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Semen quality and fertility has declined over the last 50 years, corresponding
to ever-increasing environmental stressors. However, the cellular mechanisms
involved and their impact on sperm functions remain unknown. In a repeated
sampling human cohort study, we identify a significant effect of prior per-
ceived stress to increase sperm motility 2-3 months following stress, timing
that expands upon our previous studies revealing significant stress-associated
changes in sperm RNA important for fertility. We mechanistically examine this
post-stress timing in mice using an in vitro stress model in the epididymal
epithelial cells responsible for sperm maturation and find 7282 differentially
H3K27me3 bound DNA regions involving genes critical for mitochondrial and
metabolic pathways. Further, prior stress exposure significantly changes the
composition and size of epithelial cell-secreted extracellular vesicles that when
incubated with mouse sperm, increase mitochondrial respiration and sperm
motility, adding to our prior work showing impacts on embryo development.
Together, these studies identify a time-dependent, translational signaling
pathway that communicates stress experience to sperm, ultimately affecting

reproductive functions.

As semen quality and fertility have declined over the last 50 years"?,
identifying the processes altering sperm function and physiology is
critical. Further, the profound and lasting stress of the COVID-19
pandemic on young adults, i.e., men of reproductive age, has resulted
in a significant rise in rates of mental illness®>®. Despite reports that
stress affects reproductive fitness™®, the underlying cellular and
molecular mechanisms responsible for communication of experiential
information to germ cells to impact reproductive outcomes and fer-
tility are not understood. The prolonged effects of stress are trans-
mitted long after the trauma or stress ends, indicating that allostasis,
or cellular reprogramming that alters basal cellular functions in
response to an environmental challenge, has occurred. Though allos-
tasis was first described by Sterling and Eyer’, the extensive con-
tributions of Bruce McEwen and others identified that long-term

adaptation following chronic periods of stress induced a new allostatic
state, or set point, over time'°™,

In males, somatic epididymal epithelial cells (EECs) contribute to
processes required for sperm function and fertility'>'°. EECs secrete a
number of factors essential for sperm maturation and motility into the
caput lumen, including biological nanoparticles, such as extracellular
vesicles (EVs)” 2. Previous studies from our lab and others showed
that EVs conveyed RNA and protein cargo to sperm, contributing
detectable changes in sperm composition many months after stress
ended®2°%7¢, Further, our lab previously validated an in vitro EEC
model that recapitulated the primary features of our in vivo chronic
paternal stress paradigm while allowing for cell-type specific EV
collection”. We found that changes in EEC secreted EV cargo follow-
ing, but not during, stress treatment causally affected reproductive
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and offspring developmental outcomes when sperm had been incu-
bated with these EVs®. Therefore, we utilized this system in the current
studies to identify the specific molecular mechanisms involved in
stress hormone-mediated allostasis, and then tested the functional
impact of this timing relationship to determine how stress altered
sperm function in mice and men.

While we understand little as to how cells regulate an allostatic
state at the molecular level, it is well accepted that changes in energy
requirements reflect changes in the basal cellular state’’~°. As mito-
chondria are sensitive to stress mediators, including cortisol in
humans and corticosterone in mice, and mitochondrial respiration is a
primary source of cellular energy, it is postulated that allostasis
involves metabolic and mitochondrial mechanisms®*°~**, Importantly,
among the systemic changes promoted by stress, significant elevations
in circulating glucocorticoids discordant with the programmed circa-
dian rhythm are the primary indicators of an organismal stressed
state!***, The low affinity glucocorticoid receptor (GR) is sensitive to
the levels, timing, and duration of glucocorticoids during stress rela-
tive to the daily changes that occur with the circadian rhythm found in
all mammals*®™*, Additionally, GR is a key regulator of cellular pro-
cesses important for mitochondrial and transcriptional functions,
placing it in a nodal point for partitioning resources and energy***’.
Therefore, we hypothesized that recalibration of an allostatic set point
is mediated at the level of mitochondrial and nuclear regulation of
cellular energy requirements, resulting in changes to cellular com-
munication. In our EEC model, this would include changes to EVs
required for sperm function. As EVs are uniquely positioned to convey
signals of changing energy requirements, and as energy is critical to
sperm motility, we investigated the role of EVs to directly regulate
sperm respiration and motility in mice. Subsequently, we then exam-
ined the impact and timing of prior perceived stress on sperm moti-
lity in men.

Results

Sperm motility increased 2-3 months after perceived stress

As our prior studies identified the timing at which prior perceived
stress score (PSS) in men was associated with significant changes in
sperm small non-coding RNA (sncRNA) content important for
fertility®*, we hypothesized that prior perceived stress at critical time
points may also increase sperm motility in a human cohort. Therefore,
we measured the perceived stress score and sperm motility monthly
from one to six months by computer automated semen analysis
(CASA) in whole ejaculate (Fig. 1a). Demographic data for the 34
healthy participants are reported in Table 1. There was no effect of time
or PSS on volume (F(5140)=1.24, p=0.29; Time -3: f=-0.003,
t(108) = -0.47, p= 0.64), sperm concentration (F(5140) =1.07, p = 0.38;
Time -3: =-0.0002, t(108)=-0.02, p=0.98), % motile sperm
(F(5140) =0.41, p=0.84, Time -3: $=0.009, t(107)=1.48, p=0.14),
total sperm count (H(5)) =9.778, p > 0.05), or total motile sperm count
(H(5)=7.784, p>0.05; Time -3: $=0.009, t(107)=0.57, p=0.57)
(Fig. 1b-f; Supplementary Fig. 1a, b, q). Non-parametric analyses were
utilized to analyze total sperm count and total motile sperm count due
to non-normal residuals (Shapiro-Wilk test, W=0.0282, p <0.0001
(total sperm count); W= 0.905, p < 0.0001 (total motile sperm count)).
Using mixed effects modeling, we revealed that PSS at Time O, Time -1,
and Time -2 was not associated with average path velocity (VAP) (Time
0: B=-0.001, #108)=-0.20, p=0.84; Time -1: [=-0.001,
t(107) =-0.46, p=0.65; Time -2: $=0.003, £(107)=1.02, p=0.31),
curvilinear velocity (VCL) (Time 0: $=-0.002, ¢(108) =-0.62, p = 0.54;
Time -1: =0.001, #(107)=0.31, p=0.76, Time -2: [=0.002,
t(107) = 0.72, p = 0.47) or straight line velocity (VSL) (Time 0: f=0.001,
t(108) =0.25, p=0.81; Time -1: f=-0.0003, £(107)=-0.10, p=0.92;
Time -2: f=0.005, t(107) =1.67, p = 0.09) at the time of the collection
(Fig. 1g-i; Supplementary Fig. 1d-p). However, PSS at Time -3 was
significantly associated with all three sperm velocities, VAP (8= 0.006,

t(107) =2.43, p< 0.05), VCL (8=0.006, t(107) = 2.09, p < 0.05) and VSL
(8=0.008, t(107) =3.09, p<0.01)(Fig. 1j, Supplementary Fig. In-p).
Additionally, percent progressive motile sperm was significantly and
positively associated with PSS at Time -3 (% Progressive Motile:
£=0.008, t(107) = 2.24, p < 0.05)(Supplementary Fig. 1r). For all mod-
els we controlled for age, days since ejaculation prior to sample col-
lection and the site of sample collection, either at home or at the
study site.

Prior treatment dramatically reprograms H3K27me3 binding

As our work here found that prior stress is associated with critical
sperm functions, we examined the hypothesis that prior stress reg-
ulates cells required for sperm maturation. We previously identified
the ubiquitous transcriptional repressor H3K27me3 as a stress-
responsive histone modification in the caput epididymis®, therefore,
we examined the hypothesis that a new allostatic set point is main-
tained by lasting changes in H3K27me3 distribution. To assess these
effects in a specific cell population, we utilized our validated model
assessing the post-corticosterone treatment effects in epididymal
epithelial cells (EECs) (Fig. 2a). Briefly, confluent mouse distal caput
EECs were treated with corticosterone for 72 hours, subsequent media
changes washed out the treatment, and at the post-corticosterone
time point six days later, we implemented the high efficiency epige-
netic profiling approach, Cleavage Under Targets and Release Using
Nuclease sequencing (CUT&RUN) (Fig. 2a, b). We found more than 50%
of H3K27me3-binding loci were associated with gene promoter
regions (Fig. 2c, Supplementary Fig. 2a) and within 5Kb of the tran-
scription start sites (Fig. 2d). Differential binding analysis using the
Diffbind package revealed 7282 differentially bound regions by
H3K27me3 between post-corticosterone and post-vehicle EECs at the
day 9 timepoint (Fig. 2a), representing 7135 enriched regions and only
147 H3K27me3 depleted regions (Fig.2e, f, Supplementary Fig. 2b).
Principal component analysis revealed that 70% of the variance
between samples was attributed to principal component (PC) 1, which
delineated the treatment groups (Supplementary Fig. 2c). Thirteen
percent of variance was attributed to PC2, and was largely driven by
two post-corticosterone samples (Supplementary Fig. 2c). Further-
more, H3K27me3 bound loci were associated with genes involved in
mitochondrial organization among other metabolic and catabolic
processes as determined by Gene Set Enrichment Analysis (Fig. 2g).

Transcriptional networks regulate the allostatic trajectory

To determine whether reprogramming at the level of the chromatin
regulated gene expression patterns following treatment, we analyzed
co- and differentially regulated RNA expression at subsequent media
changes in our model (Fig. 3a). Across all time points, 13129 genes were
identified after filtering for features present in all samples (CPM >1in 4
samples) (Fig. 3b) and analyzed with weighted gene co-expression
network analysis (WGCNA). The dynamic tree cutting algorithm
revealed 11 modules of genes co-regulated by either treatment or time
ranging in size from 179 to 4418 genes (Supplementary Fig. 3a). We
used the topological overlap matrix to visualize the hierarchical clus-
tering of all genes across time and treatment (Supplementary Fig. 3b).
The 11 modules representing clusters of highly correlated genes, the
module correlation with time and treatment, and the respective p
values are summarized in Fig. 3c. Expression of co-regulated genes in
the pink module exhibited the strongest correlation to prior corti-
costerone treatment with a correlation coefficient of 0.74 (p < 0.0001)
(Fig. 3¢). Therefore, we utilized functional annotation analysis of the
genes comprising the pink module to determine the top biological
processes associated with those genes and revealed significant asso-
ciations with gene ontology (GO) terms including mitochondrial ATP
synthesis coupled proton transport (FDR=<0.0001, Fold Enrich-
ment = 24.94) and mitochondrial respiratory chain complex I assembly
(FDR=<0.0001, Fold Enrichment=19.03) (Fig. 3d; Supplementary

Nature Communications | (2024)15:7900


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52319-0

a

I

3

o | |2

b

6x monthly semen samples.

1. Perceived Stress Score for the month of the
sample collection, 1, 2, and 3 months prior.
2. Computer Automated Semen Analysis

ki
.

Mixed Effects Modeling

nlme package

b ns C ns d ns e ns f
10 200 100 — — 600~ .
o o P TR T T
84 o e W C 0o 830w ° -
I 8 3 o c 150 % ¥ § % % S ° Ss
g ° o S o o o o = o S = 400 . Q%
M RN 1 o g 607 ¢ % £ ¢ S g . o8
£ ° % f 43 o = £5100H o g 2 oo © . & % E% " o o ° E3
%o oo g 9 < o © 3 % o g ° H . S
s MBEL 0 b B 3 ° . o I o5 °° oo 8 & 25
= o © B ﬁ%% G ®m o o g 8 o w T £ 200 ?F 2 e °°° o, =
M &P TR O g n?’igﬁg%"cﬂ“c ° ° e 5 8 % gk °F
o o g %8 m,ﬂ%‘mﬁ@ 204 ° ° . e S 0% S
HER 3 S E 3L 5 : migdhE
0 ol0 o % °%° 8s2 %0 o 082 ©
O T T T 7T 0l_o ° 2 8 0 0l ® o ¥ '8
1 2 3 4 5 6 v T T T gT T T v T T T T T T v T T T T T T
Vet 1 2 3 4 5 6 1 3 4 5 6 12 3 4 5 6
isit Visit Visit Visit
1 1 1 1 1 1 1 h 1 1 1 1 1 1 H 1 1 1 1 1 1 - 1 1 1 1 1 1
g B = 0.001 B = -0.0003 I ;0 [B=0005 L J 5, Ip=0008 |
p=0.81 2954 p=0.92 o p=0.09 p =0.003
2.95 4 B 3.00 -
2 3 290 - L 3 2 307 i
> 290 4 L= 2 2951 >
s E 5 L0 | 3
2 = | | £ 2 2 5. L
g / 5 285 g :
T 2854 r S 285 - B
o o o o
2.80 L 280 | 2.8 L
2.80 -
i L 2.75 -
G TTTITTITTT T T TTITT TR 5 TITITIT T T 27 Al gy 1 -
0 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30

PSS Time 0 Months

PSS Time -1 Months

PSS Time -2 Months

PSS Time -3 Months

Fig. 1| Sperm motility increased 2-3 months following elevated perceived stress
in healthy men. a Schematic of the human cohort study. Briefly, whole ejaculate
was collected for one to six months, and Perceived Stress Score (PSS) was reported
for the month of each collection (Time 0), as well as one month (Time -1), two
months (Time -2), and three months (Time -3) prior to each collection. At each
collection, sperm motility was measured by computer automated semen analysis
(CASA) in fresh whole ejaculate. The association between prior PSS and motility was
modeled using mixed effects modeling by the nlme package. b-f Whole ejaculate
volume, concentration, % motile sperm, total sperm count, and total motile sperm
count (TMC) across all visits. N =34 participants, each providing one monthly
semen sample for up to six months. Data are mean + SEM; one-way analysis of
variance demonstrates no significant changes in volume, concentration or % motile
sperm. Kruskal-Wallis test demonstrates no significant changes in (e) total sperm
count or (f) total motile sperm count. g Models of the association between PSS at

Time 0 and VSL (8=0.001, ¢(108) =0.25, p = 0.81) at collection. h Models of the
association between PSS at Time -1 and VSL (8=-0.0003, £(107) =-0.10, p=0.92)
at collection. i Models of the association between PSS at Time -2 and VSL
(8=0.005, t(107) =1.67, p = 0.09) at collection. j Models of the association between
PSS at Time -3 and VSL (8 =0.008, t(107) = 3.09, p < 0.01) at collection. For g, N=34
across 146 observations, and for h-j, N =34 across 145 observations due to one
missed visit by a participant. For all models, slope significance was tested by a two-
sided t-test per the standard nlme package, shaded gray (g), blue (h), red (i), and
purple (j) regions reflect the SEM and tick marks on the x-axis denote individual PSS
for each observation. Source data are provided as a Source Data file. Figure 1a
created with BioRender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license (https://creativecommons.org/
licenses/by-nc-nd/4.0/deed.en).

Data 1). Supplementary Data 1 provides all GO terms and related genes
associated with the pink module. The turquoise module was also sig-
nificantly associated with prior corticosterone treatment, but not time
(Fig. 3c). Functional annotation analysis of the turquoise module
demonstrated genes were significantly associated with biological
processes including the cell cycle (FDR =< 0.0001, Fold Enrichment =
2.25) and cell division (FDR =< 0.0001, Fold Enrichment =2.45) (Sup-
plementary Data 2). Finally, the blue module was only significantly
associated with time (Fig. 3c) and contained genes associated with
biological processes such as cytoplasmic translation (FDR =< 0.0001,
Fold Enrichment = 7.17) (Supplementary Data 3).

Next, we visualized relationships in gene expression patterns
between samples by principal component analysis (PCA), revealing
that component 1 accounted for 42.7% and component 2 accounted
for 22.8% of the variance, corresponding with treatment and time

respectively (Fig. 3e). Unbiased hierarchical clustering by gene
expression clustered groups by treatment, except at day 9 when post-
corticosterone treatment samples clustered with day 3 control sam-
ples (Fig. 3b, e). To understand the gene expression patterns of day 9
post-corticosterone treatment and vehicle treatment, we used differ-
ential expression analysis and uncovered 272 differentially expressed
genes (DEGs) across two clusters of co-regulated genes, with down-
regulation of 187 DEGs (Fig. 3f).

Decreased cellular energy requirements maintain allostasis

As the chromatin binding and transcriptional network analyses iden-
tified mitochondrial processes as allostatic regulators, we confirmed
that prior corticosterone exposure functionally affected mitochon-
drial energy requirements in our in vitro model (Fig. 4a). Using whole
cell respirometry to measure the oxygen consumption rate
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Table 1 | Demographic information for human cohort

Number of participants 34
Total number of observations 146
Age, mean (SD) 27.85 (4.72)
Race: n (%)
White 25 (73.53)
Asian 5(14.71)
Native American/American Indian 1(2.94)
More than one race: White & Asian 3(8.82)
Hispanic or Latino: n (%)
Yes 4 (11.76)
No 30 (88.24)
Education: n (%)
Some College 4 (11.76)
Associate Degree 2(5.88)
College Graduate 7 (20.59)
Some Graduate/Professional School 8(23.53)
Graduate/Professional Degree 13 (38.24)

Total Household Income, mean (SD) 85093.75 (61199.5)

Current Employment: n (%)

Full Time 20 (58.82)

Part Time 2 (5.88)

Unemployed 2(5.88)

Student 9 (26.47)

Armed Forces 1(2.94)
Collection Location: no. of visits (%)

Home 103 (70.55)

Study Site 43 (29.45)
Abstinence in days, mean (SD) 3.37 (2.34)
Semen Sample Characteristics, mean (SD)

Volume (mL) 3.60 (1.60)

Concentration (10° sperm/mL) 42.96 (28.36)

Total Motile Count (10° sperm) 111.30 (96.00)

throughout the Mito Stress Test in post-corticosterone EECs
(Fig. 4b), we revealed prior treatment decreased basal mitochondrial
respiration (¢(21) =7.539, p<0.0001) (Fig. 4c), total ATP production
rate (t(21) = 8.406, p < 0.0001) (Fig. 4d), oxidative ATP production rate
(t(21) =8.471, p<0.0001) (Fig. 4e), and spare respiratory capacity
(t(21) =4.236, p= 0.0004) (Supplementary Fig. 4a). While extracellular
acidification rate was decreased (t(21) =4.514, p=0.0002) (Supple-
mentary Fig. 4b), there was no change in glycolytic ATP production
rate (t(21)=1.687, p=0.8649) (Supplementary Fig. 4c) calculated
from respirometry data as previously described®. This oxidative
respiratory phenotype was conserved when limiting glycolytic
substrates glutamine and pyruvate in the respirometry media
(Fstress(1,43) =74.08, p<0.000L; Fsupserare(1,43) =57.91, p<0.0001;
Fstress'substrate(2/43) =1.765, p=0.1834) (Supplementary Fig. 4d, e).
Transmission electron microscopy (TEM) confirmed that mitochon-
drial ultrastructure reflected changes observed by whole cell respiro-
metry. TEM micrographs, represented by images in Supplementary
Fig. 4f-i, revealed the proportion of EEC mitochondria with orthodox
relative to condensed ultrastructure was increased following treat-
ment (X*(1500) = 6.406, p = 0.01) (Supplementary Fig. 4j), the former
associated with slower respiration in isolated mitochondria®. This was
quantified as decreased mean mitochondrial gray value (£(557) = 6.566,
p<0.0001) (Supplementary Fig. 4k), and ultrastructure score
(t(498) = 2.542, p = 0.01) (Supplementary Fig. 4l) calculated by assign-
ing orthodox mitochondria (narrower cristae, expanded matrix) a

score of 1 and condensed mitochondria (dilated cristae, darker matrix)
a score of 2. There were no differences in mitochondrial area, peri-
meter, or circularity (Supplementary Fig. 4m-o).

Regulation of mitochondrial allostatic changes by the gluco-
corticoid receptor (GR) following treatment in EECs was first assessed
by evaluating the compartmentalization of GR. We found GR protein
was decreased in the nuclear fraction (t(4) =3.3994, p = 0.0162) (Sup-
plementary Fig. 5h) and increased in the mitochondrial fraction at day
9 (¢(6) = 2.218, p = 0.0342) (Supplementary Fig. 5i). To examine the role
of GR in regulating basal mitochondrial respiration, we expressed
short hairpin RNA (shRNA) to reduce GR expression (F(2,15) = 8.092,
p=0.0041; with the Tukey post-hoc test between empty vector and
reduced GR expression, p=0.0037, and non-targeted shRNA and
reduced GR expression, p=0.0379) (Supplementary Fig. 5a, b)
throughout the entire experimental timeline and the measured oxygen
consumption rate during the Mito Stress Test. While the previously
observed hypo-respiratory phenotype was conserved in empty vector
and non-targeted SshRNA groups (Fsyess(1,60)=61.23, p<0.0001;
For expression(2r60) =2751, p< 0.0001; Fspessicr expression(2:60) =23.38,
p<0.0001 with Tukey post-hoc test between empty vector post-
vehicle and post-corticosterone EECs, p <0.0001, and non-targeted
shRNA post-vehicle and post-corticosterone EECs, p=0.0005), redu-
cing GR expression eliminated the difference in basal mitochondrial
respiration observed in EECs following treatment (Tukey post-hoc test
between post-vehicle and post-corticosterone EECs with reduced GR
expression, p=0.9997) (Supplementary Fig. 5c). Importantly, respira-
tion was reduced in the post-vehicle EECs with reduced GR expression
compared to the post-vehicle empty vector and non-targeted shRNA
groups (Tukey post-hoc test between post-vehicle EECs with reduced
GR expression and empty vector post-vehicle EECs, p <0.0001, and
post-vehicle EECs with reduced GR expression and non-targeted
shRNA post-vehicle EECs, p < 0.0001) (Supplementary Fig. 5¢).

To temporally resolve the role of GR as a regulator of lasting
mitochondrial allostatic changes, we exposed EECs to the GR antago-
nist RU-486 for 72 hours from days 6 to 9 (Supplementary Fig. 5d).
There was no difference in the mitochondrial respiration of RU-486
exposed EECs post-corticosterone treatment compared to the vehicle
equivalent (Fseress(1,64) = 35.92, p < 0.000L; Fry-486 exposure(1,64) = 21.20,
P <0.000%; Foessruass exposure(L64)=23.38, p=0.0003; with the
Tukey post-hoc test between post-vehicle/RU-486 treated EECs and
post-corticosterone/RU-486 treated EECs at p = 0.4024) (Supplementary
Fig. 5e). As expected, the hypo-respiratory phenotype was conserved in
the control comparison (Tukey post-hoc test between post-vehicle/
control treated EECs and post-corticosterone/control treated EECs,
p<0.0001) (Supplementary Fig. 5e). In contrast, when EECs were
exposed to the GR antagonist RU-486 for 72 hours from days 3 to 6
immediately following treatment, the day 9 mitochondrial respiration
was reduced (Fseress(1,66) =102.7, p < 0.0001; Fry.456 exposure(1,66) =11.09,
P =0.0014; Ftrecoru-a86 exposure(1,66) = 9.160, p = 0.0035; with Tukey post-
hoc test between post-vehicle/day 3 RU-486 treated EECs and post-
corticosterone/day 3 RU-486 EECs, p<0.0001) (Supplementary
Fig. 5f, g).

To determine the oxidative mitochondrial mechanism reg-
ulating hypo-respiration following corticosterone treatment, we
assessed the change in respiration (dOCR) after permeabilizing
membranes with recombinant perfringolysin O and injecting the
substrates supplying NADH or FADH to the two-electron transport
chain entry enzymes, mitochondrial complex I and Il (Fig. 4f, g).
dOCR was decreased in EECs with prior treatment following injec-
tions of glutamate and malate (¢(15) =5.770, p <0.0001), and pyr-
uvate and malate (£(16) = 3.896), p = 0.0013), that supply complex I
with NADH, but not alpha-ketoglutarate and malate (Fig. 4h-j).
dOCR was not decreased following succinate injection, which sup-
plies complex II with FADH (Fig. 4k). Furthermore, treatment
reduced EEC complex I enzyme activity, as determined by oxidation
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of NADH to NAD+ by complex | (¢(8) =3.446, p=0.0087) (Fig. 4I).
Additionally, Ndufal protein, a subunit required for complex I
association with the mitochondrial inner membrane and proton
translocation®°, was reduced following treatment (£(5)=2.837,
p=0.0364) (Fig. 4m).

EV cargo increased sperm energy requirements and motility

As EVs serve as key intercellular signaling particles that convey
corticosterone-sensitive cargo”, we examined the hypothesis that
corticosterone-mediated changes in the EEC allostatic set point alter
bioactive EV cargo to convey signals regarding energy homeostasis
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Fig. 2 | Prior stress dramatically increases H3K27me3 binding distribution
using CUT&RUN sequencing analysis. a Schematic of our previously established
EEC in vitro post-corticosterone paradigm with treatment beginning at confluency
(day 0). Colors indicate: The treatment period (red), the wash out period (light-
blue), and the post-corticosterone timepoint (dark-blue) when CUT&RUN was
performed. Black circles indicate media changes. b The CUT&RUN mechanism
where protein A/G-MNase cleaves DNA bound by the ubiquitous transcriptional
repressor, H3K27me3, and DNA is extracted for sequencing. ¢ Percent of differ-
entially bound H3K27me3 loci detected in all samples within specific components
of the nearest gene and (d) the distribution of loci relative to the transcription start
site (TSS). Color represents the distance from the TSS. Panels ¢ and d summarize all
7282 peaks identified as differentially bound and do not depend on the magnitude
of binding in any individual sample. e Representative summary plots of H3K27me3
binding in representative samples on day 9. Blue lines represent the H3K27me3-

enriched cluster peaks. The green line represents the H3K27me3-depleted peaks.
Shading represents the SEM. f Heatmap of 7282 differentially bound loci post-
treatment in one representative sample from each group. Rows reflect individual
peaks, and columns reflects a base pair up to 5 Kb from the beginning of the peak.
Dark blue indicates enrichment relative to yellow. For the differential binding
analysis represented in e, f, N=4 in post-vehicle and 5 in post-corticosterone
treatment group; FDR < 0.05. g Gene set enrichment analysis of the genes aligning
with H3K27me3-associated features. For the top 30 pathways, the node size cor-
responds to count while node color corresponds with statistical significance
(adjusted p-value, utilizing the “BH” method). N =4 in post-vehicle and 5 in post-
corticosterone treatment groups. Figure 2a,b created with BioRender.com released
under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 Interna-
tional license (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).

and to regulate mitochondria in target cells. EVs were isolated from
media of EEC cultures at the post-corticosterone (cort-EEC EVs) or
vehicle (vehicle-EEC EVs) treatment timepoint (Fig. 5a). Nanoparticle
tracking analysis revealed that cort-EEC EVs were characterized by
smaller median EV size (t(14) =2.945, p=0.0106) (Fig. 5b, d) as we
have previously reported®. There was no difference in the area under
the curve analysis of the EV concentration distribution (Fig. 5b, c).
Whole cell respirometry demonstrated that exposure of control EECs
to cort-EEC EVs (Supplementary Fig. 6a), decreased day 9 basal mito-
chondrial respiration (¢(42) =15.75, p<0.0001), ATP production rate
(t(42) =13.23, p < 0.0001), oxidative ATP production rate (¢(42) =14.95,
p<0.0001), and extracellular acidification rate (¢(42)=3.951,
p <0.001) (Supplementary Fig. 6b-e).

Given the influence of corticosterone-mediated changes in EV
cargo on EEC respiration and the known role for EEC EVs in sperm
maturation, we assessed the effect of EV cargo on sperm mitochondrial
respiration by incubating cauda sperm with cort- or vehicle-EEC EVs
prior to whole cell respirometry (Fig. 5e). Incubating sperm with cort-
EEC EVs increased basal mitochondrial respiration (#(12)=2.401,
p=0.0334) (Fig. 5f), extracellular acidification rate (¢(12)=38.311,
p<0.0001) (Fig. 5g), ATP production rate (£(12) =3.170, p=0.0081)
(Fig. 5h), and glycolytic ATP production rate (¢(12)=8.617,
p<0.0001) (Fig. 5i).

As our findings here revealed that prior perceived stress increased
sperm motility in men, we assessed the functional impact of cort-
EEC EV mediated increases in mitochondrial respiration utilizing
Computer Assisted Sperm Analysis (CASA) to evaluate mouse sperm
motility parameters following cort-EEC EV incubation (Fig. 5j). CASA
revealed cort-EEC EV exposure increased sperm curve velocity (VCL)
(t(13) =3.532, p=0.0037), average path velocity (VAP) (¢(13) =3.023,
p=0.0098), and linear velocity (VSL) (t(13)=2.752, p=0.0165)
(Fig. Sk-m). There were no differences in the percent of motile sperm
(t(13) =1.444, p = 0.1724), either progressive (t(13) = 0.3698, p = 0.7175)
or non-progressive (¢(13) =1.475, p=0.1639), or percent of immotile
sperm (t(13) =1.444, p=0.1724) (Supplementary Fig. 7a-d). Analysis
of the motile sperm population revealed significantly increased
VCL (t(12)=2.647, p=0.0213), non-significantly increased VAP
(t(13) =1.999, p=0.0670), and VSL (t(13) =1.831, p = 0.0901) similar to
the significantly increased VCL, VSL, and VAP observed in the total
sperm population (Supplementary Fig. 7e-g) (Fig. 5k-m).

Discussion

The lasting effects of chronic stress on health and disease over the
lifespan and across generations are well documented in humans and
model organisms” . However, the impact of stress on germ cells,
fertility, and the mechanisms underlying the transmission of parental
stress experiences across generations are not well understood. As
defined by Bruce McEwen, the lasting cellular changes affected by
stress are driven by allostasis, the ability to adapt to stress and achieve
stability through change'*">*#%7%, When homeostatic mediators, such

as glucocorticoids, are dysregulated by trauma or in a chronic stress
state, they promote a lasting change in basal cellular functions™*"”,
While previous studies have identified secreted cellular nanoparticles,
extracellular vesicles, as a source for signaling metabolic changes
altered by stress to other cells and tissues, how an allostatic state alters
downstream sperm function over time is unclear.

To determine the impact and timing of prior perceived stress on
sperm function, we assessed sperm motility in a repeated collection
healthy human cohort study. Amazingly, there was a direct and sig-
nificant positive association between sperm velocity (curvilinear
velocity (VCL), average path velocity (VAP), and straight-line velocity
(VSL)), percent progressive motile sperm, and perceived stress at time
-3 months, but no associations the same or one month prior to the
collection, replicating findings in the mouse study reported here.
Further, these human cohort data are also consistent with our previous
findings showing a similar timeframe, as early as three months fol-
lowing increased perceived stress, for significant changes in specific
sperm small non-coding RNA across subjects, including microRNA,
piRNA, and tRNA fragments™. Critically, increases in percent pro-
gressive motile sperm, and sperm velocity have been associated with
increased fertility**°®'. While the current sample is a subset of parti-
cipants from an ongoing study and the study design is limited in its
ability to assess fertility and reproductive consequences associated
with fertility, the finding that prior perceived stress influenced sperm
motility is key in the context of a current global decline in fertility that
is partially attributed to a decline in semen quality and increases in
male factor infertility>®*>®. By understanding the mechanisms that
promote these changes in motility, novel therapeutics that assist
couples struggling to conceive can be developed. Together, these
findings suggest that cellular allostatic changes are communicated to
sperm and provide signals and cargo able to impact sperm function
and may ultimately alter reproductive fitness.

To determine the somatic cellular mechanism responsible for
interpreting and communicating prior stress experience to sperm, we
assessed the ubiquitous transcriptional repressive mark, H3K27me3,
that we previously established as a stress-responsive histone mod-
ification in the mouse epididymis®, distinguishing H3K27me3 as a key
target to begin to probe the lasting contributions of epigenetics on
allostasis post-corticosterone treatment. Therefore, we utilized
CUT&RUN sequencing as an advanced molecular strategy to assess the
distribution of H3K27me3 across the EEC chromatin, hypothesizing
that following corticosterone treatment we should detect an increase
in this mark. In fact, differential binding analysis revealed a substantial
increase in H3K27me3 binding at over 7000 loci following treatment,
likely contributing to the significant reduction in EEC gene expression
detected by post-corticosterone treatment day 9. Additionally, our
gene set enrichment analyses (GSEA) revealed H3K27me3-associated
genes were highly involved in mitochondrial and metabolic processes,
again confirming the linkage between epigenetic and mitochondrial
allostatic programming. Given the decrease in nuclear GR in EECs post-

Nature Communications | (2024)15:7900


https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en
www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-024-52319-0
a [ Corticosterone or Vehicle
Treatment
bayss 0—3 — 6 — 9 1 Wash Out
[ Post-Corticosterone
e /N YAN /\ VAN * Media Change
DC2 Cells ° ° 4 Experiment
b EEC Transcriptome Changes with c d
Time and Prior Treatment In vitro EEC Module In vitro MEpink Module GO:
Total genes =13129 Trait Relationships Biological Processes
I | \
Veh DO Cort D3Cort D6 Veh D3 Cort D9 Veh D6 Veh D9 MEpink ~0.35/n(0.07) Mitochondrial ATP synthesis 1.33E-20
Color Key pled proton transport
2 MEturquoise 0.13/n(0.5) Mitochondrial respiratory 2.46E-12
chain complex | assembly
1 MEbIackI 0.38/n(0.05) 0.36/n(0.06)
0 Aerobic respiration 2.92E-11
MEgrey 0.38/n(0.05) 0.22/n(0.3)
- ATP synthesis coupled 2.57E-10
5 MEbrown 0.18/n(0.4) - proton transport
Tricarboxylic acid cycle
MEmagenta 0.11/n(0.6) -0.67/n(1e-04)
MEblue -0.3/n(0.1) -0.47/n(0.01) ATP biosynthetic process
MEgreen -0.33/n(0.09) -0.13/n(0.5) ATP metabolic process
MEred -0.46/n(0.01) 0.39/n(0.04) Mitochondrial translation
Mitochondrial
MEyellow =0.49/n(0.008) electron transport,
y— - ; NADH to ubiquinone
-0.62/n(5e- 0.19/n(0.3 T T T T T
MEpurple I ( ) ©3) 0 10 20 30 40
Treatment Time Fold Enrichment
1 05 0 -05 -1
Correlation
Day 9 EEC Transcriptome
e f Total DE genes = 272
Prior Treatment -Vehi i
40 Qa) ’ & Day of Collection ‘ Post-Vehicle Post-Corticosterone
@) O No Exposure Day 0
— O Post-Vehicle Day 3
320 3 e e
S ) O Post-\Vehicle Day 6
z @ PostVehicle Day 9
N 0 O Post-Corticosterone Day 3
o @ Post-Corticosterone Day 6
8 % @ Post-Corticosterone Day 9
-20
-40 ‘.
=75 -50 -25 0 25 50
PC1 (42.7%)

Fig. 3 | Co-regulation of transcriptional networks preceded transcriptional
downregulation, indicating that prior corticosterone treatment influenced the
trajectory of a cellular allostatic set point. a Confluent EEC cultures were
exposed to our in vitro post-corticosterone paradigm. RNA was isolated before
treatment at day O (confluency), at the end of treatment (day 3), and at subsequent
media exchanges during the wash-out period (days 6 and 9), denoted by white
arrows. Circles indicate media exchanges. b Heatmap of all genes from RNA-
sequencing of EEC RNA isolated at the denoted timepoints. Unbiased hierarchical
clustering of samples is visualized by dendrogram. ¢ Module-trait associations
between module eigengenes calculated from gene expression patterns in the EEC
dataset and time or treatment. Rows correspond to a module eigengene while
columns align with time or treatment. Color designates the correlation according
to the legend. Pearson correlation and p value for each module are presented. d The

top ten significant biological processes identified by functional analysis of genes in
the MEpink module. FDR is presented in line with each bar. e RNA-seq expression
data were assessed by principal component analysis which revealed that compo-
nent 1 accounts for 42.7% of the variance and aligns with treatment while compo-
nent 2 accounts for 22.8% of variance and aligns with maturation (N =4 plates).
Color represents treatment group. f Differential expression analyses revealed 272
DEGs between day 9 post-corticosterone and post-vehicle samples visualized by
heatmap. Hierarchical clustering of samples visualized by dendrogram (N =4
plates, adjusted p <0.05, p value adjustment method = “BH”). Source data are
provided as a Source Data file. Figure 3a created with BioRender.com released
under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 Interna-
tional license (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en).
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corticosterone treatment and the known role of GR to regulate chro-
matin organization through the recruitment of histone modifying
enzymes and direct association with other epigenetic and DNA bound
factors, upregulation of H3K27me3 may result from a decrease in
direct or indirect interactions of GR with H3K27me3, or with other
regulatory factors in the nucleus***®, Furthermore, in accord with

dOCR: K+M - minimum rPFO

dOCR: Succinate - minimum rPFO

the known stoichiometric constraints on post-translational histone
modifications®”, we posit that dramatic changes in the ubiquitous
repressive mark, H3K27me3, likely reflect the coordinated redistribu-
tion of many histone modifications across the genome to influence
gene expression, in part controlling mitochondrial genes, in a new
allostatic setpoint. While our study examined H3K27me3, previous
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Fig. 4 | Cellular allostatic set point maintained decreased basal energy
requirements and ATP production rates driven by decreased mitochondrial
complex I function. a Schematic of the timeline for our EEC in vitro corticosterone
treatment paradigm. b Representative Mito Stress Test data where cultures were
exposed to oligomycin, FCCP, and rotenone and antimycin A. N=12 in post-vehicle
and 11 in post-corticosterone treatment group. ¢ Baseline mitochondrial oxygen
consumption rate (OCR). N =12 in the post-vehicle and 11 in the post-corticosterone
treatment group, two-sided t-test, ****p < 0.0001. d, e Total and oxidative ATP
production rates. N=12 in post-vehicle and 11 in post-corticosterone treatment
group; two-sided t-test, ***p <0.0001. f Schematic of the citric acid cycle and
electron transport chain contributions to oxidative respiration. Red arrows
emphasize how substrates contribute NADH for complex I activity. Letters annotate
the corresponding panel. g Representative Seahorse experiment in which EEC
cultures were permeabilized with recombinant perfringolysin O, followed by one of
the following: glutamate and malate, pyruvate and malate, alpha-ketoglutarate and
malate, or succinate. N=9 in the post vehicle and 8 in the post-corticosterone
treatment group. The change in OCR (dOCR) was significantly less in post-

corticosterone EECs following injection of glutamate and malate (h) and pyruvate
and malate (i), but not alpha ketoglutarate and malate (j) or succinate (k), a com-
plex Il substrate. N=9 in the post vehicle and 8 in the post-corticosterone treat-
ment group; two-sided t-test, **p = 0.0013, ***p < 0.0001. | Complex I oxidized
NADH at a significantly reduced rate in post-corticosterone EECs, indicating
decreased complex I activity. N =5; two-sided t-test. *p = 0.0087. m Ndufal protein
band volume relative to alpha-tubulin loading control band volume from EEC whole
cell lysate. Processing of the blot is described in detail in. N=3 in the post-vehicle
and 4 in the post-corticosterone treatment group; two-sided t-test, *p = 0.0364. For
all, data are mean + SEM. For all appropriate, respirometry data is normalized by
average ug protein/well from post-corticosterone or post-vehicle treatment wells
without Mito Stress Test injections. The post-vehicle treatment group is repre-
sented by black or gray points or bars, post-corticosterone treatment group is
represented by light blue. Source data are provided as a Source Data file. Figure 4a, f
created with BioRender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license (https://creativecommons.org/
licenses/by-nc-nd/4.0/deed.en).

work reported that stress influenced chromatin accessibility, and
H3K9ac and H3K79me3 distributions in other tissues, supporting
chromatin reprogramming as a shared mechanism to recalibrate the
cellular basal state following stress®>’%5559,

As CUT&RUN revealed dramatic reprogramming of H3K27me3
distribution at loci important for metabolic and mitochondrial pro-
cesses post treatment, and the majority of metabolic and mitochon-
drial genes were transcribed within the nucleus, we next examined the
allostatic mitochondrial mechanisms involving the nuclear tran-
scriptome. Weighted correlation network analysis (WGCNA) com-
pared co-varying and differentially expressed genes over time
following EEC corticosterone treatment. Of the eleven modules of co-
varying gene sets, treatment strongly correlated with the module
containing genes important for mitochondrial oxidative respiration
and complex I assembly, identifying complex I as a molecular regulator
of allostasis, likely engaged by prior corticosterone treatment across
multiple cellular organelles. Taken together, these studies suggest
changes in the cellular allostatic set point are characterized by a
recalibration of mitochondria, particularly through regulation of
complex I, and likely require a delicate integration of nuclear and
mitochondrial regulatory processes***”!. Gene expression differences
within group changed over time in culture, as expected, but these
differences were distinct between groups. Hierarchical clustering
analysis demonstrated that post-corticosterone and post-vehicle
treatment groups cluster separately except for the day 9 post-
corticosterone group that clustered between post-vehicle day 3 and
day 6 groups, revealing differences in gene expression following
treatment compared to the time-matched control at every timepoint.
These results suggest that prior stress alters the trajectory of the
transcriptome resulting in a gene expression profile reflective of an
earlier state. In our assessment of gene expression at the latest time-
point post-treatment, 272 genes remained differentially expressed
between time-matched groups. Interestingly, these changes persist at
the same time as previously detected changes in EEC EV protein
cargo®. Taken together with the WGCNA outcomes, these changes
across time are indicative of a new allostatic state regulated in part at
the level of the transcriptome. Further, over 68% of the EEC DEGs were
downregulated following treatment, supporting the hypothesis that a
common transcriptional regulatory mechanism, likely at the level of
histone modifications including H3K27me3, has a lasting impact on the
transcriptome.

To assess whether nuclear regulation of nuclear-encoded mito-
chondrial genes resulted in lasting changes in cellular energy
requirements in our model, we utilized whole cell respirometry and
detected significant deficits in basal mitochondrial respiration and
oxidative ATP production rate. These results were further supported
by transmission electron microscopy that revealed increased

orthodox mitochondrial ultrastructure following treatment, a pheno-
type associated with lower ADP levels (lower energy demand) and
reduced respiration®>’>”*, Importantly, there were no differences in
total mitochondrial number or size, suggesting decreases in respira-
tion were driven by mitochondrial processes and not the presence of
fewer mitochondria. These findings indicated that at baseline, mito-
chondrial respiratory functions were decreased in post-corticosterone
treated cells, supporting the hypothesis that treatment changed the
energy required by basal cellular functions and therefore the mito-
chondrial energy production required to meet these demands. Recent
studies examining the lasting effects of chronic stress at the cellular
level in vivo reported similar reductions in mitochondrial
respiration’®®%, It is well established that allostatic regulation
requires energy, is closely linked to oxidative and glycolytic processes
at the mitochondria, and that as an allostatic regulator, corticosterone
engages metabolic and mitochondrial processes'®'>**%¢*_ Therefore,
the lasting changes in mitochondrial respiration associated with dra-
matic reprogramming of a ubiquitous histone modification at the same
timepoint further support a role for the mitochondria as a sensitive
gauge for changes in the cellular allostatic state and reflects an inte-
grated epigenetic and energetic adaptive mechanism. Together, these
results demonstrated that changes in the metabolic state of the cell
persist long after corticosterone treatment ended, a recognizable
requirement of a new allostatic set point.

We next evaluated the potential contribution of the glucocorti-
coid receptor (GR) in mediating the decreased mitochondrial
respiration detected following corticosterone treatment. We found
increased levels of GR in the mitochondria enriched cellular fraction,
and reduced levels in the nuclear enriched fraction compared to
controls, suggesting a potential involvement of GR on the allostatic
resetting of mitochondrial activity. Similarly, methods for both GR
knockdown and GR antagonism rescued a hypo-respiratory mito-
chondrial phenotype, as expected” ™., Previous studies have also
reported that in other tissues and cell types, such as the brain, GR
translocated to the mitochondria immediately after glucocorticoid
treatment and interacted with glucocorticoid response elements in
the mitochondrial genome to acutely regulate transcription of
complex 1 (ND-1) and 1l (COX-1 and COX-Ill) subunits*'*%* Alter-
natively, GR may also influence mitochondrial respiration by inter-
acting directly at the electron transport chain or with co-regulatory
proteins*>'®, While GR influences mitochondrial outcomes including
respiration and transcription, the change in mitochondrial function
is cell-type and time-dependent*-#210>19419 Therefore, the immediate
effects of glucocorticoid exposure differ from those following a
period of recovery, further supporting the hypothesis that time is
required following the end of stress for allostatic cellular
reprogramming37'41'42'1°3'1°4.
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As our model is uniquely positioned to examine a mitochondrial
mechanism for the persistently decreased cellular respiration, we
assessed glycolytic and oxidative respiratory processes in the EECs. We
found prior corticosterone treatment decreased the oxidative, but not
the glycolytic ATP production rate, and hypothesized that the allo-
static set point was being regulated through oxidative respiration at

Sperm Exposure

Sperm Exposure

the electron transport chain independent of upstream glycolytic pro-
cesses. As predicted, we found that respiratory deficits remained in the
absence of substrates necessary for glycolysis, further implicating
oxidative respiration as the source of hypo-respiration. At the electron
transport chain, complex I is a primary regulator of oxidative ATP
production, and is supplemented by complex Il as the two entry points
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Fig. 5 | Prior stress exposed EEC secreted EVs increased sperm respiration and
motility. a Schematic of the timeline for the in vitro corticosterone treatment
paradigm. The white arrow indicates when media was collected for ultra-
centrifugation and EV isolation. b Plot of the size distribution of EVs isolated from
day 9 EEC conditioned media. N=8. ¢ Area under the curve analysis (AUC) of the
distribution confirmed there was no difference in EV concentration. N = 8. Student’s
t-test, p > 0.05. d Nanoparticle tracking analysis revealed post-corticosterone EEC
EVs (cort-EEC EVs) had a decreased median size. N = 8. Two-sided t-test, *p = 0.0106.
e Schematic detailing the protocol of conditioned media collection to EV isolation
to sperm incubation and whole cell respirometry. f Baseline mitochondrial oxygen
consumption rate. N=7 wells. Two-sided ¢t-test, *p = 0.0334. g Extracellular acid-
ification rate. N=7 wells. Two-sided t-test, ***p < 0.0001. h ATP production rate.
N=7 wells. Two-sided t-test, **p < 0.008L. i Glycolytic ATP production rate. N=7

wells. Two-sided ¢-test, ***p < 0.0001. j Schematic detailing the CASA velocity
outcomes following the EV incubation detailed in e. Curve velocity is red, average
velocity is blue, and linear velocity is black. Increases in k curve velocity

(*p <0.0037), 1 average velocity (**p <0.0098), and m linear velocity (*p < 0.0165)
as determined by CASA of all sperm analyzed. For k-m N =8 for vehicle and 7 for
corticosterone EEC EV incubation groups; Two-sided t-test. For all panels, data are
mean + SEM. For sperm respiratory data, average number of cells/well was used for
normalization. The post-vehicle treatment group is represented by black or gray
points or bars, post-corticosterone treatment group is represented by light blue.
Source data are provided as a Source Data file. Figure 5a, e, j created with BioR-
ender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license (https://creativecommons.org/licenses/by-nc-
nd/4.0/deed.en).

for NADH and FADH, respectively'”. We next tested the contributions
of complex I and Il in corticosterone treatment-dependent respiratory
deficits by measuring the change in respiration following the addition
of substrates for each. We found that the substrates for complex I, but
not for complex I, increased the oxygen consumption rate in our cells.
Importantly, we confirmed that prior corticosterone treatment
reduced both complex I enzyme activity and levels of Ndufal, a com-
plex | subunit critical for assembly at the mitochondrial inner
membrane>*~°, These findings aligned with the earlier transcriptomic
analyses that identified complex I as a key regulator of the allostatic set
point following treatment. Therefore, these data support our
hypothesis that allostatic mitochondrial adaptations are driven, at
least in part, by significant decreases in complex I function. As previous
studies reported similar mitochondrial respiratory phenotypes in
animal models with prior stress exposure, the current data contribute
a likely common mitochondrial mechanism of allostasis across
tissues®’.

We and others have focused on a key outcome of cellular allos-
tasis involving the coordination of local and systemic cellular signaling
by extracellular vesicles (EVs), biological nanoparticles secreted by
cells to allow rapid and dynamic intercellular communication and
coordination®'%™°_In the case of EECs, EV secretion into the caput
lumen is a necessary process for sperm maturation'202*26333611 Fyr-
ther, we previously showed in vitro and in vivo that prior stress
treatment significantly altered EV size and cargo, including protein and
sncRNA, and that incubation of sperm with these EVs significantly
impacted embryo and fetal development™**. Therefore, given the
profound and persistent changes in transcriptomic, epigenetic, and
metabolic and mitochondrial processes in EEC allostasis we had
identified, we utilized our model to next test whether these EVs com-
municate regarding a metabolic state. In fact, we found that treatment-
naive EECs incubated with EVs secreted by post-corticosterone cells
recapitulated the hypo-respiratory mitochondrial phenotype. This
supports an important EV capability to facilitate functional changes in
key cellular metabolic processes. Therefore, we next tested the ability
for secreted EEC EVs to acutely regulate sperm mitochondrial
respiration by incubating sperm with EVs and examining mitochon-
drial respiration by whole cell respirometry. Indeed, we found that EVs
secreted post-corticosterone treatment (cort EEC EVs) significantly
increased sperm oxygen consumption and ATP production rate, pro-
viding evidence that EVs secreted by EECs in an allostatic state causally
and dynamically change sperm energy requirements. While the spe-
cific type of EV or its cargo involved in this communication are not
known at this time, our data revealing increased extracellular acid-
ification and glycolytic ATP production rates suggest EVs could have
influenced respiration by regulating sperm glycolytic processes in
alignment with prior studies'.

Importantly, the distinction between the increased sperm mito-
chondrial respiration and the decreased EEC respiration is that the
latter is a direct effect of corticosterone reprogramming the somatic
EEC allostatic state in the time following stress. The effect on sperm is

indirect, where a change in sperm function follows a change in the EVs
produced by EECs at a new allostatic set point. This distinction is also
key to understanding differences in the metabolic outcomes in EECs
compared to sperm, as these data reveal that the EEC allostatic state is
driven at the level of oxidative mechanisms, while sperm respirometry
data support a change in glycolytic energy production driven by EV
signaling. Furthermore, the unique mechanisms and timing underlying
EV interactions with different cell types are not known, and the tran-
sient impact of EVs on EECs may differ from the observed long-term
hypo-respiratory phenotype. However, these data indicate there may
be unique downstream effects when EVs interact with germ cells
relative to somatic EECs.

Ultimately, validating the functional relevance of sperm respira-
tory changes is key to contextualizing its biological importance. For
sperm, motility is a direct readout of mitochondrial respirometry™>™'%,
Therefore, we next utilized Computer Assisted Sperm Analysis (CASA)
to determine if in the same timeframe in which EVs conferred sig-
nificant changes on sperm respiration, we could detect differences in
motility. Similar to our EV effects that increased sperm ATP produc-
tion, prior corticosterone treatment produced EVs that when incu-
bated with sperm significantly increased sperm motility, including
VCL, VAP, and VSL. Interestingly, this effect persists despite metho-
dological factors such as EV incubation time that may influence
motility. Though the overall timing differs between the in vitro model
and our human cohort, utilizing a model of allostasis we reveal similar
outcomes in sperm motility and identify EEC EVs as critical inter-
cellular communicators of organismal metabolic state capable of sig-
nificantly altering sperm function. Finally, while the current study did
not assess sperm fertility, our previous studies demonstrated that this
same sperm-EV incubation in mice causally regulated fetal develop-
ment and reproduced paternal stress phenotypic outcomes, signifying
that these early changes in sperm metabolic state likely have important
implications for the resulting embryos®"*™_Fertility is a multifaceted
process influenced by a host of maternal and paternal factors likely
including EV communication. Our recently published study examining
the longevity of epididymal EVs in the reproductive tract and post-
fertilization processes using a novel CD63 tag revealed that EEC cargo
are transferred to fertilized embryos following artificial insemination
and still detectable at the embryo stage of development®. Therefore,
these results suggest that though washing and isolating sperm from
ejaculate is the gold standard in fertility medicine®°, such protocols
may be eliminating signals, including EVs, important for as-of-yet
unidentified reproductive outcomes.

Overall, our findings from a healthy human cohort revealed a
significant positive association between prior PSS and sperm motility
outcomes that may be important for reproductive health>%%2,
The timing of this effect at 2-3 months following high PSS replicated
our prior work examining sncRNA changes in sperm and points to
similar cellular signaling mechanisms at work®™. Utilizing an estab-
lished cellular stress model, we identified the molecular processes
important for allostasis, including the specific and significant resulting
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mitochondrial and epigenetic changes that take place following stress.
Ultimately, cellular communication with sperm by secreted EVs
demonstrated significant effects on sperm respiration resulting in
increased sperm motility. Taken together, these translational studies
revealed a conserved, time-dependent association between prior
perceived stress and essential sperm functions driven by allostatic
mechanisms and identified EVs as critical intercellular communicators
with potential therapeutic applications.

Methods

Recruitment of human subjects

The study was approved by the Colorado Multiple Institutional Review
Board at the University of Colorado, all participants were English-
speaking, provided written informed consent, and were compensated
for their participation at each visit. A cohort of 34 healthy males were
recruited from the University of Colorado and Denver Metropolitan
area. Participants were recruited using social media including Reddit,
Instagram, and Snapchat, fliers (University of Colorado Anschutz
Medical Campus and Denver Campus, University of Denver, and Rocky
Vista University), and University of Colorado Anschutz Medical Cam-
pus listservs. Subjects between the ages of 18 and 35 were screened for
history of major medical illnesses, mental health diagnoses, and sub-
stance abuse. Key exclusion criteria included: 1) history of medical
major medical illnesses such as known malignancy, sexually trans-
mitted illness diagnosed within the last six months, history of stroke or
other medical conditions deemed that the physician investigator
deemed as contraindicated for the participant to be in the study as
determined by participant self-report, 2) use of psychotropic (e.g.
antidepressant or anxiolytic) medications within the last year or use of
steroidal or beta blocker medications, 3) known sperm abnormalities,
infertility, or testicular injury or disease, 4) extreme physical activity
that may affect sperm, 5) psychiatric diagnosis in the previous year or
lifetime diagnosis of psychotic disorder, 6) substance use disorder in
the past year, current daily use of nicotine or cannabis products, or
heavy drinking per National Survey of Drug Use and Health criteria, 7)
three or more study visits with an average total motile count <5 million
motile sperm, 8) body mass index >30. Participants with a score of
greater than one on the Adverse Childhood Experiences (ACE) ques-
tionnaire were excluded from analyses®’. The cohort currently consists
of N=34 participants across 146 observations, and for PSS Time -1
analyses compared N = 34 participants across 145 observations due to
a missed visit.

Study procedures for human subjects

The study involved a pre-screening survey and up to 9 visits. The pre-
screening survey assessed basic study eligibility criteria. The first
visit was a screening visit to determine eligibility, complete the
informed consent processes, review the Adverse Childhood Experi-
ences (ACE) questionnaire'” for accuracy, administer the Mini
International Neuropsychiatric Interview (MINI)'*> and urine drug
screen. For healthy, eligible participants as determined by criteria
described above, assessments including demographics, and the
Perceived Stress Scale'” were administered. During visits 2-3 the PSS
and urine drug screen was readministered. The first three visits allow
for a record of PSS for up to three months prior to the first semen
collection. Visits 4-9 were identical to visits 2-3 with the addition of a
fresh semen collection. The sample collection could be performed at
home if the participant lived within 30 minutes of the study site, and
any participant could elect to collect their semen sample at the study
site at the time of the follow-up visit. Participants were required to
remain abstinent for at least two days prior to the sample collection.
Time and location of ejaculation were recorded. Samples were
received at the lab within an hour of ejaculation and processed fol-
lowing the WHO recommendations for the examination and pro-
cessing of human semen'*. Briefly, samples were liquefied at 37 °C

for 30 minutes, visualized by wet mount, vortexed and 50 uL was
aliquoted for Computer Assisted Sperm Analysis.

Human computer assisted sperm analysis

Aliquots were kept at 37 °C before loading 5 uL into a prewarmed
20 um chamber slide (CellVision, CV 1020-2CH) and analyzing sperm
motility using the Sperm Class Analyzer (Microptics SL) system
described above. Six randomly selected microscopic fields were
captured (25 frames/second; 25 images per field) and analyzed
by the software using standard parameters for human semen analysis
including those identifying immotile (<5um/s), slow-medium
(>5um/s), and rapid (>25um/s), with progressive sperm defined by
STR>80. Curvilinear velocity (VCL), straight-line velocity (VSL), and
average path velocity (VAP) were measured.

Mixed-effects modeling

To model the association of human sperm velocity and prior perceived
stress, data were analyzed by random intercept mixed-effects (ME)
modeling using the nime (version 3.1-162)'>'?° and effects (version 4.2-
2)'#128 packages. This hierarchical modeling techniques accounted for
the nested data structure (Level 1: Sample, Level 2: Participant, with 1to
6 samples within any participant), and independent models analyzed
all samples for each velocity parameter at each prior perceived stress
time. In all cases modeling sperm velocity parameters (curve velocity,
average path velocity, and straight-line velocity) and prior perceived
stress at various time points, log transformation of the velocity para-
meter generated the best fit model. Covariates for all ME models
included days of abstinence, age, and the location of the collection as
samples collected at participants’ homes were noted to be received by
the lab later than samples collected on at the study site.

Cell culture

Immortalized mouse distal caput epididymal epithelial (DC2) cells
purchased from Applied Biological Materials (T0599) and cultured as
previously described'”. Briefly, plates were coated with collagen type
1, rat tail (Millipore, C3867), cells were plated at equal density, and
cultured in IMDM (Gibco, 12440061) with 10% FBS (Gibco, 26140079)
and 1% penicillin-streptomycin (Gibco, 15070063). Media was replaced
at monolayer confluency at day 0, and cells were treated with 1:1000
vehicle (0.1% ethanol) or 1:1000 corticosterone in ethanol (Cayman
Chemical, 16063; 500 ng/ml corticosterone). Media was replaced
72 hours, and 144 h later. For collection, cells at an average confluency
of 0.65 million cells/cm? by day 9 were trypsinized in 0.25% trypsin-
EDTA (Gibco).

Animals

All studies were performed according to experimental protocols
approved by the University of Maryland or the University of Colorado
Institutional Animal Care and Use Committee, and all procedures were
conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Male C57BL/6 ) and female 129S1/Svim) mice were
obtained from Jackson Laboratories to produce C57BL/6:129 hybrids.
Hybrid males were 14-15 weeks of age at the time of sperm collection
for all experiments. All mice were housed in a12:12 light:dark cycle with
temperature 22 °C and relative humidity 37%. Food (Teklad 2920X
irradiated rodent diet) and water were provided ad libitum.

Tissue collection and sperm EV incubation

Sires were decapitated under isoflurane anesthesia. M2 media (Sigma,
M7167) supplemented with 1 mM ZnCl (Sigma, Z0152) and equilibrated
to 5% CO, at 37°C (pH=6.7) in a droplet contained in mineral oil
(Sigma, M5904). For each experiment, four total caudal epididymis
were removed from two males, minced in the supplemented M2 media
droplet, and incubated at 37 °C, 5% CO, for 0.75 h to allow for sperm to
swim out. Sperm were collected from the droplets, pooled, counted,

Nature Communications | (2024)15:7900

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52319-0

centrifuged for 2minutes at 400xg, and resuspended in supple-
mented M2 media at 2 x 10° EVs/million sperm. 12 million sperm were
allocated per group in respirometry experiments, and 8 million sperm
per group in motility studies. Sperm-EV incubations lasted 0.5 h before
centrifugation at 400 x g for 3 minutes. Sperm were resuspended as
described below for downstream experiments.

Cleavage Under Targets and Release Using Nuclease (CUT&RUN)
The CUT&RUN protocol was adopted from the Nature Protocols
manuscript by Skene, Henikoff & Henikoff****, 500k EECs were col-
lected for each antibody incubation (anti-H3K27me3 antibody, Sigma,
07-499; anti-Rabbit IgG, Antibodies Online, ABIN101961). An anti-
Rabbit IgG antibody was utilized as a negative control to assess non-
specific binding. Cells were bound to concanavalin-A coated beads
(Bangs Labs, BP531) and incubated with antibody overnight. pA/G
MNase fusion protein (Cell Signaling, 40366S) was bound duringalh
incubation at 4 °C and activated with 2 mM CaCl, during a 0.5 h incu-
bation at 0 °C. Samples were incubated at 37 °C for 0.5 h to release
chromatin fragments into the supernatant. Supernatant was collected
and DNA was extracted using phenol:chloroform:isoamyl alcohol. DNA
concentration was determined using the High Sensitivity dsDNA Qubit
Assay (Invitrogen, Q32851) and fragment sizes were determined using
the High Sensitivity D1000 ScreenTape Assay (Agilent, 5067-5584 and
5067-5585). DNA libraries were prepared using the NEBNext Ultra Il
DNA Library Prep Kit for Illumina (NEB, E7645) with the NEBNext
Multiplex Oligos for Illumina (Dual Index Primers Set I) (NEB, E7600S).
All library sizes and concentrations were confirmed on a TapeStation
4200 (Agilent) and Qubit 3.0 Fluorometer (Thermo Fisher). Individu-
ally barcoded libraries were pooled and sequenced on an Illumina
NextSeq 500 (75-bp paired-end).

RNA isolation

Total RNA extraction from DC2 cell pellets was done using the TRIzol
reagent (Thermo Fisher, 15596026) according to manufacturer’s
protocol.

mRNA sequencing

Total RNA from DC2 cell pellets were quantified on a NanoDrop
2000 spectrophotometer (Thermo Scientific). Libraries for RNA-seq
were made using a TruSeq Stranded mRNA Sample Preparation Kit
(Illumina) with 500 ng RNA. All library sizes and concentrations were
confirmed on a TapeStation 4200 (Agilent) and Qubit 3.0 Fluorometer
(Thermo Fisher). Individually barcoded libraries were pooled and
sequenced on an Illumina NextSeq 500 (75-bp single-end). FASTQ files
were processed for pseudoalignment and abundance quantification of
reads to the Mus musculus reference transcriptome (version 38) using
Kallisto">'*,

Lentiviral particle transduction and shRNA knockdown con-
firmation by RT-qPCR

At 80% confluency, DC2 cells were exposed to 18,000 transducing units
of viral particles in culture media containing 8 ug/mL hexadimethrine
bromide. Cultures were incubated with particles overnight. MISSION
TRC2 pLKO.5-puro Empty Vector Control Transduction Particles
(Sigma, SHC201V) (Empty Vector) collected for the transduction, MIS-
SION TRC2 pLKO.5-puro Non-Mammalian shRNA Control Transduction
Particles (Sigma, SHC216V) controlled for shRNA expression, and
MISSION shRNA Lentiviral Clone Oligo TRCN0000026223 (Sigma,
SHCLNV) expressed shRNA to knockdown GR. Media was exchanged
after the overnight incubation, and then into selection media contain-
ing 2 ug/mL puromycin (Sigma-Aldrich, P9620) after 24 hours. After
12 days, cells were passaged for colony selection using the agarose
method (http://thelindberglab.com/cloning-cells-with-the-agarose-
method/). Colonies were maintained and passaged as necessary in
selection media until they were cryopreserved. For experiments,

cultures were maintained in selection media throughout experiments
resulting in GR knockdown across all experimental timepoints.

GR (Nr3cl) mRNA knockdown was confirmed by isolating RNA,
and then synthesizing cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, 4368814) according to the
manufacturer’s protocol. Reverse-transcription quantitative real-time
PCR (RT-gPCR) quantified expression in conjunction with TagMan
Assays (Applied Biosystems, 4444556) according to the manu-
facturer’s protocol. Briefly, each reaction was run in triplicate and
samples were probed for Nr3cl (ThermoFisher Scientific, Assay ID:
MmO00433832_m1, Catalog #4331182) and endogenous 18S rRNA con-
trol (Applied Biosystems, 4332641). Reactions were run on a Quant-
Studio 5 Real-Time PCR System, and Ct values were calculated using
the instrument’s software. Mean Ct values for the endogenous control
were subtracted from the Ct values of Nr3cl. These ACt values were
used to calculate expression relative to the non-targeted shRNA con-
trol using the AACt method.

Respirometry

Respiration reported as oxygen consumption rates (OCR) were
measured in intact adherent DC2 cells with a Seahorse Extracellular
Flux (XFe96) Analyzer (Agilent). Cells were seeded at 3 million cells/
well in Seahorse XF96 Microplates (Agilent, 101085-004) and treated
as described before performing respirometry. Medium was replaced
with Seahorse XF Base Medium (Agilent) supplemented with 15 mM
glucose (Gibco, A2494001), 1mM sodium pyruvate (Gibco,
11360070), and 4 mM L-glutamine (Gibco, 25030081), pH 7.4, unless
indicated otherwise and incubated in a non-CO2 incubator at 37°C
for less than one hour. Cells were washed within 1h before taking
measurements. The XFe96 FluxPak (Agilent, 102416-100) cartridge
was hydrated in water overnight before calibrating with Seahorse XF
Calibrant Solution (Agilent, 103681-100). For the Mito Stress Test
(Agilent, 103015-100), the cartridge was loaded per manufacturer’s
instructions with final concentrations of 1.5 uM oligomycin, 2 uM
trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), and 0.5
uM Rotenone/Antimycin A (Agilent) after injection. For intact cells
with additional injections, 10X solutions of sodium pyruvate (Gibco,
11360070) and L-glutamine (Gibco, 25030081) were prepared in
respiration media before loading. In all DC2 cells, the injection pro-
tocol required 3 min mix, O min wait, and 3 min measure for 3 cycles
per injection.

To incubate DC2 cells with EV, the above protocol was followed
with the exception that at the indicated times culture medium was
supplemented with 3.14 x 10® EVs/mL in PBS, or an equal volume of PBS
control for 3 days. After EV exposure, media was replaced with
respirometry media and assayed as described above.

For experiments requiring permeabilization of DC2 cells during
analyzer measurements, respiration was measured in a low potassium,
low calcium buffer (3.5 mM KCl, 120 mM NaCl, 0.4 mM KH,PO,, 1.2 mM
Na,S04, 2mM MgCl,, 20 mM Na-N-Tris-(hydroxymethyl)-methyl-2-
amino-ethanesulfonic acid (TES pH 7.4), 1mM EGTA, 0.4% wt/volume
fat-free bovine serum albumin (BSA)). 10X solutions of recombinant
perfringolysin O (rPFO) and substrate combinations (malic acid with
alpha-ketoglutarate, sodium pyruvate, or L-glutamic acid, and succinic
acid) were prepared in the same buffer with final diluted concentra-
tions of 5nM rPFO, and 10 mM substrate™. For permeabilization, the
injection protocol required 0.5 min mix, 1 minute wait, 3 min measure
for 3 cycles per baseline or injection.

Following respirometry, wells which had no injections were
washed twice with cold PBS before lysing with RIPA Lysis Buffer
prepared in cold PBS with cOmplete, EDTA-free protease inhibitor
(Roche, 11697498001) for 5 minutes. Protein concentration for nor-
malization was quantified from these wells using the Pierce BCA
Protein Assay Kit (Thermo Scientific, 23227) and analyzed on an
Infinite M1000 plate reader (Tecan) using Magellan software (Tecan).
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Protein was averaged across the wells in each group for
normalization.

To measure respiration in sperm, Seahorse microplates were
coated with 0.5 mg/mL concanavalin A (Sigma, C5275) in PBS for 1 hour
before removing the coating and allowing the plate to dry overnight at
room temperature as previously reported'®. Mito Stress Test reagents
were loaded into the cartridge in sperm respiratory media (Seahorse
XF Base Media supplemented with 5.6 mM glucose, 1 mM pyruvate,
2 mL glutamine, 3 mg/mL fat free BSA, pH 6.9), at the concentrations
above, except that the final concentration of FCCP was determined to
be 1 uM. Following 0.5h EV incubation at the same concentration as
above, sperm were resuspended 1 million sperm per 50 uL sperm
respiratory media, plated 1 million sperm/well, and centrifuged at
250 x g for 1 minute before adding media to 200 uL/well. Sperm were
visualized using a light microscope to ensure even distribution prior to
plate loading. Respiration was measured following a 1-minute mix and
2-minute measure cycles protocol. Three cycles were recorded for
each step. Total cell count/well was used for normalization.

Respiration calculations following the Mito Stress Test were per-
formed following previously published recommendations by the
manufacturer and others®**', In assays requiring permeabilization
with rPFO the difference in OCR (dOCR) between peak respiration
following substrate addition and the minimum respiration following
permeabilization was calculated.

Complex I Enzyme Activity

Activity was measured in black walled, transparent bottom plates fol-
lowing the Complex | Enzyme Activity Microplate Assay Kit (Abcam,
ab109721) manufacturer’s protocol on an Infinite M1000O plate reader
(Tecan) and analyzed using Magellan software (Tecan). Protein con-
centration for normalization was quantified by Pierce BCA Protein
Assay Kit (Thermo Scientific, 23227).

Mitochondria isolation and protein extraction

Mitochondria were isolated from EECs using a previously described
protocol', Half of the sample was used for this protocol and half were
pelleted and snap-frozen for nuclear extraction described below.
Briefly, for mitochondria isolation, cells were resuspended in an equal
volume ice-cold hypotonic buffer (10 mM Nacl, 1.5 mM MgCl,, 10 mM
HEPES, pH 7.5) and allowed to swell for 10 minutes. Cells were homo-
genized on ice using 20 strokes of the dounce homogenizer B pestle to
produce greater than 50% lysed cells. 5X extraction buffer (50 mM
HEPES pH 7.5, 1M mannitol, 350 mM sucrose, 5mM EGTA) was added
with a final 1X concentration and one stroke was performed with the
dounce homogenizer. The homogenate was centrifuged twice at 4 °C,
1300 x g for 5 minutes. The supernatant was centrifuged at 4 °C at
17000 x g for 15 minutes resulting in the mitochondrial pellet which
was resuspended in 1 mL 1X extraction buffer before repeating the 15-
min centrifugation. The final mitochondrial pellet was snap-frozen in
liquid nitrogen and stored at —-80 °C. Samples were thawed on ice for
protein extraction with ice-cold RIPA lysis described above. Mito-
chondrial pellets were resuspended in 150 uL cold lysis buffer, vor-
texed, incubated on ice for 5 minutes, and centrifuged at 8000xg, 4 °C
for 10 minutes to pellet debris. The supernatant was collected, and
protein was quantified using the Pierce BCA Protein Assay Kit (Thermo
Scientific, 23227) before storing at =80 °C.

Nuclear isolation and protein extraction

Isolation of nuclei were performed using the Nuclei EZ Prep Kit (Sigma,
NUC101) following manufacturer’s protocol. Briefly, DC2 EEC pellets
were thawed on ice, resuspended in 2 mL cold Nuclei EZ lysis buffer
and incubated for 5 minutes on ice. 1.5mL was homogenized using
5 strokes of the Dounce homogenizer pestle B on ice. The homo-
genizer was rinsed with 500 uL of the Nuclei EZ lysis buffer which was
added to the sample before centrifuging for 5 minutes at 500 x g, 4 °C.

The pellet was washed with 1 mL Nuclei EZ lysis buffer before 5-min
centrifugation at 500 x g, 4 °C, and the wash was repeated. For protein
extraction, the final pellet was resuspended in 200 uL RIPA lysis buffer,
prepared as above, shaken at 3000 rpm on the Disrupter Genie (Sci-
entific Industries) for 15 minutes, 4 °C, and centrifuged 10 minutes at
1600 x g, 4 °C. The supernatant was collected, and protein was quan-
tified and stored as above.

Whole cell lysate protein extraction

EEC cell pellets were thawed on ice and resuspended in 2 mL RIPA
buffer prepared as described above. The mixture was rotated end over
end for 15 minutes at 4 °C, and centrifuged 15 minutes at 14,000 x g,
4°C. The supernatant was collected, and protein was quantified
as above.

Western immunoblotting

For mitochondrial and nuclear protein, 20 ug protein per lane was
denatured by heating at 95 °C for 5 minutes before loading onto a Nu-
PAGE 4-12% Bis-Tris pre-cast gel (Invitrogen, NPO335BOX) for gel
electrophoresis. NuUPAGE antioxidant (Invitrogen, NPO0OOS5) was added
to the Nu-PAGE Running Buffer (Invitrogen, NPO0O02) prior to elec-
trophoresis at 180V for 50 minutes at room temperature. PVDF
membranes (Millipore, IPFLO7810) were activated in methanol for 30 s
and rinsed in transfer buffer (Invitrogen, NPOO061). Protein was
transferred at 35V for 60 minutes at 4 °C. The membrane was rinsed
with water and blocked (Licor, 927-60001) for 1hour at room tem-
perature. Membranes were incubated overnight at 4 °C in Intercept
Blocking Buffer with 0.1% Tween-20 and primary antibodies that
included either anti-H3 antibody at 1pug/mL (Abcam, ab176842), anti-
GR antibody at 1:500 dilution (Santa Cruz, sc393434X), or anti-ATP-5a
antibody at 1:2000 dilution (Abcam, ab14748). For blots with >1 anti-
bodies of the same species, the membrane was cut and incubated
individually. Membranes were rinsed with PBS with 0.1% Tween-20 and
incubated with the appropriate secondary antibodies including either
IRDye 800CW Donkey anti-Mouse IgG secondary antibody at 1:5000
dilution (Licor, 926-32212) or IRDye 680RD Donkey anti-Rabbit I1gG
secondary antibody at 1:5000 dilution (Licor, 926-68073).

For whole cell lysate protein probed for Ndufal, the same proce-
dures were followed with the following exceptions. 16 ug protein was
loaded per well on a NUPAGE 12% Tris-Bis pre-cast gel. The gel was cut
prior to transfer to ensure optimal transfer of proteins of differing
sizes. Protein was transferred to a nitrocellulose membrane (Invitro-
gen, LC2000) with the upper portion transferring for 40 minutes at
30V, then 20 minutes at 35V, and while the bottom transferred for
40 minutes at 30V, both at 4 °C. Each membrane was probed with
either anti-alpha tubulin primary antibody at 1:1000 dilution (Sigma,
T5168) or anti-Ndufal at 1:1000 (MWFE) primary antibody (generously
donated by Dr. Nagendra Yadava) for 1h at room temperature™ %,
Following washes, membranes were incubated for 1h at room tem-
perature with either IRDye 680RD Donkey anti-Mouse IgG secondary
antibody at 1:2000 dilution (Licor, 926-68072) or IRDye 800CW
Donkey anti-Rabbit IgG secondary antibody at 1:3000 dilution (Licor,
926-32213).

Transmission electron imaging (TEM)

DC2 cultures were washed with PBS and fixed overnight in a solution of
2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M PIPES buffer (pH
7.2) for an hour at room temperature and then left overnight at 4 °C.
After fixation, cells were washed in PIPES buffer, quenched in 50 mM
glycine in 0.1 M PIPES buffer for 15 minutes, scraped off the plate and
collected by centrifugation. Cell pellets were enrobed in 2.5% low
melting pint agarose, trimmed into 1 mm?® blocks and post-fixed with
1% osmium tetroxide, 0.25% potassium ferrocyanide in 0.1M PIPES
buffer for 1 hour on ice. After washing, agarose blocks were loaded in
the mPrepS capsule, block stained with 1% Uranyl acetate, dehydrated,
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and infiltrated in Araldite resin in an automated specimen processor
ASP-1000 (Microscopy Innovations). Samples were embedded in pure
Araldite resin and polymerized at 60 °C for 24-48 hours. Ultrathin
sections at ~70 nm thickness were cut on a Leica UC6 ultramicrotome
(Leica Microsystems) and examined in a FEI Tecnai T12 electron
microscope operated at 80 kV. Digital images were acquired by using
an AMT bottom mount CCD camera and AMT600 software. Mito-
chondria in micrographs taken at 6500x magnification were identified
and analyzed in ImageJ using methods described previously'*%.

Extracellular vesicle isolation

EVs were harvested from cultures in medium supplemented with
EV-depleted FBS (System Biosciences, EXO-FBS-50A-1)"**'**, EVs were
isolated by differential ultracentrifugation from conditioned media
collected 72 hours after the last media change at day 9. Debris was
removed by centrifugation at 2000 x g for 10 minutes at 4 °C in a A-4-44
swing-bucket rotor (Eppendorf) followed by 9000 rpm (avg 10,000 x g)
for 35 minutes at 4 °C using the Beckman Coulter LE-80 Ultracentrifuge
and SW 32 Ti Swinging-Bucket Rotor (Beckman Coulter), which was
used for all remaining ultracentrifugation. EVs were pelleted by ultra-
centrifugation at 28,500 rpm (average 100,000 x g) for 100 minutes
at 4°C. Supernatant was aspirated and the pellet resuspended in
30 mL cold, filtered (0.22 um) PBS. Ultracentrifugation at 28,500 rpm
(avg 100,000 x g) for 100 minutes at 4°C was repeated and the
supernatant aspirated, leaving less than 1mL PBS for resuspension,
before freezing at -80 °C.

Nanoparticle tracking analysis (NTA)

The concentration and size of EVs were measured using a ZetaView
BASIC Nanoparticle Tracking Analysis Microscope (Particle Metrix).
EVs were thawed on ice and diluted 1:500 in freshly filtered (0.22 um)
water to achieve -200 particles per frame. 11 cell positions were
scanned with 30 fpp over 2 cycles to acquire concentration, size, and
charge data. Video acquisition sensitivity was 80 and shutter speed was
100. Videos were analyzed with the Native software (version 8.05.14).
Minimum brightness was 20, minimum area was 10, and maximum
area was 1000.

Mouse computer assisted sperm analysis

Following 0.5h EV incubation (as described above), sperm were
resuspended in sperm respiratory media as described. As sperm are
still maturing while in the caput, caudal sperm were utilized for
motility and respirometry assays. Sperm were plated 1 million sperm/
well and kept on a plate warmer at 37 °C before loading 2.5 uL into a
prewarmed 20 um chamber slide (CellVision, CV 1020-4CH) and ana-
lyzing sperm motility using the Sperm Class Analyzer (Microptics SL).
This system consists of a microscope (Eclipse E600, Nikon) with a 10x
objective under negative phase contrast (Nikon), a camera (Basler,
acA1300-200uc), and a PC with the analysis software (SCA Version
6.6.15). Six randomly selected fields were captured (50 frames/second;
25 images per field) and analyzed by the software identifying immotile
(<50 umys), slow-medium (>50 um/s), and rapid (>200um/s), with
progressive sperm defined by STR>50. Curvilinear velocity (VCL),
straight-line velocity (VSL), and average path velocity (VAP) were
measured.

Statistics & reproducibility

In human cohort studies, investigators were blinded to participants’
stress and demographic metrics. In in vitro and animal studies, sam-
ples were randomized to treatment groups and the investigators were
blinded to allocation during experiments and outcome assessment.
Statistical analyses were performed using GraphPad Prism (version
9.5.0), except for next-generation sequencing analyses. Respirometry,
complex I enzyme function, western blot, EV AUC and size, CASA, and
TEM data were analyzed by two-way ANOVAs or Student’s ¢-tests as

appropriate. Kruskal Wallis test was used to analyze total sperm count
and total motile sperm count across visits due to non-normal residuals
as determined by Shapiro Wilk test. Non-parametric tests were only
utilized when non-normal residuals were determined by Shapiro-Wilk
test. Mitochondrial ultrastructures were analyzed using the chi square
test. When appropriate, Bonferroni’s or Sidak’s multiple comparisons,
or Tukey test was used to explore main effects. Significance was set at
p<0.05. The DC2 RNA sequencing experiment used a 0.5 minimum
log2-fold-change (Ifc) cutoff and significance was determined by false
discovery rate (FDR) of <0.05. For the WGCNA, gene ontology for
Biological Processes with FDR <0.01 were reported. For CUTNRUN
sequencing analysis, differential binding was determined by FDR <
0.05 in the CUTNRUN sequencing experiment. Linear mixed effects
analyses are described below. Outliers were identified using the
Grubbs’ Test. In Western Immunoblotting, lanes were only excluded
from analysis if a bubble was present in the band of interest impeding
quantification of the entire volume of the band, and such incidences
are noted within the whole blot image submitted to the journal.

Bioinformatics analyses

Analyses were performed using R version 4.2.2 and Bioconductor
version 3.16.0. Additionally, data from CUTNRUN were visualized
using the usegalaxy.org online platform'®.

CUT&RUN Differential Binding Analysis (DBA) and Gene Set
Enrichment Analysis

Briefly, alignment and data processing was performed following the
protocols detailed in Skene, Henikoff & Henikoff'*. Paired-end reads
from the FASTQ files were aligned using Bowtie2 (version 2.4.2) to the
Genome Reference Consortium Mouse Build 38 and the iGenomes
Escherichia coli strain K12, MG1655 Build 2001-10-15 (Illumina) to allow
for calibration based on carry over E.coli DNA introduced with the pA/
G MNase using the py_sam_2_spikenormbg.py script”*'*¢'*”, Peak call-
ing was performed using the py_peak_calling.py script. Both normal-
ization and peak calling scripts are available at https://github.com/
peteskene. DBA was performed using the Bioconductor package Diff-
Bind (version 2.15.1)"*%, Peaks must have been present in a minimum of
4 peaksets with Score=DBA_SCORE_TMM_MINUS FULL set in dba.-
count, using method=DBA_EDGER in dba.analyze. Peaks with differ-
ential binding determined by FDR < 0.05 were retained. Bioconductor
packages ChIPpeakAnno (version 3.32.0) and ChlIPseeker (version
1.34.1) were used to perform peak annotation, generate bar and dis-
tance to transcription site plots'**"°, Heatmaps of representative
samples were generated using Galaxy web platform on the public
server at usegalaxy.org to analyze the data with the deeptools
toolkit'*****52, Peaks were visualized in Supplementary Fig. 2 using the
UCSC Genome Browser™>™*,

Gene Set Enrichment Analysis of Gene Ontology was performed
using the Bioconductor package clusterProfiler (version 4.6.2) func-
tion gseGO with a minimum and maximum size of each geneSet
assigned as 100 and 500, respectively, and the p-value adjustment
method set to “BH”.

DC2 differential expression analysis

Our RNA sequencing pipeline was designed using the DIY Tran-
scriptomics framework™. Briefly, Bioconductor package tximport
(version 1.26.1) collapsed gene isoforms to gene symbols™®. Genes
included in the analysis had >1 counts/million in at least 4 samples and
gene expression distributions were normalized using Bioconductor
package edgeR (version 3.40.1)¥". All heatmaps are plotted as average
Z scores/treatment group and arranged through hierarchical cluster-
ing. The R package Stats (version 4.2.2) was used for principal com-
ponent analysis and to cluster co-regulated genes (method=
“spearman”, method= “complete”). Heatmaps were generated using R
package pheatmap (version 1.0.12). The limma Bioconductor package
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(version 3.54.0) function voom was used for normalization™®. limma
was also used to test normalized counts for differential abundance.
The heatmap of differentially expressed genes between day 9 vehicle
and corticosterone groups was generated using the heatmap.2 func-
tion of the R package gplots (version 3.1.3).

WGCNA

Gene expression in the bulk RNAseq dataset were subjected to
weighted co-expression network analysis using the WGCNA package
(version 1.71)*°7°", Briefly, blockwiseModules was used for network
construction and module detection across all genes using the follow-
ing directives. Network construction used Pearson correlation to cal-
culate the signed co-expression similarity, and the adjacency matrix
was calculated using a soft-thresholding power of 6. Co-expression
module detection used a dynamic tree cut algorithm limited to a
minimum module size of 30 genes and a cut height of 0.25 for module
merging. The Pearson correlations were calculated to quantify asso-
ciations between module eigengenes and the features exposure and
time, and the function corPvalueStudent calculated the asymptotic p-
value for the given correlations. The DAVID Bioinformatics Database
(version DAVID 2021) was used for functional annotation analysis of
the biological processes associated with genes contained in the mod-
ule most highly correlated to exposure'*'¢3,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Next-generation sequencing data generated in this study have been
deposited in Gene Expression Omnibus under accession code
GSE234633. Other data generated in this study are provided in the
Supplementary Information. Source data are provided with this paper.
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