differences in the 
gut microbiome of mice shipped from Envigo. These changes re-
solved by Week 1 of the study so it is likely that they did not influ-
ence changes in gut bacteria observed in Weeks 2–5. It is interesting 
that changes in overall gut bacteria composition were detectable 
after 2 weeks of DHT, OVX or OVX + DHT treatment, which is sim-
ilar to LET treatment,32,33 indicating that elevated androgens and 
oestrogen insufficiency due to OVX appear to exert detectable ef-
fects on gut microbes in a similar time frame.

A handful of prior studies have demonstrated an effect of el-
evated androgens or OVX on the gut microbiome in female ro-
dents although the effects on specific bacterial abundance are 
not consistent. For instance, 6–12 weeks of DHT treatment in 
pubertal female rats resulted in a shift in beta diversity in addi-
tion to an increase in the relative abundance of bacterial taxa in-
cluding Clostridium, Ruminococcus and Alistipes54 or Prevotella.55 
Furthermore, 3 months of DHT treatment in pubertal female mice 
led to a shift in beta diversity, an increase in specific Clostridiales, 
Proteobacteria and Erysipelotrichaceae bacteria, and a decrease 
in Bacteroides, Parabacteroides and Porphyromonadaceae.56 In 
addition, a study showed changes in beta diversity, an increase in 
Lactobacillus, and decrease in Bacteroides acidifaciens, Prevotella, 
S24-7 and Rikenellaceae species in adult female mice 12 weeks 

F I G U R E  3 Ovariectomy (OVX) and dihydrotestosterone (DHT) treatment alone or in combination resulted in distinct changes in gut 
microbial community composition of pubertal female mice 2–5 weeks after treatment. Non-metric multidimensional scaling (NMDS) plots 
were used to visualize differences among the four treatment groups: sham surgery (SHAM) + placebo (P), SHAM + DHT, OVX + P and 
OVX + DHT. The p-value and r2 value from a PERMANOVA analysis are shown in the top left corner of each graph.

TA B L E  1 Pairwise PERMANOVA comparisons of beta diversity between treatment groups by week.

Treatment

Week 1 Week 2 Week 3 Week 4 Week 5

R2 p-Valuea R2 p-Valuea R2 p-Valuea R2 p-Valuea R2 p-Valuea

SHAM + P vs. OVX + P .0601 .1400 .0579 .094 .0763 .0001** .0722 .0004** .0570 .1143

SHAM + P vs. SHAM + DHT .0645 .0888 .0644 .0016** .0687 .0046** .0607 .0349* .0640 .0065**

SHAM + P vs. OVX + DHT .0705 .0861 .0603 .0230* .0863 .0001** .0703 .0009** .0831 .0033**

OVX + P vs. SHAM + DHT .0572 .2900 .0719 .0004** .0810 .0001** .0876 .0001** .0665 .0025**

OVX + P vs. OVX + DHT .0611 .2064 .0603 .0288* .0650 .0018** .0826 .0001** .0692 .0284*

SHAM + DHT vs. OVX + DHT .0619 .3268 .0705 .0005** .0825 .0004** .0690 .0023** .0657 .0601

aCorrected for multiple comparisons within week via the Benjamini–Hochberg method.
*p-values < .05; **p-values < .01.
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after OVX57 while another study showed changes in beta diversity, 
an increase in Allobaculum, Ruminococcus and Methanobrevibacter 
and a decrease in Prevotella in adult female rats 16 weeks after 
OVX.58

While it is evident that treatment with androgens or OVX can 
modulate the gut microbiome, there have been no studies that 
compared the effects of these treatments on the gut microbiome 
of female mice during the pubertal-to-adult transition. As the met-
abolic phenotypes of mice with 5 weeks of DHT treatment or OVX 
overlapped, we expected that the diversity of their gut microbi-
omes might be more similar when compared to the OVX + DHT 
microbiome. However, pairwise analysis of beta diversity showed 
that each treatment group was different from the others for 
weeks 2–5, except for SHAM + P versus OVX + P at week 2 and 
SHAM + DHT versus OVX + DHT at Week 5. This indicates that 

treatment with DHT, OVX or OVX + DHT resulted in distinct gut 
bacteria communities relative to each other and placebo control 
mice.

In agreement with the beta diversity analysis, the linear mixed-
effects model highlighted distinct types of bacteria with altered 
abundances after treatment compared to SHAM + P control. Similar 
to a previous OVX study in adult mice,57 the abundances of multiple 
Lactobacillus and S24-7 differed between OVX and control. DHT 
treatment shifted the abundances of members of the Bacteroidales 
relative to control mice, while the abundances of members of 
S24-7 and Rikenellaceae and strains of M. schaedleri differed be-
tween OVX + DHT and control. Abundances of Bacteroidales, 
S24-7, Rikenellaceae and M. schaedleri also differed between DHT 
and OVX + DHT, emphasising the distinct changes that occurred in 
these two treatment groups. Interestingly, differential abundances 

Phylum Classification
Treatment, 
p-value

Time, 
p-valuea

Interaction, 
p-valuea

Firmicutes Lactobacillus .00001* .01014* .71993

Firmicutes Lactobacillus .00001* .01031* .22436

Firmicutes Lactobacillus .00001* .01606* .33317

Bacteroidetes Bacteroidales .00004* .00555* .70922

Bacteroidetes S24-7 .00013* .06724 .21414

Bacteroidetes Bacteroidales .00036* .00670* .91186

Firmicutes Lactobacillus .00037* .00440* .56983

Bacteroidetes Bacteroidales .00087* .03516* .65759

Bacteroidetes Rikenellaceae .00087* .08794 .03934*

Bacteroidetes S24-7 .00158* .05580 .15555

Bacteroidetes Rikenellaceae .00222* .01182* .14959

Firmicutes L. vaginalis .00255* .04379* .04812*

Deferribacteres M. schaedleri .00603* .00634* .25809

Bacteroidetes S24-7 .01299* .00440* .22436

Bacteroidetes Rikenellaceae .02572* .38709 .16063

Bacteroidetes S24-7 .02572* .00120* .17192

Bacteroidetes S24-7 .02572* .00850* .17192

Bacteroidetes S24-7 .02884* .01335* .03934*

Bacteroidetes Bacteroidales .02956* .00761* .47706

Deferribacteres M. schaedleri .03092* .00428* .08629

Bacteroidetes Bacteroidales .03998* .09314 .16550

Bacteroidetes Rikenellaceae .03998* .00555* .20091

Bacteroidetes S24-7 .04026* .00555* .47706

Bacteroidetes Rikenellaceae .04077* .13394 .03934*

Bacteroidetes Bacteroidales .04717* .06420 .07749

Bacteroidetes Bacteroidales .04717* .01217* .19256

Bacteroidetes Bacteroidales .04799* .00923* .25809

Abbreviations: L. vaginalis, Lactobacillus vaginalis; M. schaedleri, Mucispirillum schaedleri.
aThe linear model also included time (weeks) and treatment by time interaction terms.
*p-Values < .05 and were adjusted for multiple comparisons via the Benjamini–Hochberg method.

TA B L E  2 Statistical analysis using 
a linear mixed effect model of clr-
transformed bacterial abundances (SVs 
significantly different by treatment).
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of S24-7 bacteria have previously been observed in women with 
PCOS15 and in the LET model,32 while changes in the abundance 
of Rikenellaceae bacteria such as Alistipes were previously as-
sociated with both LET and DHT treatment.32,54 Intriguingly, 
M. schaedleri has not been previously associated with hyperandro-
genism or PCOS. M. schaedleri is the only known member of the 
Deferribacteres phylum and is present in low abundance in human 
and rodent guts. While its role in health and disease is not well un-
derstood, it has been paradoxically associated with both protection 
from Salmonella-induced colitis and vulnerability to colitis in hosts 
with impaired innate immunity.59

In summary, while there has been a strong focus on the role of 
hyperandrogenism in the development of metabolic dysregulation 
and insulin resistance in PCOS,60 our findings add to a growing 
body of literature indicating that in certain contexts, elevated an-
drogens are insufficient to induce female metabolic dysfunction. 

Our results suggest that further investigation into additional fac-
tors including changes in aromatase activity that can synergize 
with hyperandrogenism to drive metabolic dysregulation in fe-
males could be informative in understanding PCOS pathology and 
potential therapeutic interventions. Moreover, our study high-
lights that treatment with DHT alone or in combination with OVX 
results in distinct changes in the female gut microbiome. As 16S 
rRNA gene sequencing analysis provides limited taxonomic reso-
lution, and only indirect functional information, there is a need for 
future metagenomic, transcriptomic and metabolomic studies to 
fill this gap. Additionally, as correlative studies cannot distinguish 
between cause and effect, there is a need for mechanistic stud-
ies to determine whether the gut microbiome is required for the 
development of metabolic dysfunction induced by androgens and 
if microbial changes induced by hyperandrogenism are sufficient 
to induce metabolic phenotypes in females in faecal microbiome 

TA B L E  3 Pairwise comparisons between treatments from the linear mixed effects model.

Phylum Classification
OVX + DHT 
vs. OVX + P

OVX + DHT vs. 
SHAM + DHT

OVX + DHT 
vs. SHAM + P

OVX + P vs. 
SHAM + DHT

OVX + P vs. 
SHAM + P

SHAM + DHT 
vs. SHAM + P

Firmicutes Lactobacillus 0.0312* 0.9290 0.8484 0.0066* 0.0037* 0.9970

Firmicutes Lactobacillus 0.0144* 0.9916 0.9988 0.0068* 0.0094* 0.9991

Firmicutes Lactobacillus 0.0147* 0.9607 0.9740 0.0040* 0.0402* 0.7963

Bacteroidetes Bacteroidales 0.4089 0.0358* 0.9622 0.0005* 0.6965 0.0104*

Bacteroidetes S24-7 0.7075 0.9763 0.0606 0.9094 0.4391 0.1438

Bacteroidetes Bacteroidales 0.2024 0.0039* 0.9995 0.3581 0.1641 0.0028*

Firmicutes Lactobacillus 0.0256* 0.3638 0.7886 0.0003* 0.0021* 0.8853

Bacteroidetes Bacteroidales 0.7265 0.1685 0.9900 0.0167* 0.8799 0.0905

Bacteroidetes Rikenellaceae 0.8407 0.2773 0.9958 0.0548 0.9303 0.1868

Bacteroidetes S24-7 0.4207 1.0000 0.0703 0.4361 0.7641 0.0746

Bacteroidetes Rikenellaceae 0.9916 0.0166* 0.0366* 0.0348* 0.0727 0.987

Firmicutes L. vaginalis 0.0500 0.9900 0.9737 0.0243* 0.1213 0.8836

Deferribacteres M. schaedleri 0.0022* 0.0053* 0.0131* 0.9869 0.9018 0.9848

Bacteroidetes S24-7 0.9038 0.0056* 0.0877 0.0009* 0.0183* 0.6722

Bacteroidetes Rikenellaceae 0.8423 0.8164 0.9697 0.3379 0.9812 0.5531

Bacteroidetes S24-7 0.0366* 0.0002* 0.0000* 0.2634 0.0925 0.9462

Bacteroidetes S24-7 0.0479* 0.0144* 0.0015* 0.9639 0.5814 0.8510

Bacteroidetes S24-7 0.0174* 0.8885 0.0209* 0.0924 0.9996 0.1091

Bacteroidetes Bacteroidales 0.7241 0.0241* 0.9993 0.0015* 0.6493 0.0317*

Deferribacteres M. schaedleri 0.0004* 0.0013* 0.0023* 0.9721 0.913 0.9962

Bacteroidetes Bacteroidales 0.7608 0.4291 0.9382 0.0755 0.9765 0.1677

Bacteroidetes Rikenellaceae 0.0019* 0.0024* 0.0105* 0.9997 0.9163 0.9450

Bacteroidetes S24-7 0.8356 0.1877 0.0007* 0.6280 0.0084* 0.1396

Bacteroidetes Rikenellaceae 0.6838 0.6010 0.9497 0.1035 0.9376 0.2966

Bacteroidetes Bacteroidales 0.5861 0.4042 0.9991 0.0354* 0.5015 0.4767

Bacteroidetes Bacteroidales 0.9669 0.0052* 0.9492 0.0183* 0.9999 0.0206*

Bacteroidetes Bacteroidales 0.7643 0.0270* 0.6838 0.0021* 0.1766 0.2689

Abbreviations: L. vaginalis, Lactobacillus vaginalis; M. schaedleri, Mucispirillum schaedleri.
*p-Values < .05.
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transplant studies. Moreover, future studies are needed to under-
stand how androgens influence microbial composition and func-
tion in females through direct mechanisms in the gut versus 
indirect mechanisms in host tissues, and how those changes in the 
gut microbiome influence host physiology.
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NOVELT Y S TATEMENT
Studies have shown that hyperandrogenism is correlated with in-
sulin resistance and gut microbial dysbiosis in women with PCOS. 
They have also shown that hyperandrogenism can result in meta-
bolic dysfunction in rodent models but the mechanisms are not 
well understood. Our findings add to a growing body of literature 
indicating that in certain contexts, elevated androgens are insuffi-
cient to induce female metabolic dysfunction. Our results suggest 
that further investigation into additional factors that can syner-
gize with hyperandrogenism to drive metabolic dysregulation in 
females could be informative in understanding PCOS pathology 
and potential therapeutic interventions. Moreover, our study 
highlights that treatment with DHT alone or in combination with 
OVX results in distinct changes in the gut microbiome, indicating 
a need for future studies to determine how androgens influence 
microbial composition and function in females through direct and 
indirect mechanisms.

IMPORTANCE OF THE S TUDY
As the relationship between hyperandrogenism, insulin resistance 
and gut dysbiosis may play an important role in PCOS pathophysiol-
ogy, it is important to understand how androgens contribute to met-
abolic dysfunction in the context of the pubertal-to-adult transition.
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