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ARTICLE INFO ABSTRACT

Edited by Richard Handy The ovarian reserve consists of a limited supply of primordial follicles (PFs), each containing an oocyte sur-

rounded by a layer of granulosa cells (GCs). PFs are relatively quiescent and must remain viable for a long period,

Keywords: thereby making them susceptible to environmental and lifestyle influences. Given the widespread prevalence of
lglcotme e-cigarette use, this study aimed to investigate the effects of nicotine and its metabolite cotinine in a mouse
vary

model and to elucidate the mechanisms by which nicotine influences the ovarian reserve. Neonatal ovaries were
cultured for 7-days in nicotine or cotinine reflective of concentrations in plasma of e-cigarette users. From
histological evaluation, nicotine or cotinine had no impact on the number of PFs or early growing follicles;
however, the medium (15 ng/ml) and high (45 ng/ml) concentrations of nicotine (but not cotinine) caused a
small reduction in oocyte and GC size within PFs relative to controls (0 ng/ml; both P<0.01). These morpho-
logical effects were not associated with changes in immunofluorescent markers of apoptosis (active caspase-3) or
proliferation (Pcna), but were associated with increased gH2AX in PF oocytes, indicative of DNA damage and
repair. RNA-sequencing of cultured ovaries exposed to nicotine (45 ng/ml) relative to control (0 ng/ml), revealed
a suite of differentially expressed candidates, as well as numerous gene ontology biological processes associated
with increased DNA damage, metabolism, respiration and immune function, alongside suppression of meiosis,
cell adhesion, differentiation and morphogenesis. Findings from this study indicate that direct nicotine exposure
has a limited effect on the quantity of PFs, but importantly highlights a range of processes that could impinge on
the quality of the ovarian reserve.

Ovarian reserve
Primordial follicle
Oocyte

Granulosa cells

1. Introduction It has long been established from epidemiological studies that

women prenatally exposed to cigarette smoke have reduced fecundity

The ovarian reserve is a term that refers to the population of small,
non-growing and non-renewable, primordial-staged follicles in the
ovary (Findlay et al., 2015). Each primordial follicle (PF) consists of a
meiotically-arrested oocyte enveloped by a single layer of squamous
granulosa cells. In humans, PFs form in the fetal ovary during
mid-gestation, whereas the equivalent process occurs in mice during the
first few days after birth (Tingen et al., 2009). To maintain reproductive
function over time, PFs must remain viable in this arrested state until
recruited for development. However, long-term preservation pre-
disposes them to the ageing process as well as harmful influences from
the environment. Thus, lifestyle choices of the individual can signifi-
cantly impact the quality and quantity of the ovarian reserve.

(Weinberg et al., 1989). Furthermore, women who smoke, as well as
their female offspring, tend to enter menopause early, suggesting a
possible effect on the ovarian reserve (Di Prospero et al., 2004, Harlow
and Signorello, 2000, Oboni et al., 2016). Indeed, studies in rodents
have shown that direct exposure to cigarette smoke leads to a significant
reduction in the number of PFs (Li et al., 2020, Li et al., 2022, Sobinoff
et al., 2013, Tuttle et al., 2009). In addition, exposure to products of
cigarette combustion such as benzo(a)pyrenes and polycylic aromatic
hydrocarbons, also cause PF loss, which occurs through
apoptosis-initiated or autophagy-related mechanisms (Furlong et al.,
2015, Gannon et al., 2012, Jurisicova et al., 2007, Li et al., 2020, Tuttle
et al., 2009).
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Chemicals from cigarette smoke (of which there are >4000) have
been extensively studied in a range of biological systems due to their
known carcinogenic properties and general negative effects on health.
This has prompted a recent shift in consumer demand for less harmful
alternatives such as e-cigarettes (Farsalinos et al., 2015, Lindson et al.,
2024). Recent meta-analyses and surveys indicate a worldwide increase
in e-cigarette usage, particularly among teenagers and young adults
(Hammond et al., 2020, Tehrani et al., 2022). Although it is generally
accepted that e-cigarettes are less harmful than tobacco cigarettes, the
effects of chronic ingestion of nicotine and metabolised products, on
reproductive health are still not well understood.

In mouse models, nicotine exposure around the perinatal period
causes a delay in PF formation, often accompanied by elevated markers
of oxidative stress, DNA damage and autophagy-related genes (Liu et al.,
2020, Liu et al., 2021, Wang et al., 2018). Similar findings have been
reported in human fetal ovaries exposed to nicotine in vitro, leading to a
large reduction in germ cell number and increased evidence of apoptosis
(Cheng et al., 2018). Limited studies have also reported a
nicotine-induced reduction in PF number; however, the molecular
mechanisms accounting for this loss are unclear, since markers for
proliferation or apoptosis in the granulosa cells or oocytes of PFs
exposed to nicotine were unchanged relative to controls (Faghani et al.,
2022, Sezer et al., 2020). Therefore, the extent to which nicotine affects
the ovarian reserve and the mechanisms by which it does so remain
unclear.

Nicotine exerts its effects by binding and activating nicotinic
acetylcholine receptors (nAChRs). Mature nAChRs are composed of
specific nAChR sub-types arranged to form a functional pentameric re-
ceptor (Albuquerque et al., 2009). It is now recognized that these re-
ceptors are commonly expressed in a wide range of cell types outside of
the nervous system including granulosa cells and oocytes of primordial
follicles (Cheng et al., 2018, Liu et al., 2020, Mourikes et al., 2024, Wang
et al., 2018). Approximately 70 %-80 % of nicotine in humans is
metabolised by the liver enzyme Cytochrome P450 2A6 (CYP2A6) to
cotinine (Dempsey et al., 2002). In humans, cotinine has been detected
in granulosa cells and follicular fluid of mature follicles (Zenzes et al.,
1997, Zenzes and Reed, 1998), indicating that cotinine can access the
ovary and potentially exert effects locally. Cotinine has the ability to
bind and activate nAChRs (Dwoskin et al., 1999); however, whether
cotinine has any effect on the ovarian reserve is currently unknown.

Although nicotine can have a profound impact on the formation of
the ovarian reserve, it is not clear whether nicotine and cotinine can
directly affect the quality and quantity of PFs once they are formed. To
address this question, this study utilised postnatal day 4 (PND4) mouse
ovaries as an in vitro model to investigate the direct effects of these
compounds on PFs and to elucidate the mechanisms of action through
transcriptomic analysis using RNA-sequencing.

2. Materials and methods
2.1. Animals and tissues

Wild-type C57BL/6 mice were used in accordance with UK Home
Office regulations and adherence to the Animals (Scientific Procedures)
Act (1986). Animals were killed using Schedule 1 procedures by a
trained and registered practitioner at the University of Sheffield. For all
culture experiments, postnatal day 4 (PND4) mice were used due to the
small size of the ovaries and the preponderance of primordial follicles
(Fenwick et al., 2011). Reproductive tracts were dissected from mice
and placed in warmed Liebovitz L-15 medium (Gibco, ThermoFisher)
containing 1 % (w/v) bovine serum albumin (BSA; Sigma-Aldrich) prior
to further microdissection. For qPCR analysis of nAChR transcripts,
ovaries (n) were retrieved from juvenile mice under a dissection mi-
croscope (PND4, n=6; PND8, n=5; PND16, n=6) and immediately
frozen in liquid nitrogen and stored at —80°C prior to RNA isolation.
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2.2. RNA isolation, cDNA and qPCR

Total RNA was isolated from ovaries of juvenile mice or ovaries
cultured in different concentrations of nicotine using Qiagen RNeasy
micro kits, which includes a DNase digestion step (Qiagen, Crawley,
UK). RNA concentration and integrity were measured using an Agilent
2100 Bioanalyser (Agilent Technologies Inc., CA, USA) and 50 ng of
each sample was converted to cDNA using SuperScript IV First Strand
Synthesis kit (Invitrogen, ThermoFisher, Cheshire, UK). One pl of cDNA
was added to a reaction of KAPA SYBR Fast (Sigma-Aldrich, Dorset, UK),
400 nM gene specific primers (Suppl. Table 1) and nuclease free water in
duplicate in a 384-well plate. Reaction conditions were set to 40 cycles
of denaturation (95°C), annealing (58-60°C) and extension (72°C) as
per reagent guidelines (KAPA) in a 7900HT Fast Real-Time PCR machine
(Applied Biosystems). Technical replicates, amplicon-specific melt
curves and no-template (negative) control samples were evaluated for
quality control purposes. Relative fold changes between groups were
determined using the 2788CT hethod (Livak and Schmittgen, 2001) using
Hprtl (Suppl. Table 1) as the internal reference for the uncultured
ovaries or a commercially designed primer pair targeting Atp5b (Pri-
merDesign, Southampton, UK) for the cultured ovary samples.

2.3. Neonatal ovary culture

PND4 ovaries were cleanly micro-dissected and positioned on
permeable membrane inserts in 24 mm Transwell® plates (Corning,
ThermoFisher) beneath the meniscus of the culture medium (3 per well).
Culture medium consisted of Waymouth medium 752/1 (Life Technol-
ogies) supplemented with 10 % (v/v) fetal bovine serum (ThermoFisher
Scientific), 0.23 mM pyruvic acid (Sigma), 10 ug/ml streptomycin sul-
phate (Sigma), 75 pg/ml penicillin G (Sigma) and 0.3 mg/ml BSA as
used previously (Eppig and O’brien, 1996, Granados-Aparici et al.,
2019). Ovaries were exposed to racemic nicotine (N0267; Sigma) or
cotinine (C5923; Sigma) using concentrations consistent with published
plasma levels from e-cigarette users (Dawkins and Corcoran, 2014,
Farsalinos et al., 2015, Flouris et al., 2013, Vansickel and Eissenberg,
2013). Specifically, 5 ng/ml was considered as a low concentration of
nicotine, 15 ng/ml was considered medium concentration and 45 ng/ml
was considered a high concentration. For cotinine, 12 ng/ml, 60 ng/ml
and 300 ng/ml were considered as low, medium and high concentra-
tions, respectively. No nicotine or cotinine was added to control groups.
All ovaries were maintained for 7 days at 37°C with 5 % CO2 with full
media changes every second day. At the end of culture, ovaries were
rinsed in PBS before immersing for 2 h in 10 % neutral buffered formalin
(Sigma) for fixation or immediately frozen in liquid nitrogen and stored
at —80°C for downstream RNA analyses.

2.4. Immunostaining and imaging

Fixed ovaries were processed and embedded in paraffin, serially
sectioned (5 um) and mounted on positively charged slides (Superfrost
Plus®, ThermoFisher). Approximately 15-20 sections were obtained
from each cultured ovary and a single section near the centre of the
ovary was selected for staining with each of the antibodies listed below.
The number of ovaries cultured and processed for immunostaining
totalled 6, 7, 7, 7 for 0, 5, 15, 45 ng/ml nicotine groups, respectively and
9,9,9,8for0, 12, 60, 300 ng/ml cotinine groups, respectively. Sections
were dewaxed, rehydrated through decreasing concentrations of ethanol
prior to heating for 4x5 mins in 0.01 M citrate buffer (pH 6.0) for an-
tigen retrieval. After washing in PBS, CAS-Block® universal blocking
solution (ThermoFisher) was applied to sections for 15 minutes at room
temperature to reduce non-specific binding. Specific antibodies against
Smad2/3 (0.25 pg/ml, 133098, Santa Cruz Biotechnology, TX, USA),
Ddx4 (4 pg/ml, ab13840, Abcam, Cambridge, UK), active caspase-3
(1:200 dilution, 9664, Cell Signalling Technology, Leiden, The
Netherlands), Pcna (0.4 pg/ml, PC10, Santa Cruz Biotechnology), and
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gamma H2ax (1 pg/ml, NB100-384, Novus Biologicals, CO, USA) were
diluted in CAS solution and applied to sections overnight at 4°C in a
humidified chamber in accordance with previous studies (Fenwick and
Hurst, 2002, Hardy et al., 2018). Within each staining protocol, a
negative control mouse IgG (I-200; Vector) or rabbit IgG (I-1000; Vec-
tor) was added to a section at the equivalent concentration of the spe-
cific primary antibody used. For double labelling, both primary
antibodies or control IgGs were incubated together. Sections were
washed 3x10 mins in PBS and incubated with secondary antibodies at
1:400 dilution (either donkey anti-mouse or rabbit AlexaFluor® 555,
A32790/A32773) or donkey anti-rabbit AlexaFluor® 488, A21206;
Invitrogen) for 45 minutes. Sections were mounted with aqueous
anti-fade (Prolong® Gold; Invitrogen) with DAPI and coverslipped.
Images were obtained with a Leica inverted SP5 confocal laser-scanning
microscope (Leica Microsystems, Wetzlar, Germany) using an
oil-immersion 40x objective. The tile scan function allowed images
across each section to be digitally stitched together to create a
high-resolution composite. Laser power and gain/offset settings were
kept consistent within each immunofluorescence experiment where the
objective was to quantify staining intensity.

2.5. Follicle classification, morphology measurements and quantification
of staining

For morphological analyses and quantification of staining, a single
mid-section was analysed from an ovary from each of the nicotine
treated and cotinine treated groups. Confocal images were imported into
ImageJ software (https://imagej.nih.gov/ij/) and follicles were selected
for measurement if a clearly identifiable oocyte nucleus was evident
(using Ddx4 as a cytoplasmic oocyte marker). Follicles were classified on
the basis of the number of GCs surrounding the oocyte, as facilitated by
the GC-specific stain, Smad2/3 (Granados-Aparici et al., 2019, Hardy
et al., 2018). Primordial follicles consisted of 1-3 flat GCs surrounding
the oocyte, transitional follicles contained 4-7 GCs that were either all
flat, or a mixture of flat and cuboidal morphology. Follicles with >7 GCs
surrounding the oocyte, regardless of morphology or number of GC
layers were considered to be growing (Granados-Aparici et al., 2019).
For each classified follicle, oocyte area and follicle area were manually
determined using the measure function in ImageJ by tracing around the
oocyte and basement membrane, respectively. GC area was derived as
the difference between the two. To quantify Pcna expression, images
were converted to an 8-bit RGB stack file and a consistent threshold was
applied across all images that matched the staining, yet enabled pixels to
be defined as positive/negative in the red (Pcna) channel. The blue
(DAPI) channel was used to identify GC nuclei and the proportion of
Pcna-positive GCs per follicle was determined. To quantify gH2ax
expression in oocytes, the area of the oocyte nucleus was measured from
the blue (DAPI) channel and the mean pixel intensity of the corre-
sponding green (gH2ax) channel was recorded. Intensity measurements
were taken from the same oocyte cytoplasm and subtracted from the
mean nuclear intensity in order to generate a normalised nuclear in-
tensity value for each oocyte. Each protein was analysed in different
sections to accommodate the different staining protocols. For all ex-
periments, all follicles were numbered consecutively for analysis to
avoid double-counting and all images were independently coded (blin-
ded) to the observer to avoid bias.

2.6. RNA-seq library preparation

Total RNA was isolated from individual cultured ovaries (n) using
RNeasy Micro Kits (Qiagen), which included a DNA digestion step.
Concentration of each RNA sample (n=6 controls and n=6 exposed to
45 ng/ml nicotine) was assessed using a Qubit Fluorometer and RNA
High Sensitivity (HS) Assay Kit (ThermoFisher). RNA-seq libraries were
generated using NEBNext Ultra Directional RNA Library Prep Kit with
NEBNext Poly(A) mRNA magnetic isolation beads and NEBNext
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Multiplex Oligos for [llumina according to manufacturer’s instructions
(New England Biolabs, Herts, UK). Briefly, cDNA was reverse tran-
scribed from >50 ng RNA and whole transcriptome amplification was
carried out. Amplified cDNA products were purified using Mag-Bind
Total Pure NGS beads (VWR) and quantified using Qubit dsDNA HS
assay kit (ThermoFisher). Samples were pooled for 100 bp single end
lane sequencing on a P3 NextSeq 2000 sequencer (Illumina).

2.7. RNA-seq analysis

Raw sequencing data were demultiplexed and uploaded to Galaxy
(http://usegalaxy.org). Each data file was quality checked using the
FastQC protocol and adapter sequences removed using CutAdapt.
Trimmed sequences were converted into Sanger reads using FastQ
Groomer and aligned to the mouse mm10 genome using the HISAT2
tool. A mean of 86.8 % (control) and 87.4 % (nicotine) reads uniquely
mapping and mean of 32936003 (control) and 30320593 (nicotine)
reads/sample were generated. RNA quantification was determined with
HTSeq Count and RNA read counts were normalised by RNA length
(reads per kilobase; RPK) and then by read depth (transcripts per
million; TPM). Normalised HTSeq Counts (reads per kilobase per million
mapped reads; RPKM) were used to perform differential gene analysis by
DESeq2 where values were evident in all samples across one or both
groups (Suppl. Table 2). Gene Set Enrichment Analysis (GSEA) was
undertaken using the GSEA R Package (Suppl. Table 3). The normalised
HTSeq Count data was ranked by fold change and tested using a pre-
defined set of genes (genes sharing the same GO category) to deter-
mine if the members of the defined list were scattered throughout the
ranked HTSeq Count data or were located primarily at the extremes of
this list. An enrichment score was calculated which reflects the extent to
which the predefined set of genes was overrepresented at the extremes
of the ranked list, the significance of this enrichment score was adjusted
to account for multiple testing.

2.8. Statistical analysis

All quantitative data from imaging and qPCR were initially tested for
normality using a Kolmogorov-Smirnov test. Imaging outputs were
subjected to a Kruskal-Wallis with a Dunn’s post-hoc test, and qPCR data
were subjected to an ANOVA with a Tukey’s post-hoc test. All statistical
analyses for imaging and qPCR were carried out using GraphPad Prism
(v10). Differences between groups were considered significant if
P<0.05. For RNA-seq data, differential expression and GSEA were
analysed in R as described. Outputs were considered significant where
the adjusted p-value (false discovery rate; FDR) <0.05.

3. Results
3.1. Expression of nAChR transcripts in neonatal mouse ovary

Five candidate nAChR genes were analysed in ovaries obtained from
PND4, 8 and 16 mice.

Mean levels of the alpha-type receptor transcripts, including Chrna4,
Chrna5 and Chrna7 were all significantly decreased in PND8 and PND16
ovaries relative to PND4 (Fig. 1A). Similarly, for the beta-type receptors,
Chrnb2 was lower in PND16 ovaries and Chrnb4 was lower in both PND8
and PND16 ovaries relative to PND4 (Fig. 1B). Since levels of all nAChR
transcripts exhibited a relative decrease in older ovaries, expression of
anti-Miillerian hormone (Amh) (which is negligible in PFs and highly
expressed in early growing follicles (Durlinger et al., 2002)), was also
analysed as a sample validation control. The mean level of Amh was
significantly increased in PND8 and PND16 ovaries relative to PND4
(Fig. 1B). The findings that nAChR transcripts are relatively increased in
PND4 ovaries densely populated with PFs suggests that nicotine sig-
nalling is plausible in these tissues.
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Fig. 1. Relative expression of nAChR transcripts in immature mouse ovaries.
RNA was isolated from whole mouse ovaries at PND4, PND8 and PND16 and
analysed by qPCR. A) Expression of alpha-type nAChR transcripts — Chrna4,
Chrna5, Chrna7. B) Expression of beta-type nAChR transcripts — Chrnb2, Chrnb4
alongside Amh as a sample validation control. All data was normalised to the
internal reference transcript Hprtl. Individual points represent an individual
ovary. Bars are means + 95%Cl *P<0.05, **P<0.01, ***P<0.001,
**%%P<0.0001 — Tukey’s multiple comparisons test.

3.2. Effect of nicotine and cotinine on morphology of primordial and early
growing follicles

Next, neonatal (PND4) mouse ovaries were cultured in a range of
concentrations of nicotine or cotinine for 7 days. Localisation of the
oocyte-specific protein Ddx4 alongside the granulosa cell-expressed
proteins Smad2/3 facilitated identification and staging of follicles for
morphometric analysis within a single mid-section from each ovary.
Follicles were selected for measurement when a clearly identifiable
oocyte nucleus was visible (Fig. 2A). A total of 1671 follicles were
measured across 27 ovaries for the nicotine experiment and 1189 folli-
cles were measured across 35 ovaries for the cotinine experiment (Suppl.
Tables 4-5). Although serial sections were generated, it was not possible
to determine absolute number of follicles under each of the treatment
conditions due to the variable quality of sections obtained. However,
based on the number of eligible follicles sampled from a single mid-
section from each ovary, there were no differences between the num-
ber or proportion of primordial, transitional or growing follicles be-
tween treatment groups for nicotine or cotinine (Fig. 2B-E).

Next, the area (um?) of all sampled follicles exposed to different
concentrations of nicotine was measured. All follicles sampled were
manually classified as either primordial (non-growing), transitional, or
early growing. When the effect of nicotine was analysed within these
follicle stages, the mean overall size of primordial follicles was reduced
in ovaries exposed to 15ng/ml and 45 ng/ml relative to controls
(P<0.001), but not in the 5 ng/ml group. Likewise, the mean overall size
of transitional follicles was reduced in ovaries exposed to 15 ng/ml and
45 ng/ml relative to controls (P<0.05), but not in the 5 ng/ml group.
Nicotine had no observable effects on the mean size of early growing
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follicles (Fig. 3A).

To determine the cell-specific effects of nicotine in small follicles,
individual GC and oocyte compartments were analysed. The mean GC
area was reduced in primordial follicles exposed to 15 ng/ml and 45 ng/
ml nicotine (P<0.01 vs control), but not in the 5 ng/ml group. Likewise,
the mean GC area was reduced in transitional follicles exposed to 45 ng/
ml nicotine (P<0.01 vs control), but not in the 5ng/ml or 15 ng/ml
groups. Nicotine had no observable effects on the mean GC area of early
growing follicles (Fig. 3B). Similar to GCs, the mean oocyte area was
reduced in primordial follicles exposed to 15ng/ml and 45 ng/ml
nicotine (P<0.01 vs control), but not in the 5 ng/ml group. Likewise, the
mean oocyte area was reduced in transitional follicles exposed to 15 ng/
ml and 45 ng/ml nicotine (P<0.01 vs control), but not in the 5 ng/ml
group. Nicotine had no observable effects on the mean oocyte area of
early growing follicles (Fig. 3C).

In comparison, when sections were analysed from ovaries exposed to
cotinine, none of the concentrations (0-300 ng/ml) caused any
observable effect on the overall follicle area, GC area or oocyte area in
primordial, transitional and growing follicles (Fig. 4A-C). Based on the
observable and significant effects of nicotine but not cotinine on small
follicle phenotype, subsequent analyses focussed on nicotine alone.

3.3. Effect of nicotine on GC proliferation and apoptosis

Pcna was localised in sections of ovaries exposed to different con-
centrations of nicotine to determine the effect on GC proliferation
(Fig. 5A). The proportions of Pcna-positive GCs in primordial, transi-
tional or growing follicles were unaffected by nicotine exposure
(Fig. 5B).

Sections were also stained for active caspase-3 as a marker of
apoptosis. Active caspase-3 was detected in some inter-follicular cells
and a small number of granulosa cells. No staining was observed in any
primordial follicles. One positive oocyte from a transitional-staged fol-
licle was observed in a control section (0 ng/ml nicotine) and one in a
section from the 45 ng/ml nicotine group (Fig. 5C). Given the limited
number of positively stained cells across all sections, active caspase-3
expression was not quantified between the different nicotine concen-
tration groups. Transcript levels of the pro-apoptosis gene Bax, the anti-
apoptosis gene Bcl2 and Amh (expressed in GCs of healthy early growing
follicles), were all unchanged in ovaries exposed to different concen-
trations of nicotine (Fig. 5D).

3.4. Effect of nicotine on oocyte quality

To determine the effects of nicotine on oocyte quality, gH2AX - an
indicator of DNA damage and repair, was localised in sections of
cultured ovaries (Fig. 6A). Exposure to nicotine caused a significant
increase in the intensity of gH2AX in primordial oocytes, at all con-
centrations (P<0.01 vs control). Nicotine had no effect on gH2AX
expression in oocytes of transitional or growing follicles (Fig. 6B).

3.5. Effect of nicotine on gene expression in cultured ovaries

Lastly, RNA-seq was used to analyse the transcriptome of ovaries
cultured for 7 days in the presence or absence of 45 ng/ml nicotine. This
concentration was selected on the basis that it consistently induced a
significant reduction in GC and oocyte area in primordial and transi-
tional follicles (Fig. 3). 11,354 unique transcripts were detected in all
ovaries of either the control (n=6) or nicotine (n=6) groups. From this
sub-set, 68 transcripts were differentially expressed between the two
groups, of which 6 were significantly decreased and 62 were increased
in the nicotine samples relative to the controls (FDR<0.05; Fig. 7A-B).
Differentially expressed (DE) transcripts were manually curated on the
basis of gene ontology biological process (GO BP) and classified
accordingly. Notably, a number of DE transcripts were associated with
DNA damage response, mitosis, differentiation and morphogenesis,
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Fig. 2. Effect of nicotine and cotinine on number and proportion of small follicles from cultured neonatal mouse ovaries. A) Mid-sections of ovaries were labelled
using antibodies against Ddx4 (green) and Smad2/3 (red) to facilitate identification of oocytes and GCs, respectively. Cell nuclei were counterstained with DAPI
(blue). The panel on the right is a magnified image of the yellow inset. Examples of follicles classified as primordial (Pf), transitional (T) and growing (G) as defined in
the methods. B) Number of follicles at each classified stage that met sampling criteria (see methods) from ovaries cultured in different concentrations of nicotine. C)
Proportion of follicles sampled at each stage within each nicotine group. D) Number of follicles at each classified stage that met sampling criteria from ovaries
cultured in different concentrations of cotinine. E) Proportion of follicles sampled at each stage within each cotinine group. Individual points represent an individual

section from a single ovary. All bars are means + 95 %CI.

neuronal activity, RNA processing and transcription, protein binding
and transport, ion homeostasis and transport, immune function and
carbohydrate metabolism among others (Fig. 7C). GSEA, which con-
siders all 11,354 transcripts and assigns a weighting based on fold
change, identified 446 activated and 105 suppressed GO BPs in the
nicotine treated ovaries relative to the controls (Suppl. Table 4). All 551
of these were manually assigned into 24 key themes, with the frequency
of GO BPs within each category listed. Several consistent themes were
identified between the GSEA and DE analysis — additionally revealing
that neuron function and synapse activity, cell morphogenesis and dif-
ferentiation, were suppressed by nicotine exposure. Conversely, bio-
logical processes related to cell stress, RNA processing, lipid metabolism,
immune response and other cell responses were activated. GSEA addi-
tionally identified meiosis, cell adhesion and ECM as being suppressed,
and apoptosis, autophagy, respiration and mitochondrial activity as
activated in nicotine treated ovaries (Fig. 7D). A representative GO BP
from each of these themes was plotted to indicate the relative gene ratios

(Fig. 7E).
4. Discussion

The overall aim of this study was to investigate the effects of nicotine
and cotinine on the ovarian reserve in mice. Transcripts for a range of
nAChRs were expressed in PND4 mouse ovaries densely populated with
primordial follicles, suggesting a mechanism whereby nicotine and/or
cotinine can signal. To study this further, PND4 ovaries were cultured
with either nicotine or cotinine, at a range of concentrations consistent
with published plasma levels of e-cigarette users. Neither nicotine nor
cotinine caused any observable differences in the total number of pri-
mordial, transitional or early growing follicles. Cotinine had no further
observable effects on morphological features of small follicles; however,
with nicotine, a small reduction in GC and oocyte size was observed in
primordial and transitional staged follicles at both 15 ng/ml and 45 ng/
ml. Although this finding was not associated with changes in GC
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Fig. 3. Stage-specific effect of nicotine on size parameters of small follicles from cultured neonatal mouse ovaries. Follicles were classified as primordial, transitional
or growing based on morphological phenotype as described in the methods. A) Effect of nicotine concentration on follicle area. B) Effect of nicotine concentration on
GC area. C) Effect of nicotine concentration on oocyte area. Solid and dashed lines within violin plots indicate medians and interquartile ranges, respectively.
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 — Dunn’s multiple comparisons test.

proliferation or apoptosis, we found nicotine exposure was associated
with elevated gH2AX expression in oocytes of primordial follicles —
suggesting an effect on DNA damage and repair. Using RNA-seq, we
identified 68 transcripts that were differentially regulated in ovaries
exposed to nicotine. GSEA as well as ontological analyses of differen-
tially expressed genes revealed significant associations with biological
processes including elevated DNA damage, respiration and immune
function, alongside suppression of meiosis, cell adhesion, differentiation
and morphogenesis. These processes are likely to impinge on the overall
quality of the ovarian reserve.

Nicotine signals through nAChRs, which are typically expressed in
the central and peripheral nervous system, although their localisation
and activity in other non-neuronal cell types is now more evident
(Albuquerque et al., 2009, Urra et al., 2016). We initially analysed the
expression of common nAChR sub-type transcripts in pre-pubertal
mouse ovaries and found that Chrna4, Chrna5, Chrna7, Chrnb2 and
Chrnb4 were all relatively higher in PND4 ovaries compared with older
ovaries. At PND4, mouse ovaries are densely populated with primordial
follicles, while at PND8 and PND16, successive stages of early growing
follicles predominate, and the proportion of primordial follicles declines
(Fenwick et al., 2011, Granados-Aparici et al., 2019). The relative
decrease of all five nAchR transcripts through these early age groups,
suggests a strong association with primordial follicles. Other recent
studies have also reported expression of these transcripts in fetal and

neonatal mouse ovaries (Liu et al., 2020, Mourikes et al., 2024, Wang
et al., 2018), with further localisation of Chrna4 and Chrna?7 transcripts
and proteins to granulosa cells and oocytes of primordial follicles
(Mourikes et al., 2024). Thus, it is plausible that nicotine can exert direct
effects on primordial follicles through these receptors.

Nicotine is the main ingestible component of e-cigarettes and is
detectable at a range of plasma concentrations in users between 1 and
50 ng/ml (Dawkins and Corcoran, 2014, Farsalinos et al., 2015, Van-
sickel and Eissenberg, 2013). In our study we exposed ovaries in vitro to
a range of concentrations of nicotine considered to be reflective of low
(5 ng/m), medium (15ng/ml) and high (45ng/ml) plasma levels.
Following histological evaluation, we did not observe any differences in
the absolute number or proportion of follicles. Previous studies inves-
tigating the effects of nicotine in neonatal or adult rodents by direct i.p.
administration have observed a slight, but significant reduction in pri-
mordial follicles — although the concentrations used were much higher
(1-5 mg/kg) (Sezer et al., 2020, Wang et al., 2018). By comparison,
Faghani et al. (2022), administered 0.6 mg/kg to adult mice and
although this concentration was still higher than the doses we have used,
there was no observable effects of nicotine on primordial follicle number
in their study. Therefore, it is likely that concentrations of nicotine used
and the time of exposure (7 days) in our study were not sufficient to
induce PF loss.

The lack of any effect of nicotine on PF number is also consistent with
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Fig. 4. Stage-specific effect of cotinine on size parameters of small follicles from cultured neonatal mouse ovaries. Follicles were classified as primordial, transitional
or growing based on morphological phenotype as described in the methods. A) Effect of cotinine concentration on follicle area. B) Effect of cotinine concentration on
GC area. C) Effect of cotinine concentration on oocyte area. Solid and dashed lines within violin plots indicate medians and interquartile ranges, respectively. No
differences were observed between treatment groups for any of the parameters displayed (P>0.05; Kruskal-Wallis).

the limited evidence for apoptosis in cultured ovaries. Active caspase-3,
which is expressed in atretic follicles (Fenwick and Hurst, 2002), was
detectable in a few GCs and a single oocyte and expression of Bcl2/Bax
was unchanged in the nicotine treated groups when compared to con-
trols. In one study, intraperitoneal injection of nicotine in adult rats
caused apoptosis of GCs of growing follicles, but apoptosis was unde-
tectable in PFs (Sezer et al., 2020). In our sequencing analysis, nicotine
caused an increase in Snai2 and Nudt2, genes involved in epithelial —
mesenchymal transition (Casas et al., 2011, Hidmi et al., 2023) along
with Nme3, which has a role in DNA damage and repair (Tsao et al.,
2016). All three genes are also associated with apoptosis regulation
(Bailey et al., 2002, Wu et al., 2005) and GSEA analysis identified 20
significantly activated GO BPs that were attributed to apoptosis and cell
death; however, some of these associations were specifically related to
neurons (Suppl. Table 4). Nicotine has also been shown to promote
autophagy during the period of follicle formation and in somatic cells of
growing follicles (Liu et al., 2020, Liu et al., 2021, Sezer et al., 2020,
Wang et al., 2018, Zhou et al., 2024). Although we did not detect any DE
transcripts associated with autophagy, GSEA identified 5 activated GO
BPs, suggesting autophagy is also evident in our model. Data from the
RNA-seq therefore indicates that cells within the ovaries exposed to
nicotine are poised to execute apoptosis or autophagy; however, given
the lack of evidence for follicle loss, it is also possible that this finding
relates to non-follicular cells.

Interestingly, the medium and high concentrations of nicotine
caused small, but significant reductions in PF and transitional follicle
size. Further analysis revealed that this was due to a reduction in oocyte
size with both concentrations, and additionally a reduction in GC size in
the high concentration group. As GC size was determined from mea-
surements of area, we therefore considered whether there was a change
in GC proliferation. The proportion of Pcna-positive GCs per follicle, as
well as the mean number of GCs per follicle (Suppl. Fig. 1) did not vary
between groups exposed to different concentrations of nicotine within
primordial, transitional and growing follicles. Moreover, levels of Amh,
a proxy indicator of GC number in growing follicles, was also un-
changed. Faghani et al., (2022), similarly did not detect any effect of
nicotine on the proliferative index (measured by Ki67 staining) of GCs in
PFs in adult mice. With the sequencing data, Kif2b, a gene involved in
chromosome segregation in mitotic cells (Shrestha and Draviam, 2013),
was reduced in nicotine treated ovaries and Rprm, known to have a role
in G2 arrest (Ohki et al., 2000) was increased. Aside from this, there was
no indication from the GSEA analysis that cell division or proliferation
was affected by nicotine. It is therefore likely that the observed change
in GC area was due to a reduction in GC compartment size rather than
GC number. It is unclear how this altered phenotype relates to follicle
development, although it is noteworthy that several genes involved in
differentiation and morphogenesis processes were differentially regu-
lated in response to nicotine. For example, Krt80, Setd2 and Speg, which
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Fig. 6. Stage-specific effect of nicotine on oocyte DNA quality in small follicles from cultured neonatal mouse ovaries. A) Sections of ovaries were labelled using
antibodies against gH2AX (green) and Smad2/3 (red; to highlight GCs). Cell nuclei are counterstained with DAPI (blue). B) Effect of nicotine concentration on gH2AX
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number of follicles sampled for each group are indicated in parentheses. **P<0.01, ****P<0.0001 — Dunn’s multiple comparisons test.

have roles in cytoskeletal organisation and Snai2 and Tmem198, which
are both involved in Wnt-regulated cell development were increased
relative to the control group (Casas et al., 2011, Liang et al., 2011).
Manual curation from the GSEA identified numerous GO BPs relating to
cell adhesion and ECM, as well as cell morphogenesis, differentiation
and development (e.g. actin cytoskeleton organisation) that were all
suppressed by nicotine. Thus, nicotine impacts cell development in these

ovaries, although further investigations would be needed to reveal the
follicle-specific targets.

The observed reduction in oocyte size also indicates these cells are
sensitive to nicotine exposure. Interestingly, the increase in gH2AX
staining intensity in oocyte nuclei of PFs provides further evidence of
this. Gamma H2AX is a phosphorylated histone protein that often forms
when double strand breaks appear (Mah et al., 2010). Recent studies
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Fig. 7. Differential expression analysis of the transcriptome of cultured neonatal mouse ovaries exposed to nicotine. Individual ovaries were maintained in normal
culture media either in the absence (control; n=6) or presence of 45 ng/ml nicotine (n=6) for seven days. Samples were processed and analysed by RNA-seq. A)
Volcano plot showing up- and down-regulated transcripts (top 6 in each labelled) in nicotine treated ovaries relative to control. B) Heatmap showing clustering of 68
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have found gH2AX is elevated following nicotine exposure in mouse and
human oocytes undergoing meiotic arrest during follicle formation
(Cheng et al., 2018, Liu et al., 2020). In line with this, we identified
several nicotine-induced transcripts that have roles in DNA damage and
double strand break repair, including the aforementioned Nme3 and
Nudt2, along with Mir34a, Setd2 and Sfr1 (Bailey et al., 2002, Carvalho
et al., 2014, Cerna et al., 2019, Yuan and Chen, 2011). These findings
indicate that exposure to nicotine can impact the integrity of oocyte
DNA and although other ovarian cells may be impacted, it was inter-
esting to note that a significant association relating to suppression of
meiosis was identified by GSEA.

The relative reduction in oocyte and GC size in PFs and transitional
follicles exposed to nicotine could also be related to metabolic and
stress-induced alterations in homeostasis. In particular, the majority of
significant GO BPs from the GSEA related to themes including general
cellular metabolism, stress and inflammation, respiration and mito-
chondrial activity and lipid metabolism, among others. Elevated lipid
peroxidation and altered mitochondrial function has been observed in
rodent GCs exposed to nicotine (Liu et al., 2020, Sezer et al., 2020). The
many GO BPs attributed to cellular respiration and mitochondrial
function in our study indicates that nicotine causes a change in energy
metabolism within the PND4 ovary.

In addition to oocytes and GCs, there are numerous other cell types in
the ovary that may be susceptible to nicotine. The ovary is replete with
nerves that are known to regulate follicle development and steroido-
genesis (Cuevas et al., 2022). The differentially expressed genes asso-
ciated with neuronal activity (Gabrq, Nckipsd, Pcdhbl, Scgn, Sorcs2,
Sybu) as well as the many GO BPs associated with synaptic activity are
unsurprising given the well-established effects of nicotine on neuronal
function (Albuquerque et al., 2009). Likewise, several genes with a role
in immune function were increased in response to nicotine. Although
some of these may be expressed in GCs (e.g. Tlrl; (Xie et al., 2020)),
others, such as Ifna, Skap2 and Trim38 are typically expressed in mac-
rophages and lymphocytes (Hu and Shu, 2017, Swiecki et al., 2011,
Wilmink and Spalinger, 2023); therefore, the effect of nicotine on other
cells that have key roles regulating ovarian function are yet to be
investigated.

As well as nicotine, we also analysed the effect of cotinine on the
ovarian reserve. Cotinine is a product of nicotine metabolism and is
detectable in plasma of e-cigarette users at approximately 1-300 ng/ml
with a half-life of 19-24 h (Benowitz et al., 1983, Flouris et al., 2013). In
humans, cotinine is readily detectable in follicular fluid, indicating this
metabolite can accumulate in the ovary and therefore potentially exert
an influence on surrounding cells (Zenzes et al., 1997, Zenzes and Reed,
1998). In our study we exposed ovaries in vitro to a range of concen-
trations of cotinine considered to be reflective of low (12 ng/m), me-
dium (60 ng/ml) and high (300 ng/ml) plasma levels. Compared with
nicotine, cotinine had no effect on any morphological measures of small
follicles, including oocyte and GC size, and therefore further analyses
were not carried out. Other studies have reported that cotinine has no
effect on steroidogenesis in cultured GCs and theca from a range of
species (Blackburn et al., 1994, Sanders et al., 2002). Cotinine acts as a
weak agonist reported to be 100x less potent than nicotine and exhibits
limited toxicity in a range of cell models (Moran, 2012). Therefore, it is
unlikely that cotinine has a major impact on the ovarian reserve.

In summary, we have used a PND4 mouse ovary as a model to
investigate the effects of nicotine on the ovarian reserve. Although it is
recognised that mouse tissues may respond differently to human, the key
message from this study is that exposure of ovaries over a 7-day period
to nicotine across a range of concentrations consistent with plasma
levels in e-cigarette users leads to subtle, but measurable effects on the
ovarian reserve. In particular, the smallest primordial and transitional
stage follicles are susceptible to nicotine in a way that promotes intrinsic
molecular events that reflect an impact on oocyte quality. Given that
these follicles must remain viable throughout the reproductive lifetime
means that the true impact of nicotine and e-cigarette usage may not be
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realised until these follicles are required to develop and produce steroid
hormones and ultimately yield a high-quality oocyte for ovulation and
fertilisation.
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