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ABSTRACT 

STUDY QUESTION: Does paracetamol (N-acetyl-para-aminophenol (APAP) also known as acetaminophen) interfere with cell division 
and thereby disrupt pre-implantation embryonic development?

SUMMARY ANSWER: Our findings suggest that APAP exposure inhibits cell cycling during pre-implantation development (PID) 
through the reduction of DNA synthesis, potentially resulting in early embryonic loss.

WHAT IS KNOWN ALREADY: It is estimated that 10–40% of all human conceptions fail around the time of implantation. Genetic fac-
tors explain �50% of early embryonic loss, leaving a substantial portion of early losses without a known cause. Smoking and alcohol 
are established risk factors for spontaneous abortion, underscoring the importance of the chemical environment during embryonic 
development.

STUDY DESIGN, SIZE, DURATION: To address the challenges in determining the mechanism of action and the effects of APAP dur-
ing PID, we utilized a range of approaches, including in vitro, ex vivo, and in vivo methods across various models ranging from yeasts 
to human embryos and women of fertile age.

PARTICIPANTS/MATERIALS, SETTING, METHODS: A total of 90 human embryos were exposed in vitro (22 cleavage stage and 68 
blastocyst-stage embryos). Endometrial tissue and uterine fluid were collected from seven women as part of an endometrial scratching 
procedure. Follicular fluid was collected from 26 women during transvaginal ultrasound guided aspiration of the pre-ovulatory follicles. 
All human material was sampled in accordance with relevant guidelines and regulations with consent from the regional scientific ethi-
cal committee of the Capital Region of Denmark and signed informed patient consent given prior to donation. All mouse experiments 
were approved by the Danish Animal Experiments Inspectorate and under EU directive 2010/63/EU on the protection of animals used 
for scientific purposes. The cultivation of the human embryonic stem cell lines H1 and HUES4 was conducted in compliance with rele-
vant guidelines and regulations, following approval from the regional scientific ethical committee of the Capital Region of Denmark.

MAIN RESULTS AND THE ROLE OF CHANCE: After exposure to APAP, we found an unequivocal repression of cell division across all 
used model systems. APAP exposure hindered cell cycle progression, likely by inhibiting ribonucleotide reductase, leading to reduced 
DNA synthesis and accumulation in the S-phase. At concentrations found in the reproductive system of women after standard 
dosing, APAP exposure decreased cell numbers in mouse and human cleavage-stage embryos or caused direct embryonic death. 
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Similar exposure to mouse and human blastocyst-stage embryos resulted in a reduced inner cell mass and decreased DNA 
synthesis, respectively.

LIMITATIONS, REASONS FOR CAUTION: A limitation of the study is the low number of available human cleavage-stage embryos. 
However, the high number of human blastocysts and our translational approach, which demonstrated reproducibility across various 
model systems, partly addressed this limitation. Further studies are needed to confirm the potential association between APAP use 
and pregnancy loss in prospective cohorts.

WIDER IMPLICATIONS OF THE FINDINGS: Our findings indicate that the widely used mild analgesic APAP could contribute to early 
embryonic loss by impairing initial cell divisions. These results suggest that APAP should be used with caution by women attempting 
to conceive. Given that cell division is fundamental to all development, further investigation is now warranted to substantiate these 
findings and to elucidate possible implications for other developmental processes, such as gonadal and brain differentiation.
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Introduction
A considerable percentage of human conceptions are lost before 

birth (Roberts and Lowe, 1975; Wilcox et al., 1988). Data from the 

last decades have shown that an estimated 10–40% of all em-

bryos fail to implant, and an additional 10% of pregnancies are 
likely lost after implantation but before clinical recognition 

(Roberts and Lowe, 1975; Wilcox et al., 1988, 1999; Zinaman et al., 

1996; Wang et al., 2003; Jarvis, 2016a,b; Foo et al., 2020; Muter 

et al., 2023). Pre-implantation genetic studies have indicated that 

chromosomal abnormalities as aneuploidy contribute to �50% of 

peri-implantation loss (Yang et al., 2012; Iwasa et al., 2023), indi-

cating that environmental factors play a role in the loss of early 

pregnancies (Regan and Rai, 2000; Brown, 2008). Established risk 

factors, such as smoking and alcohol consumption, further un-

derscore the significance of the chemical environment during 

early development (Regan and Rai, 2000). Recent studies have 

also shown that the vaginal microbiota play a role during devel-

opment, especially among certain ethnic groups (Callahan et al., 
2017; Elovitz et al., 2019; Fettweis et al., 2019; Serrano et al., 2019). 

While these studies have yielded novel insights into abortion and 

preterm labor, they do not fully elucidate the risk of early embry-

onic loss within the first weeks of pregnancy.
Over-the-counter mild analgesic paracetamol (N-acetyl-para- 

aminophenol (APAP), otherwise known as acetaminophen) is the 

active pharmaceutical ingredient in more than 600 different 

medications used to relieve mild to moderate pain and reduce fe-

ver (Bauer et al., 2021). APAP is widely used by women of repro-

ductive age and during pregnancy, as the compound has been 

considered of minimal risk for use during pregnancy, when used 

as directed (Food and Drug Administration, 2015; Kristensen 

et al., 2016; European Medicines Agency, 2019). Although studies 

have shown that APAP exposure at non-cytotoxic levels inhibits 

cell proliferation, impairs DNA repair, and increases DNA frag-

mentation (Hongslo et al., 1990; Brunborg et al., 1995; Wiger et al., 

1997; Holm et al., 2016; Smarr et al., 2017), up to 65% of pregnant 
women in the USA and an estimated 50% globally use APAP 

(Werler et al., 2005; Servey and Chang, 2014; Masarwa et al., 2018; 

Bertoldi et al., 2020). Moreover, APAP is a frequent pollutant of 

the world’s rivers and waterways (Wilkinson et al., 2022), and 

ubiquitous environmental background exposure to APAP has 

been found in several European countries (Modick et al., 2014; 

Nielsen et al., 2015; Bornehag et al., 2018).

We investigated whether APAP interferes with cell division 
and pre-implantation development (PID). To address the chal-
lenges in determining the mechanism of action and the effects of 
APAP during PID, we utilized a range of approaches, including 
in vitro, ex vivo, and in vivo methods across model organisms and 
humans, spanning from yeasts to human embryos and women of 
fertile age. Our results show that APAP restricts cell proliferation 
via inhibition of DNA synthesis and that exposure during PID 
might disrupt development.

Materials and methods
Fission yeast culture
For growth assessment on solid agar, fission yeast 
(Schizosaccharomyces pombe) strains of indicated genotypes were 
grown overnight in yeast extract liquid medium. Cells were then 
counted, and diluted to 5000, 500, 50, and 5 cells/µl. Five microli-
ters of each dilution were spotted onto rich medium agar plates 
containing 1% (v/v) dimethyl sulfoxide (DMSO) or 1% (v/v) DMSO/ 
APAP and incubated for 3 days at 32�C before photography. The 
growth assessment spot tests were performed as three indepen-
dent experiments. For growth assessment in liquid yeast extract, 
fission yeast strains of indicated genotypes were grown at 32�C in 
the presence of 1% (v/v) DMSO or 40 mM APAP/1% (v/v) DMSO 
and were monitored by triplicate cell counting using a 
NucleoCounter® NC-3000TM (ChemoMetec, Lillerød, Denmark) as 
described by the manufacturer. Doubling time was calculated as-
suming exponential growth. Samples for DNA content were fixed 
in 70% (v/v) ethanol, washed in 20 mM EDTA, and treated with 
RNAse A overnight before staining of the DNA with CytoxGreen 
and analysis of cellular DNA content using the NucleoCounter® 

NC-3000TM (ChemoMetec, Lillerød, Denmark) as described by the 
manufacturer.

Molecular docking
Docking was done using a machine learning-based molecular 
docking software DiffDock (Corso et al., 2022) to investigate the 
binding interactions of APAP with the β-RNR from S. pombe 
(UniProt ID: P36603). The structure of the β subunit was predicted 
in silico using AlphaFold3 including iron atoms as cofactors. The 
structure was solved in silico using AlphaFold3 (Abramson et al., 
2024) including iron atoms as cofactors. The DiffDock algorithm 
utilized its diffusion model and score-based generative approach 
to predict the optimal binding pose. The ligand with the lowest 
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conformational energy (indicating the highest affinity), as judged 
by the smina minimized affinity score, was chosen as the most 
stable binding pose of APAP. The protein–ligand binding interac-
tions were visualized in 2D interaction diagram using PoseView 
(Stierand et al., 2006).

Human cell culture
Cell culture
HEK293 cells were cultured in high glucose Dulbecco’s modified 
Eagle’s medium (Thermo Fisher Scientific, Waltham, MA, USA) 
supplemented with 10% (v/v) fetal bovine serum (Thermo Fisher 
Scientific, Waltham, MA, USA) and 1% (v/v) penicillin–streptomy-
cin. The cells were kept at 37�C in a humidified 5% CO2 incubator 
and cultures beyond passage 25 were discarded. The human em-
bryonic stem cell (hESC) lines H1 (WA01, WiCell; RRID: 
CVCL_9771) and PDX1EGFP/þ HUES4, acquired from our facility 
(Ameri et al., 2017), were cultured in DEF-CS culture media 
(Takara Biosciences, San Jose, CA, USA) according to the manu-
facturer’s guidelines. The culture medium was changed daily, 
and cells were passaged every 2–3 days using TrypLE Express 
Enzyme (Thermo Fisher, Waltham, MA, USA). All cell cultures 
were maintained in a humidified incubator at 37�C with 5% CO2. 
Culturing the hESC lines H1 and HUES4 was done in accordance 
with relevant guidelines and regulations and after consent from 
the regional scientific ethical committee of the Capital Region of 
Denmark (protocol nr.: H-21043866; appendix 94634).

Cell- and viability count
HEK293 cells were plated in 60 mm petri dishes (�20% conflu-
ency) and HuES4 and H1 cells were seeded in 12-well cell culture 
dishes with a density of 15 000 cells per well. After 24 h of set-
tling, cells were treated with either DMSO (control) (Sigma/ 
Merck, Darmstadt, Germany) or APAP (HEK293: 500 µM, HuES4 
and H1: 200 µM), for 24, 48, or 72 h. To detach the cells, Trypsin or 
TrypLE Express Enzyme (Thermo Fisher, Waltham, MA, USA) was 
used. The cells were then centrifuged at 250g for 5 min, resus-
pended in 1 ml of culture medium, and counted. HuES4 and H1 
cell counting was performed on quadruplicate technical replicate 
wells. The counting process was performed with Via1- 
CassettesTM (ChemoMetec, Lillerød, Denmark) and a 
NucleoCounter® NC-200TM (ChemoMetec, Lillerød, Denmark) au-
tomated cell counter following the manufacturer’s protocol and 
resulted in measurement of total number of cells and the per-
centage of viable cells. All three cell lines were analyzed at 
a�80% confluency to avoid restricted growth and to ensure that 
the analyses were performed on cells within their exponential 
growth phase.

Flow cytometric analysis of HEK293, HuES4, and H1 
cell lines
HEK293, HuES4, and H1 cell lines were plated and left to settle 
for 24 h prior to treatment with control (DMSO) or APAP (HEK293: 
500 µM; HuES4 and H1: 200 µM) for 48 h. The cells were detached, 
fixed by slowly adding ice-cold 70% (v/v) ethanol while gently 
vortexing the tube, and left overnight in the fridge at 4�C. After 
centrifugation and removal of the supernatant, the pellet was 
resuspended in PBS containing 0.25% (v/v) Triton X-100 and incu-
bated on ice for 15 min to permeabilize the cells. The cell pellet 
was then incubated for 30 min in the dark at room temperature 
(RT) with PBS containing 10 µg/ml RNase A (diluted from a stock 
10 mg/ml RNase A (Sigma/Merck (R-5000), Darmstadt, Germany) 
in 10 mM Tris pH 7.5, 10 mM MgCl2) and 20 µg/ml propidium io-
dide (diluted from a stock 3.6 mg/ml propidium iodide (Sigma/ 
Merck, Darmstadt, Germany) in DMSO). After DNA staining, the 

cells were loaded and analyzed on a FACSverse multicolor flow 
cytometer using the FACSuite software (BD Bioscience, San Jose, 
CA, USA). Cells were gated according to forward-scatter/side- 
scatter (FSC/SSC) principles, followed by an FSC-A/FSC-H to en-
sure the analysis of single cells. Approximately 6000–10 000 cells 
were analyzed per condition. For an unbiased analysis of the cell 
cycle profile the Flowing Software 2.5 (Turku Bioscience Centre, 
Turku, Finland), automated cell cycle tool was used to define the 
distribution of cells within the different cell cycle stages, G1/G0, 
S, and G2/M. All three cell lines were harvested at a 70–80% con-
fluency to avoid restricted growth and to ensure that the analy-
ses were performed on cells within their exponential 
growth phase.

DNA replication analysis
Click-iT® Plus 5-ethynyl-20-deoxyuridine (EdU) Pacific Blue® Flow 
Cytometry Assay Kits (Thermo Fisher Scientific, Waltham, MA, 
USA) were used to measure de novo DNA synthesis according to 
the manufacturer’s protocol. Briefly, HEK293, HuES4, and H1 cell 
lines were plated and left to settle for 24 h prior to treatment 
with control (DMSO) or APAP (HEK293: 500 µM; HuES4 and H1: 
200 µM) for 3 h with the addition of 10 µM EdU for the final 2 h. 
Cells were loaded and analyzed on a FACSverse multicolor flow 
cytometer using the FACSuite software (BD Bioscience, San Jose, 
CA, USA). Cells were gated according to FSC/SSC principles, fol-
lowed by an FSC-W/FSC-H to ensure the analysis of single cells. 
The cell cycle profiling setup was initially validated using 
HEK293 cells exposed to L-Mimosine (Sigma/Merck, Darmstadt, 
Germany), an effective inhibitor of S-phase entry (see 
Supplementary Fig. S1). Approximately 6000–10 000 cells were 
analyzed per condition. For the detection of EdU Pacific Blue®, a 
405-nm excitation filter with a violet emission filter (448/45) 
was used.

High-resolution mass spectrometry of APAP metabolites
Media samples from HEK293 cells cultured for 72 h with 500 µM 
APAP or control (DMSO) were prepared as described previously 
(David et al., 2021). Briefly, media samples (100 µl) were diluted to 
1 ml of HPLC grade water, acidified with 1% (v/v) formic acid, and 
extracted using Strata-X SPE (Phenomenex, Le Pecq, France). 
Extracts were analyzed on a Bruker timsTOF Pro2 with the VIP- 
HESI source, interfaced with a Bruker Elute2 chromatographic 
system (Bruker Daltonik, Bremen, Germany). Compound chro-
matographic separation was achieved using an ACQUITY UPLC 
HSS T3 (Waters Technologies, Saint Quentin, France) (1.8 µm 
2.1 × 150 mm) maintained at 40�C. Injection volume was set at 
2 µl. Flow rate was set at 300 µl/min with mobile phases of 
ultrapure water/0.1% (v/v) formic acid (A) and acetonitrile/0.1% 
(v/v) formic acid (B). The gradient was as follows: 0 min, 99% A 
(0.3 ml/min); 0–10 min, linear from 99% to 45% A (0.3 ml/min); 
10–15 min, linear from 45% to 0% A (0.3 ml/min); 15–20 min, 0% A 
(0.6 ml/min); 20–20.5 min, linear from 0% to 99% A (0.6–0.3 
ml/min); 20.5–23.5 min, 99%A (0.3 ml/min). Source parameters 
were as follows: end plate offset 500 V, capillary tension 3600 V, 
nebulizer pressure 2.2 bars, dry gas 10.0 l/min, dry temperature 
220�C. Data were acquired using a data-dependent acquisition 
(DDA) Parallel Accumulation Serial Fragmentation (PASEF) 
method, in—and þESI modes, with the following parameters: 
m/z range 20–1300, two PASEF scans at 20 and 50 eV, target in-
tensity 4000, intensity threshold 100, active exclusion enabled for 
0.1 min and released after intensity has doubled, calibration with 
sodium formate clusters. To evaluate and control for potential 
background contaminants, one workup sample (i.e. extraction 
with HPLC grade water instead of sample) per analytical batch 
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was prepared and injected. To ensure there was no presence of 
remaining traces in the chromatographic system from previous 
batches, solvent blank samples (acetonitrile/H2O (20:80)) were 
also injected within the analytical batch. A suspect list including 
APAP parent compound and its metabolites (13 in total) found in 
our previous study was screened in all samples (exposed to APAP 
and DMSO controls) (David et al., 2021). The identities of the 
expected APAP metabolites were determined from accurate 
mass, isotopic fit, and fragmentation data obtained from DDA- 
PASEF acquisition and from comparison with standard com-
pounds (David et al., 2021). Metabolite annotation was based on 
recommendations by (Schymanski et al., 2014) (Supplementary 
Table S1). Peak integration of all detected compounds was per-
formed manually using the vendor Bruker-supplied DataAnalysis 
tool to ensure accuracy.

Mouse models
Mouse embryo culture and transfer model
Experiments were performed under license number 2021-15- 
0201-00851 from the Danish Animal Experiments Inspectorate 
and under EU directive 2010/63/EU on the protection of animals 
used for scientific purposes. For the mouse embryo collection 
and ex vivo culture, experiments were performed with inbred 
C57BL/6JRj and outbred CD1 (RjOrl: SWISS) dams as embryo 
donors. For experiments with ex vivo culture and subsequent em-
bryo transfer, inbred C57BL/6JRj females were used as embryo 
donors and outbred CD1 (RjOrl: SWISS) were used as embryo 
recipients. Mice were kept in individually ventilated cages at a 
temperature of 22�C (±2�C), with a humidity of 55% (±10%), under 
12/12-h light/dark cycles. Embryos were harvested from prepu-
bescent (4- to 5-week-old) C57BL/6JRj females. The donor females 
were subjected to a hormone treatment before mating that con-
sisted of an intraperitoneal injection of 5 IU/female of Pregnant 
Mare Serum Gonadotropin (Prospec, Rehovot, Israel,), followed 
47 h later by a second intraperitoneal injection of 5 IU/female of 
hCG (Chorulon Vet, ref. 422741). After the second injection, each 
female was set in cross with a C57BL/6JRj stud male. The follow-
ing morning, mating was monitored by the observation of copu-
lation plugs in the vagina of the females. The day of plug 
detection was considered embryonic day 0.5 (E0.5). Two-cell- 
stage embryos (E1.5) were harvested 1.5 and morulae 2.5 days 
post-coitum (dpc). On the day of dissection, pregnant females 
were sacrificed by cervical dislocation and immediately after the 
oviducts were dissected and placed on a petri dish containing M2 
medium (Sigma/Merck, Darmstadt, Germany, ref. M7167). 
Embryos were flushed out of the oviduct using a blunt 30G needle 
attached to a 1 ml syringe filled with M2 medium. Embryos were 
collected from the eluted medium using a 115 μm diameter glass 
capillary (Retransferpipette, Biomedical Instruments, Z€ollnitz, 
Germany) attached to a mouth-pipetting system (Mouthpipette, 
Biomedical Instruments, Z€ollnitz, Germany) and washed through 
three 50 μl drops of M2 medium. Finally, embryos were moved to 
a fresh petri dish and placed in a 50 µl drop of KSOM medium 
(Embyomax KSOMþAA, Merck Millipore, Burlington, MA, USA, 
ref. MR-106-D) without antibiotics covered by sterile mineral oil 
(NidOil, NordicCell, Copenhagen, Denmark, ref. 90142). Embryos 
were cultured for either 24 or 48 h at 37�C, 5% C02, in KSOM only 
(control groups) or in different concentrations of APAP diluted in 
KSOM. All experiments were performed with APAP dissolved di-
rectly in culture media without any changes in osmolarity (data 
not shown). Light microscopy (LM) images of embryos were taken 
immediately after exposure and before the embryos were fixed in 
4% (w/v) paraformaldehyde (PFA). Experiments involving 

cleavage-stage embryos were conducted separately for 10 and 
25 μM APAP, each with respective controls, in one independent 
experiment. Exposure groups ranging from 50 to 200 μM APAP, 
again with respective controls, were included in a second inde-
pendent experiment. Mouse blastocyst-stage embryo experi-
ments were conducted as two independent experiments with 
appropriate controls.

For embryo transfer to pseudo-pregnant recipient dams, 10- 
to 12-week-old CD1 females in anestrus were stimulated to enter 
the cycle by setting them in cross with vasectomized CD1 males. 
Formation of vaginal plug was monitored every morning for 
3 days. Dams that showed a plug on the third day of breeding 
were selected as pseudo-pregnant females and used to perform 
the embryo transfer of the cultured embryos. The dam was anes-
thetized by an intraperitoneal injection of 20 mg/ml Avertin from 
a stock solution of 1 g Tribromoethanol (VWR chemicals, Radnor, 
PA, USA, ref. ACRO421430500) diluted in 630 µl 2-methyl-2-buta-
nol (Sigma/Merck, Darmstadt, Germany, ref. 240486). One hun-
dred and twenty microliters of this stock were diluted up to 10 ml 
in isotonic saline to obtain the ready-to-use solution at a dose of 
25 µl/g. Depending on the embryonic stage, 10–12 embryos were 
transferred to each oviduct (morula stage embryos) or uterine 
horn (blastocyst-stage embryos) of the pseudo-pregnant dam. 
The embryo transfer was performed according to the standard 
procedure described in (Johnson, 1986). Control embryos were al-
ways transferred to the right oviduct/uterine horn, and APAP- 
exposed embryos to the left oviduct/uterine horn. Eighteen days 
after the transfer (embryonic day E18.5), the pregnant dams were 
euthanized and dissected to count the number of fetuses devel-
oped in each uterine horn.

Mouse pregnancy model
Experiments were performed under license number 2023-15- 
0201-01548 from the Danish Animal Inspectorate and under EU 
directive 2010/63/EU on the protection of animals used for scien-
tific purposes. C57Bl/6JBomTac mice (Taconic, Lille Skensved, 
Denmark) arrived at the animal facility at 7–8 weeks of age. 
Experiments were run in two independent cohorts of 24 females 
and 12 males. Upon arrival, females were housed in 12 boxes of 
two and males six-by-six. Otherwise, housing and environment 
were as described previously (Ernstsen et al., 2021). Mice were ac-
climatized 2 weeks prior to starting the experiments. On the day 
of experiment initiation, one male was introduced to two dams 
in one home cage and the following day (Day 1) APAP administra-
tion was initiated. Female cages were allocated by draw to either 
200 mg/kg/day APAP administrated as a single daily oral gavage 
in tap water or tap water (vehicle control) for a total of 10 days 
(Days 1–10). Females sharing cages received the same treatment 
and dosing based on body weight on Day 0. Males were separated 
from females on Day 5 to avoid further breeding. After end ad-
ministration at Day 10, dams were transferred to clean cages. 
Dams were euthanized on Day 18 and number of fetuses and pla-
cental resorptions counted blindly by two experienced veterinar-
ians. Three controls and two APAP dams were excluded due to 
lack of pregnancy (ctrl 3, APAP 2).

APAP concentrations in female reproductive tract
All materials were sampled at the Copenhagen University 
Hospital, Denmark, Copenhagen Fertility Clinic and TFP Stork 
Fertility Clinic, Denmark, in accordance with relevant guidelines 
and regulations and after consent from the regional scientific 
ethical committee of the Capital Region of Denmark (protocol nr.: 
17003845). All material was anonymized and collected as part of 
standard clinical procedures.
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Follicular fluid
Follicular fluid was collected from a total of 26 women during 
transvaginal ultrasound-guided aspiration of the pre-ovulatory 
follicles. The procedure is part of standard fertility treatment 
with the aim of collecting oocytes, termed oocyte pickup (OPU). 
As a by-product of OPU, follicular fluid is recovered but is rou-
tinely discarded. Each patient scheduled for OPU receive, as part 
of pain-management 1 g of APAP 1 h before OPU. Collected follic-
ular fluids were centrifuged and stored at −20�C until analysis. 
For measurements of APAP concentration in follicular fluid, we 
only evaluated samples without blood contamination collected 
from the first follicle aspirated that was greater than 20 mm in 
diameter (pre-ovulatory).

Endometrial tissue and uterine fluid
Endometrial tissue and uterine fluid were collected from seven 
women as part of an endometrial scratching (ES) procedure. ES 
can be performed as part of fertility treatment to patients with 
recurrent implantation failure and has been suggested to im-
prove chances of implantation (Van Hoogenhuijze et al., 2019; 
Iakovidou et al., 2023). Endometrial tissue and uterine fluid were 
recovered during ES but are routinely discarded. Each patient 
scheduled for ES received as part of pain management 1 g of 
APAP 1 h before the procedure. Following intrauterine placement 
of an inner and outer biopsy catheter, a small amount of suction 
was applied. The inner catheter was removed and brought to the 
laboratory for collection of uterine fluid. A new inner catheter 
was then positioned, and endometrial biopsy/scratching was per-
formed by moving the catheter while applying strong suction 
with a syringe. In the laboratory, the initial inner catheter was 
rinsed with 0.4 ml of sterile saline to recover the approximately 
5–10 µl of uterine fluid collected. Fluid from the first inner cathe-
ter and endometrial tissue from the second catheter were stored 
at −20�C until analysis.

Liquid chromatography–mass spectrometry measurements 
for APAP
For measurements of APAP in follicular fluid, 200 µl aliquots of 
follicular fluid, calibration standards (10 solutions of native APAP 
standard diluted in water in the concentration range from 0.5 to 
2000 ng/ml), and control materials (native APAP spiked in urine 
pool in three different concentrations) were added to 20 µl of in-
ternal standard solution followed by 276 µl NH4Ac-buffer. 
Immediately before enzymatic de-conjugation, all sample 
extracts, calibration, and control materials were combined with 
10 µl of freshly prepared enzyme mixture (ß-glucuronidase from 
Escherichia coli K12, sulfatase from Aerobacter aerogenes, and 
NH4Ac-buffer; 1:1:3), mixed, and incubated at 37�C for 3 h, stored 
overnight at −20�C and then centrifuged (18 213g) at 4�C for 
10 min. Supernatants were transferred to HPLC vials and were 
then ready for analysis.

For uterine fluid and endometrial tissues, APAP was extracted 
from approximately 100 mg of diluted uterine fluid (98.9–120 mg) 
and endometrial tissue (35.2–141 mg) samples following a vali-
dated method for extraction of chemicals (Artacho-Cord�on et al., 
2017). Briefly, samples were mixed with 20 µl of internal standard 
solution (containing 200 ng/ml of APAP-d4 and 100 ng/ml 
13C4-methylumbelliferone including 4-methylumbelliferyl b-D- 
glucuronide and 4-methylumbelliferyl-b-D-sulfate dissolved in 
50% (v/v) methanol), then centrifuged and stored at RT for 
30 min. Samples were submerged by addition of 1 ml acetone and 
mechanically homogenized with a mixer. The mixer was then 
washed with 2 ml methanol per extract, which was collected and 

added to the homogenized extract. Then the extracts were soni-
cated in an ultrasound bath for 10 min. Subsequently, total ex-
tract volumes were reduced to <2 ml each by evaporation under 
a gentle nitrogen stream at RT. Thereafter, tissue residuals were 
removed by transferring the remaining extracts to a 2 ml 
Eppendorf tube followed by storing at −20�C for 15 min and then 
centrifugation (18 213g) at 4�C for 10 min. Supernatants were 
then transferred to new glass tubes, evaporated to dryness under 
a stream of nitrogen, and re-suspended in 496 µl 0.5 M ammo-
nium acetate (NH4Ac) buffer (pH5.5).

The total (free and conjugated) content of APAP in the sample 
extracts was measured by isotope diluted online-TurboFlow- 
liquid chromatography-mass spectrometry (LC-MS/MS) using a 
Thermo Scientific Aria TLX-1 LC system coupled to a TSQ Ultra 
triple quadrupole mass spectrometer equipped with a heated 
electrospray ionization source running in positive mode. The in-
strument was used in combination with Aria operating software 
1.6.3 and Xcalibur 2.1.0.1139 system software (ThermoFinnigan, 
Bellefonte, PA, USA). The TurboFlow-LC systems were equipped 
with a loading column; TurboFlow Cyclone P column, 0.5×50 mm 
(Thermo Scientific) followed by an analytical Gemini-C18 col-
umn, 3 µm particle size, 3×50 mm (Phenomenex). Prepared 
batches were kept on the auto-samplers at 10�C. The injection 
volume was 100 µl. Flow rate and loading and eluting gradients 
were specified for this specific method and the mobile phases 
used were loading solvents; A: 10 nM NH4Ac, B: 0.1% (v/v) formic 
acid in methanol, C: acetone/isopropanol/acetonitrile 10:45:45 
and eluting solvents; A: 3 nM ammonium hydrogen carbonate, B: 
acetonitrile. The method was validated, and limit of detection 
was determined (LOD¼0.48 ng/ml) for urinary APAP as previ-
ously described (Rehfeld et al., 2022) according to the ICH guide-
lines (ICH, 2005). The sample extracts were analyzed in one 
batch, also including standards for calibration curves, three 
blanks, and three times three-spiked urine pool controls followed 
by one batch more with samples diluted to fit the method cali-
bration range. The relative standard deviation in the three con-
trol levels ranged from 2.7% to 7.6%. For the LC-MS/MS analyses, 
native APAP (N-acetyl-4-aminophenol, CAS No. 103-90-2 pro-
cured from Sigma-Aldrich), labeled APAP-d4 (Paracetamol-D4, 
CAS No. 64315-36-2 procured from LoGiCal®) and all other 
reagents and solvents were of analytical, HPLC or MS grade, and 
all chemicals and laboratory equipment were tested for contami-
nation before utilization.

Human embryogenesis experiments
All experiments were performed in accordance with relevant 
guidelines and regulations and conducted at the Copenhagen 
University Hospital—Hvidovre and Copenhagen University 
Hospital—Rigshospitalet, Denmark. Surplus human embryos 
from fertility treatment were donated at Copenhagen University 
Hospital—Rigshospitalet, Copenhagen University Hospital— 
Hvidovre, TFP Stork Fertility Clinic, and Copenhagen Fertility 
Center between the years 2020 and 2023. The study protocol was 
approved by the Research Ethics Committee of the Capital 
Region of Denmark (H-19050437) with signed informed patient 
consent given prior to donation. A total of 22 cleavage-stage em-
bryos and 68 blastocyst-stage embryos were used. All experi-
ments were performed with APAP dissolved directly in SAGE-1- 
Step culture media without any changes in osmolarity (data not 
shown) with gentamicin as an antibiotic. APAP was purchased 
from Sigma Cat. No. A5000 (Sigma/Merck, Darmstadt, Germany) 
for these experiments and all subsequent experiments in 
the study.
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Cleavage-stage embryos
Cleavage-stage embryos were frozen at D2 or D3 after fertiliza-
tion and thawed using a slow freeze protocol (Freezekit and 
ThawKit Cleave Vitrolife, G€oteborg, Sweden) as described by the 
manufacturer (https://www.vitrolife.com/globalassets/support- 
documents/short-protocols/sp_slow_freeze_cryopreservation_ 
Cleavage.pdf). Following thawing, embryos were placed in equili-
brated SAGE 1-Step media (CooperSurgical Fertility Solutions, 
Ballerup, Denmark) drops covered with mineral oil (Origio, 
CooperSurgical Fertility Solutions, Ballerup, Denmark) at 37�C 
under 6% CO2 and 5% O2. Within 2 h after thawing, embryos were 
matched in pairs and allocated to exposure groups (100 or 200 µM 
APAP) or control group according to a prioritized order of the fol-
lowing parameters: (i) female origin (sibling embryos), (ii) female 
age at time of embryo cryopreservation, (iii) time of cryopreserva-
tion (D2 or D3), (iv) and number of blastomeres and morphology 
after thawing. This was done to minimize differences between 
control and APAP-exposed embryos. Experiments were per-
formed using a timelapse incubator (EmbryoScope ESD Vitrolife, 
G€oteborg, Sweden). As the specific cryopreservation time of the 
individual D2 embryos was unknown, the start point depicted in 
time-lapse videos (Videos 1 and 2) were estimates of embryo age 
after fertilization. Cleavage-stage embryo experiments were per-
formed in two independent experiments with 100 and 200 μM 
APAP, along with respective controls.

Blastocyst-stage embryos
Embryos were vitrified at D5 or D6 and subsequently thawed (Vit 
Kit Freeze NX and Vit Kit®-Warm, Irvine Scientific, Santa Ana, 
CA, USA) as described by the manufacturer (https://www.irvi 

nesci.com/media/IrvineScientific/Resources/0/0/002773_warm 
ing_ooctyes_protocol.pdf). One embryo did not survive the vitrifi-
cation and warming process and was therefore excluded from 
the experiments. Embryos were subsequently transferred to a 
pre-equilibrated dish with 25 µl drops of SAGE 1-Step culture me-
dia (CooperSurgical Fertility Solutions, Ballerup, Denmark) and 
cultured at 37�C under 6% CO2 and 5% O2. Within 3 h after warm-
ing, embryos were matched in pairs and allocated to exposure 
groups (100 or 200 µM APAP) or control group according to a prior-
itized order of the following parameters: female origin (sibling 
blastocysts), female age at the time of vitrification, day of vitrifi-
cation (D5 or D6), and morphology post-warming. A maximum of 
12 embryos were warmed per experiment by two experienced 
embryologists to reduce difference in culture time between 
warming and experiment initiation. Morphology was evaluated 
by LM following warming, at start of the experiment, following 
3 h of APAP exposure, and at the end of the 6 h culture period us-
ing the Gardner grading system (Gardner et al., 2000) 
(Supplementary Tables S2 and S3). Blastocyst-stage embryo 
experiments were performed in three independent experiments 
with 100 or 200 μM APAP, along with respective controls.

Whole-mount immunofluorescence staining of human 
blastocyst-stage embryos
Click-iT® Plus EdU Alexa Fluor® 555 Cell Proliferation imaging kit 
(Thermo Fisher Scientific, Waltham, MA, USA) was used to visu-
alize and quantify newly synthesized DNA. APAP was diluted in 
equilibrated SAGE 1-Step media and dishes made with 25 µl cul-
ture media drops with or without APAP (100 or 200 µM) covered in 
mineral oil (Origio, CooperSurgical Fertility Solutions, Ballerup, 
Denmark) and maintained in the incubator for minimum 2 h to 
equilibrate before experiment start. Embryos were exposed to 
100 or 200 µM APAP and control in SAGE 1-Step media for 6 h with 
the addition of 10 µM EdU for the final 3 h. After treatment, the 
embryos were subjected to a modified procedure of the protocol 
from (Wong, 2021) combined with the manufacture protocol of 
the Click-iT® Plus EdU Alexa Fluor® 555 Cell Proliferation imag-
ing kit. In brief, embryos were fixed individually in Millicell® 

(Sigma/Merck, Darmstadt, Germany) cell culture inserts in 4% 
(w/v) PFA (VWR chemicals, Radnor, PA, USA) for 15 min at RT. 
Next, the embryos were washed twice in 3% (w/v) BSA in PBS be-
fore placed in 0.5% (v/v) PBSTr for 20 min at RT. Again, the em-
bryos were washed twice in 3% (w/v) BSA in PBS and placed in 
Click-iT® Plus reaction cocktail for 30 min. The embryos were 
protected from light for the remainder of the protocol and were 
washed once in 3% (w/v) BSA in PBS before being transferred to 
neutralization buffer and incubated for 15 min at RT. Embryos 
were then subjected to washes, primary- and secondary antibod-
ies, and mounted as described under ‘Whole-mount immunoflu-
orescence staining of human and mouse embryos’. Segregation 
between the inner cell mass (ICM) and TE fates was determined 
by the expression of OCT3/4 and CDX2 (Niwa et al., 2005; Niakan 
and Eggan, 2013). A definable ICM was identified by a clear clus-
ter of cells exclusively expressing OCT3/4. An indefinable ICM 
was defined by either no OCT3/4 positive cells, OCT3/4 positive 
cells dispersed throughout the blastocyst-stage embryos with no 
cluster or a cluster of cells expressing both CDX2 and OCT3/4.

Whole-mount immunofluorescence staining of human and 
mouse embryos
The whole-mount immunofluorescence staining of embryos was 
performed following a procedure modified from (Wong, 2021). In 
brief, pre-implantation embryos were fixed in 4% (w/v) PFA (VWR 

Video 2. Paracetamol (N-acetyl-para-aminophenol (APAP)) affects the 
cell number and blastocyst rate of human embryos. Time-lapse video 
of human cleavage-stage embryos cultured with either control media 
(CTRL) or 200 µM APAP. Embryos were thawed at 48 h of development 
and subsequently cultured for an additional 75 h until reaching 123 h of 
development. The cell number in each embryo after 123 h of 
development is indicated in the lower right corner of each video frame.

Video 1. Paracetamol (N-acetyl-para-aminophenol, APAP) affects cell 
number and blastocyst rate in human embryos. Time-lapse video of 
human cleavage-stage embryos cultured with either control media 
(CTRL) or 100 µM APAP. Embryos were thawed at 48 or 72 h of 
development and subsequently cultured for an additional 75 or 51 h, 
respectively, until reaching 123 h of development. The cell number in 
each embryo after 123 h of development is indicated in the lower right 
corner of each video frame.
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chemicals, Radnor, PA, USA) for 15 min at RT with human em-
bryos fixed individually using Millicell® (Sigma/Merck, 
Darmstadt, Germany) cell culture inserts. Next, the embryos 
were placed in 0.5% (v/v) PBSTr (0.5% Triton X-100 (Sigma/Merck, 
Darmstadt, Germany) in PBS) for 20 min at RT and then trans-
ferred to neutralization buffer (1M Glycine in 0.1% (v/v) PBSTr) 
and incubated for 15 min at RT. The embryos were then washed 
three times in 0.01% (v/v) PBSTw (0.01% Tween-20 (Sigma/Merck, 
Darmstadt, Germany) in PBS) for 10 min at RT. After the last 
wash, the embryos were transferred to a well containing blocking 
buffer (3% (v/v) donkey serum and 1% (w/v) BSA (Sigma/Merck, 
Darmstadt, Germany) in PBSTw) and incubated in a humidified 
box containing wet tissue paper at 4�C overnight. The embryos 
were then transferred to primary antibodies diluted 1:200 in 
blocking buffer and incubated for 2–3 days at 4�C. The embryos 
were then washed 3 times in 0.01% (v/v) PBSTw for 10 min at RT. 
The embryos were then transferred to a well with secondary anti-
bodies diluted 1:500 in blocking buffer (DAPI diluted 1:5000 or 
phalloidin diluted 1:100) and incubated, in the dark, at RT for 3– 
4 h. Afterward, the embryos were washed 3 times in 0.01% (v/v) 
PBSTw for 10 min at RT before being transferred to a coated mi-
croscope slide (Dako Agilent, Glostrup, Denmark). The slides 
were left to dry for a few minutes at RT, in the dark, before addi-
tion of 10 μl of mounting medium (90% (v/v) glycerol and 2% (w/v) 
n-propyl gallate in PBS) and mounting with cover glasses (VWR, 
Radnor, PA, USA) (Kiprilov et al., 2008). The cover glass edges 
were sealed with transparent nail polish. Due to the size of the 
material, unfortunately, some embryos were lost during the mul-
tiple steps in the whole-mount immunofluorescence stain-
ing protocol.

Immunofluorescence microscopy and imaging
The immunofluorescence and differential interference contrast 
images were obtained using an Olympus BX63 upright micro-
scope with an Olympus DP72 color, 12.8-megapixel, 4140 Å�3096 
resolution camera (Olympus, Tokyo, Japan). Olympus CellSense 
Dimension software version 1.7 (Olympus, Tokyo, Japan) was 
used for deconvolution and 3D reconstruction of Z-stacks as pre-
viously described (Schmid et al., 2018). Images were later proc-
essed in ImageJ (Bethesda, MD, USA) and Adobe Photoshop CS6 
(Adobe, San Jose, CA, USA). Quantification of the EdU intensity 
was performed blinded with an outline drawn around each cell 
double positive for OCT3/4 and EdU. Only cells or parts of cells 
that did not overlap with other cells were included. Using the 
measurement and region of interest function in the CellSens di-
mension software (Olympus, Tokyo, Japan), the mean red fluo-
rescence intensity was measured along with a background 
reading. The corrected mean fluorescence for the individual cells 
was subsequently calculated by subtracting the corresponding 
background value. The following primary antibodies were used 
at a 1:200 dilution: rabbit anti-CDX2, No. D11D10 (Cell Signaling 
Technology, Danvers, MA, USA), goat anti-OCT3/4, No. sc-8629 
(Santa Cruz Biotechnology, Dallas, TX, USA), mouse-GATA4, No. 
sc-25310 (Santa Cruz Biotechnology, Dallas, TX, USA), and mouse 
anti-α-Tubulin, No. T5168 (Merck/Sigma-Aldrich, Darmstadt, 
Germany). Secondary antibodies (all from Thermo Fisher 
Scientific, Waltham, MA, USA) were used at a 1:500 dilution: 
Donkey-anti-mouse IgG Alexa Fluor® 568, Donkey-anti-rabbit IgG 
Alexa Fluor® 568, Donkey-anti-goat IgG Alexa Fluor® 488, and 
Donkey-anti-rabbit IgG Alexa Fluor® 647. F-actin and nuclei were 
stained with Phalloidin (Alexa Fluor® 488 or 568, Thermo Fisher 
Scientific, Waltham, MA, USA) and DAPI (Thermo Fisher 
Scientific, Waltham, MA, USA), respectively.

Data analysis and statistics
Data analyses were performed with GraphPad Prism 9 (San 
Diego, CA, USA), except for the Fisher–Freeman–Halton and Phi 
and Cramer’s tests that were performed in SPSS 29.0.1.0 
(Chicago, IL, USA). For the cell cultures, the ‘n’ signifies biological 
replicate experiments obtained from different passages. For 
mouse and human embryo culture experiments, individual em-
bryo was considered as one n. For animal studies, each animal 
was considered as one n. For the measurement of APAP concen-
trations in the female reproductive tract, the ‘n’ signifies the 
number of donors. The specific statistical test used to analyze 
the given data is stated in the figure legends. Data are repre-
sented as the mean ± SD or SEM and P< 0.05 was considered sta-
tistically significant. All data supporting the findings of this 
study are available within the paper and its Supplementary Data.

Results
APAP inhibits ribonucleotide reductase and 
proliferation in yeast
APAP has been reported to cause DNA replication stress presum-
ably through inhibition of ribonucleotide reductase (RNR) 
(Hongslo et al., 1990), an essential enzyme for DNA synthesis that 
reduces ribonucleotides to 20-deoxyribonucleotides, the building 
blocks of DNA. As RNR is highly conserved across the eukaryotic 
kingdom (Zhao et al., 2000), we tested the effect of APAP on RNR 
in three strains of fission yeast S. pombe, a model organism that 
does not express pharmaceutical APAP targets such as 
prostaglandin-endoperoxide synthases (PTGS1 and PTGS2) and 
cannabinoid receptor 1 (CB1) (Wood et al., 2012). The first strain 
was deleted for the ddb1-gene (ddb1Δ), which results in reduced 
20-deoxyribonucleotide pool and increased sensitivity to chemical 
RNR inhibition as compared to wild-type (WT) cells. The second 
strain was deleted for both the ddb1-gene and the RNR inhibitory 
gene spd1 (ddb1Δ spd1Δ), which results in increased RNR activity 
and thus a� 2-fold increased 20-deoxyribonucleotide pool as 
compared to WT cells. The third strain was deleted for the ddb1- 
gene together with an activating point mutation in the large RNR 
subunit encoding gene cdc22 (ddb1Δ cdc22-D57N), resulting in 
a� 5-fold increased 20-deoxyribonucleotide pool as compared to 
WT cells (Fleck et al., 2013). The RNR-restricted ddb1Δ strain had 
decreased proliferation at 40- and 60 mM APAP as compared to 
WT. In contrast, this effect on cell division was suppressed in 
both the ddb1Δ spd1Δ and ddb1Δ cdc22-D57N strains with in-
creased RNR activity (Supplementary Fig. S2a).

It has been proposed that APAP might interfere with RNR 
function through two possible mechanisms: (i) by quenching the 
tyrosyl free radical (Y122) in the cofactor site of the β subunit 
(β-RNR) or (ii) by forming an adduct between RNR and APAP’s 
electrophilic metabolite, N-acetyl-p-benzoquinone imine (NAPQI) 
(Hongslo et al., 1990) (Supplementary Fig. S2b). Since it is believed 
that yeast cells do not produce NAPQI (Srikanth et al., 2005), we 
performed in silico modeling using a 3D model of β-RNA from S. 
pombe. These analyses showed that APAP likely binds to the S. 
pombe β-RNR cofactor site in proximity of the tyrosyl free radical 
and is stabilized through π–π stacking interactions, hydrophobic 
interactions, and hydrogen bonds (Supplementary Fig. S2c–e). 
The binding of APAP in β-RNR might facilitate the disruption of 
the tyrosyl free radical by inhibiting the formation of the tyrosyl 
radical through competition, resulting in a phenoxyl radical 
(Supplementary Fig. S2c, inset), or by interfering with the redox 
potential of the di-nuclear iron center in the cofactor site.
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To understand the effect of APAP on human RNR, we used a 
recombinant S. pombe strain with the native RNR coding regions 
cdc22 and suc22 replaced with cDNA encoding the human orthol-
ogous RRM1 and RRM2 subunits (hR1/R2). Compared to the WT 
strain, this strain was more sensitive to APAP in terms of growth, 
both on solid agar and in liquid culture (Supplementary Fig. S2f 
and g; (g, n¼ 3)), correlating with accumulation of cells in G1- 
and S-phase (Supplementary Fig. S2h). Taken together, these 
data are consistent with an inhibitory action of APAP on RNR, 
resulting in disruption of cell cycle progression at the G1/S- 
border and through the S-phase.

APAP reduces DNA synthesis and proliferation in 
human somatic cells and embryonic stem cells
Next, we exposed human somatic embryonic kidney (HEK293) 
cells to 500 µM APAP. This exposure resulted in decreased total 
cell numbers in a time-dependent manner without effecting cell 
viability (Supplementary Fig. S3a and b, n¼ 6). The cells exposed 
to APAP displayed accumulation in the S phase of the cell cycle 
with a fold change of �1.5 as compared to the control 
(Supplementary Fig. S3c, n¼ 6, for raw data, see Supplementary 
Table S4), concomitantly with reduced de novo DNA synthesis 
(Supplementary Fig. S3d, ctrl: n¼5, APAP: n¼ 6).

hESCs are pluripotent cells derived from the ICM of a pre- 
implantation blastocyst-stage embryo and a validated model sys-
tem of PID (Luz and Tokar, 2018). As we and others previously 
have found that standard exposure to APAP resulted in >100 µM 
concentrations in blood plasma (Langford et al., 2016; Rehfeld 
et al., 2022), we next exposed hESC lines H1 and HUES4 to 200 µM 
APAP. This resulted in similar effects in the two hESC lines as ob-
served in the somatic HEK293 cells and yeast cells 
(Supplementary Fig. S3e, f, i, and j, n¼5), including a time- 
dependent reduction in the total cell number without affecting 
viability, S phase accumulation (Supplementary Fig. S3g and k, 
n¼5, for raw data, see Supplementary Table S4), and reduction 
of de novo DNA synthesis as compared to controls 
(Supplementary Fig. S3h and l, n¼ 4). In addition, we found a re-
duction of cells in the G2/M phase, reflecting accumulation in the 
S-phase. Taken together, these data suggest that APAP restricts 
cell proliferation via inhibition of DNA synthesis.

APAP and paracetamol sulfate were the 
predominate compounds after in vitro exposure
APAP is metabolized into multiple compounds through both oxi-
dative and direct phase II conjugation pathways in the human 
body, incl. the cytotoxic compound NAPQI (David et al., 2021; 
Gorrochategui et al., 2023). To understand the metabolism of 
APAP in vitro, we exposed HEK293 cells to 500 µM APAP for 72 h. 
After screening for 13 known metabolites previously identified 
in vivo in the media from APAP-exposed cells (n¼ 3; 
Supplementary Fig. S4), only APAP and two metabolites, acet-
aminophen sulfate (APAP-S) and S-methyl-3-thioacetaminophen 
sulfate (S-CH3-APAP-S), were identified. Importantly, APAP and 
APAP-S were the most abundant compounds, with APAP being 
approximately 60 times more prevalent than S-CH3-APAP-S, de-
rived from a NAPQI-glutathione conjugate (David et al., 2021). 
Together with the data indicating no decrease in viability 
(Supplementary Fig. 3b), these results suggest that NAPQI is un-
likely to be responsible for the accumulation of cells in the S- 
phase, again indicating a direct effect of APAP on RNR.

APAP disrupts early PID in mice
To determine the effect of APAP on PID, we investigated the effect 
of 24 or 48 h exposure (10–200 μM APAP) using C57BL/6 mouse 2- 

cell embryos (embryonic day (E)1.5). After 24 h of development, 
controls (n¼ 21) as well as embryos exposed to 10 µM (n¼12) con-
sisted of the expected eight blastomeres, whereas embryos ex-
posed to 25 μM (n¼ 11) had an equal distribution of four or eight 
blastomeres. All embryos exposed to 50–200 μM APAP (50 μM: 
n¼ 8, 100 μM: n¼6, 150 μM: n¼ 9, 200 μM: n¼6) consisted of two 
to four blastomeres, suggesting a delay in the second to third 
cleavage stages (Fig. 1a and d). After 48 h, most control embryos 
had developed into early or expanded blastocysts that were iden-
tified by a well-defined fluid-filled cavity (blastocoel). No em-
bryos exposed to 50–200 μM (50 μM: n¼ 7, 100 μM: n¼ 10, 150 μM: 
n¼ 11, 200 μM: n¼8) developed beyond the early blastocyst stage 
and all had reduced cell number as compared to controls (n¼15) 
(Fig. 1a and e and Supplementary Fig. S5a). Blastomere morphol-
ogy was not affected after 24 h of APAP exposure compared to 
control except for embryos exposed to 200 μM of APAP (n¼8); 
here a minority of embryos were amorphic with fragmented blas-
tomeres (Fig. 1b).

Among embryos in the control group cultured for 48 h, we ob-
served in general more OCT3/4-positive cells (marker for ICM) 
relative to CDX2-positive cells (marker for trophectoderm, TE) 
with some cells identified with both markers as expected for this 
developmental stage of lineage specification (Niakan and Eggan, 
2013). Among the low APAP exposure groups (10–25 µM, 10 μM: 
n¼ 12, 25 μM: n¼ 11), we in general observed a similar differenti-
ation of the ICM and TE with cells expressing both markers of 
ICM and TE. In contrast, APAP concentrations >25 µM displayed 
fewer blastomeres with exclusive TE (CDX2 positive) cells as 
compared to the control embryos (Fig. 1c). Moreover, APAP- 
exposed embryos displayed cell fragmentation and amorphic 
nuclei with increasing severity and frequency at the higher con-
centrations of 150 and 200 μM (Fig. 1c). Calculating a theoretical 
growth rate based on the 48 h experiments, we found that APAP 
delayed development, increasing cellular doubling time from 
�13 h for controls to �30 h for 200 µM APAP-exposed embryos 
(Fig. 1f). Moreover, delayed embryonic development was also 
reflected in a decreased blastocyst rate (Supplementary Fig. S5a).

To further substantiate the observations made in the inbred 
C57BL/6 mouse embryos, we next assessed the impact of a 48 h 
exposure to APAP at concentrations of 100 and 200 μM (n¼ 15) on 
PID using outbred CD1 mouse 2 cell embryos. Again, after 48 h, 
the control embryos initiated their development into early or ex-
panded blastocysts, whereas none of the exposed embryos ad-
vanced beyond the early blastocyst stage (Supplementary Fig. 
S6a). Additionally, all exposed embryos exhibited a significantly 
reduced cell count compared to the controls (n¼15) 
(Supplementary Fig. S6b and c). These findings mirror the dose- 
dependent adverse effects of APAP exposure on PID observed in 
the inbred C57BL/6 mouse embryos. Together these experiments 
from both inbred and outbred mouse embryos demonstrate that 
APAP delays or disrupts embryonic development by reducing cell 
divisions in the mouse in a time- and concentration- 
dependent manner.

APAP reduces ICM in late PID in mice
To understand the effect of APAP during the later stages of PID, 
we exposed early C57BL/6 mouse blastocysts (E3.5) to 100 
(n¼14), 150 (n¼ 21), and 200 µM (n¼ 26) APAP for 24 h. Most 
APAP-exposed embryos continued blastocyst development with a 
clearly defined expanded blastocoel, TE, and ICM (Fig. 2a) and 
with total cell numbers equivalent to those of controls (n¼ 26) 
(Fig. 2b and c). However, the number of cells in the ICM was de-
creased after 200 μM APAP (n¼19) as compared to controls 
(n¼15) (Fig. 2b and d); a phenotype that was recapitulated in 
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Figure 1. Mouse C57BL/6 early pre-implantation development is disrupted by paracetamol (N-acetyl-para-aminophenol (APAP)) exposure. (a) 
Representative light microscopy images of embryos cultured for 24 or 48 h in media (control) or media with APAP added at the stated concentrations. 
(b) Representative immunofluorescence microscopy (IFM) images of mouse embryos cultured for 24 h in media (control) or media with APAP at the 
stated concentrations. Upper panels: Differential interference contrast (DIC) analysis of the embryos. Lower panels: F-actin stained by Phalloidin 
(green) and the nuclei stained using DAPI (blue). (c) Representative IFM images of mouse embryos cultured for 48 h in control media or media with 
APAP at the stated concentrations. Upper panels: DIC analysis and DAPI nuclei staining (blue). Lower panels: trophectoderm cells (red) stained by anti- 
CDX2 antibody and inner cell mass cells stained by anti-OCT3/4 antibody (green). (d) Cell counts quantification based on IFM analysis of embryos 

(Continued) 
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embryos stained for microtubules and F-actin, displaying re-

duced ICM size while the overall structural organization of cells 
was maintained (Fig. 2e). Taken together, these data suggest that 
APAP reduce the pool of pluripotent ICM cells during the final 
stage of PID (E3.5-E4-5).

APAP exposure during PID reduces 
pregnancy outcomes
As it is challenging to determine the exact concentration present 
within the reproductive tract of the mouse, translating doses 
from in vitro/ex vivo experiments (µM) to in vivo experiments (mg/ 
kg/day) becomes complex. Therefore, we conducted C57BL/6 em-

bryo transfers to pseudo-pregnant recipient dams after exposing 
2-cell embryos (E1.5) ex vivo to understand whether human phys-
iological relevant doses in plasma (100 and 200 µM) (Langford 
et al., 2016; Rehfeld et al., 2022) affected implantation and subse-
quent development. Exposed and control embryos were sepa-

rately placed in each oviduct (morula stage embryos) or uterine 
horn (blastocyst-stage embryos) in equal numbers, depending on 
the duration of the exposure (24 or 48 h) (Fig. 3a). Exposure to 
APAP decreased implantation rates (significantly for all experi-
ments except for 200 µM APAP for 24 h; P¼ 0.1) and the number of 

live fetuses (Fig. 3b–e). Prolonging the time ex vivo from 24 to 48 h 
increased the number of resorptions among the control dams. 
While exposure to APAP for 24 h decreased number of live fetuses 
and increased resorption points (Fig. 3b and c, 100 μM: n¼ 6, 
200 μM: n¼7), suggesting that embryos implant but subsequently 

dies, the longer exposure of 48 h decreased both live fetuses and 
resorption points (Fig. 3d and e, 100 μM: n¼ 9, 200 μM: n¼11), in-
dicating that the embryos had not implanted. These results sug-
gest that disrupted PID after exposure to APAP impacts the 
ability of embryos to implant and/or survive after implantation.

To investigate the impact of in vivo exposure on PID and sub-
sequent development, we gavaged C57/BL6 dams with APAP 
(200 mg/kg/day, single daily oral gavage) from 1 dpc and the sub-
sequent 10 days. At cesarean section at 18 dpc, dams treated 

with APAP had reduced number of live fetuses. Moreover, post- 
implantation embryonic mortality increased following APAP ex-
posure as determined by an increased number of resorption 
points as compared to the control group (Fig. 4a and b, ctrl: 
n¼21, APAP: n¼ 22). These in vivo results further underscore the 

impact of APAP exposure on the embryos, affecting both implan-
tation and subsequent survival post-implantation.

APAP disrupts early human PID at 
therapeutic doses
To understand to what degree APAP enters the reproductive 

organs in women, follicular fluid (n¼26), endometrial tissue 
(n¼7), and uterine fluid (n¼ 7) were collected as part of routine 
procedures in the clinic from patients receiving a standard thera-
peutic dose of 1 g of APAP. One hour following administration, 
APAP had reached the follicular fluid at an average concentration 

of 38.1 μM, the endometrial tissue at an average of 80.3 μM, and 
the uterine fluid at an average of 124.5 μM. Notably, one woman 
had 291.3 μM in the uterine fluid (Fig. 5a).

To investigate the effect of APAP on human PID at concentra-

tions present in the intrauterine environment after standard 

therapeutic doses, we exposed human cleavage-stage embryos to 

100 and 200 µM APAP. For the exposure to 100 µM APAP, human 

development day 2 (D2) and D3 embryos (n¼6) were cultured for 

48 or 72 h to reach D5 with corresponding controls (n¼ 6). For the 

exposure to 200 μM APAP, D2 embryos (n¼ 5) were cultured for 

72 h to reach D5 with corresponding controls (n¼ 5). Results indi-

cated that embryonic development in the APAP groups was com-

promised as compared to most of the controls (Videos 1 and 2; 

Fig. 5b and c—top panel; Supplementary Fig. S5b).
In embryos exposed to 100 µM APAP, the overall structural or-

ganization of the embryos appeared normal, but development 

was delayed as enumerated by reduced cell numbers as com-

pared with controls (Fig. 5c—middle and lower panels). The con-

centration of 200 µM resulted in cells with fragmented nuclei 

indicating cell death (Fig. 4b—middle and lower panels). 

Quantifying the DAPI nucleus staining from each experiment, we 

observed a reduction in cell number of both 100 and 200 μM ex-

posed embryos as compared to control (Fig. 5d and e). These data 

show that at concentrations present in the intrauterine environ-

ment after a standard therapeutic dose, APAP might disrupt early 

human PID either by delaying cell divisions or direct embry-

onic fatality.

APAP inhibits DNA synthesis and disrupts late 
human PID at therapeutic doses
To determine the effect of APAP on DNA synthesis in situ in late 

human PID, blastocyst-stage embryos D5–6 were exposed to 

APAP for 6 h (100 and 200 μM) with thymidine analog EdU added 

for the last 3 h to quantify DNA synthesis (Fig. 6a and e). The per-

centage of APAP-exposed embryos with a definable ICM was re-

duced as compared to controls (ctrl to 100 μM: n¼ 18, ctrl to 

200 μM: n¼ 14) at a dose of 100 µM (n¼18) with a similar ten-

dency observed with 200 µM (n¼ 15) (Fig. 6b and f).
Finally, we investigated DNA synthesis of OCT3/4 positive 

cells in the embryos with a definable ICM. We found no differ-

ence in number of OCT3/4 positive cells with incorporated EdU 

between embryos exposed to 100 μM APAP (n¼ 11) as compared 

with controls (n¼18) (Fig. 6c). However, we found that the level 

of EdU incorporation was reduced in the OCT3/4 positive ICM 

cells as compared with controls (Fig. 6d: control; n¼ 108 (108 cells 

from 18 blastocysts), APAP; n¼ 60 (60 cells from 11 blastocysts)). 

In the embryos subjected to 200 µM APAP (n¼ 9), the percentage 

of OCT3/4 positive cells with EdU incorporation was decreased 

(n¼12) (Fig. 6g). As with the 100 µM APAP exposure blastocyst, 

we found the level of EdU incorporation was reduced in the 

OCT3/4 positive ICM cells as compared to controls (Fig. 5h: con-

trol; n¼ 71 (71 cells from 11 blastocysts), APAP; n¼ 37 (37 cells 

from nine blastocysts)). Taken together, these results suggest 

that APAP exposure for 6 h negatively affected human PID at the 

blastocyst stage at physiological relevant concentrations through 

inhibition of DNA synthesis and proper expansion of ICM cells 

(for raw data, see Supplementary Tables S2 and S3).

Figure 1. Continued 
cultured for 24 h in media (control; n¼21) or media with APAP at the stated concentrations (10 μM: n¼12, 25 μM: n¼11, 50 μM: n¼8, 100 μM: n¼ 6, 
150 μM: n¼ 9, 200 μM: n¼ 6). (e) Quantification of cell numbers based on IFM analysis of embryos cultured for 48 h in media (control; n¼ 15) or media 
with APAP at the stated concentrations (10 μM: n¼ 11, 25 μM: n¼ 12, 50 μM: n¼ 7, 100 μM: n¼10, 150 μM: n¼11, 200 μM: n¼8). (f) The theoretical growth 
rate (Y¼Y0 × exp(k × x)) based on the 48 h cultivation experiment. The embryonic day in the parenthesis (e.g. E3.5) corresponds to their embryonic age 
at the end of the given exposure time. Statistical significance was tested with Kruskal–Wallis one-way analysis followed by Dunn’s multiple 
comparison post hoc test (against control). Data points are represented as mean ± SEM. ��P< 0.01; ���P<0.001; ����P<0.0001.
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Discussion
The initial days during PID are arguably the most critical phase 

in human development (Jarvis, 2016a,b; Muter et al., 2023). It is 
estimated that 10–40% of early embryos are lost before or at the 

time of implantation (Roberts and Lowe, 1975; Wilcox et al., 1988, 

1999; Zinaman et al., 1996; Wang et al., 2003; Jarvis, 2016a,b; Foo 
et al., 2020; Muter et al., 2023). In this study, we show that APAP 

might disrupt embryonic development during this sensitive pe-

riod of life by inhibiting the cell cycle.
In the search for the exact mechanism, we cannot dismiss po-

tential effects on pharmaceutical targets such as PTGS1, PTGS2, 

and CB1 in the presented data. While this limitation is significant 
for our mouse and human data, the data from S. pombe suggest 

that inhibition of RNR is a plausible cause of the cycle effects, as 

suggested by others (Hongslo et al., 1990). Accordingly, we consis-
tently observed inhibition of DNA synthesis in in vitro models and 

in human embryos. Interestingly, a comparable effect has previ-

ously been identified in vivo 1 h after an oral dose of 125 mg/kg in 

a rodent study (Lister and McLean, 1997). Another limitation to 
be mentioned is the role of NAPQI in relation to the inhibition of 

DNA synthesis. However, the direct impact on the cell cycle 

without effects on cell viability, e.g. in HEK293 and hESCs, sug-
gests that NAPQI levels were low and rapidly detoxified. 
Supporting this is the fact that NAPQI was not detected in the 
media after 72 h of exposure to 500 µM APAP in vitro. The low lev-
els of S-CH3-APAP-S detected could suggest that a small amount 
of APAP had been metabolized to NAPQI, followed by conjugation 
to glutathione before transformation to cysteine and mercaptu-
rate conjugates via the mercapturate pathway, and finally me-
tabolized to S-CH3-APAP-S via a thiomethyl shunt (David et al., 
2021). As NAPQI is rapidly conjugated to glutathione, and consid-
ering that the levels of S-CH3-APAP-S detected were very low 
compared to APAP, it is unlikely that the cells were affected by 
NAPQI. Moreover, a previous study has found no reduction in glu-
tathione levels in PID embryos after APAP exposure (375– 
1500 µM) ex vivo and in ovaries and PID embryos (800 and 
1430 mg/kg/day) in vivo (Laub et al., 2000). Together with our 
in vitro data, this strongly suggests that the observed effects on 
the cell cycle were not dependent on NAPQI activity. Instead, our 
modeling suggests a direct interaction with a critical tyrosyl free 
radical in the cofactor site of RNR, as also suggested previously 
(Hongslo et al., 1990). Fascinatingly, a similar inhibition in the for-
mation of a tyrosyl free radical in prostaglandin H2 synthase 1 

Figure 2. Mouse C57BL/6 blastocyst-stage development is disrupted by paracetamol (N-acetyl-para-aminophenol (APAP)) exposure. (a) 
Representative light microscopy images of late-stage blastocyst embryos cultured in media (control) or media with the stated concentrations of APAP 
for 24 h. (b) Representative immunofluorescence microscopy (IFM) images of embryos cultured with media (control) or media with the stated 
concentrations of APAP for 24 h. Upper panels: Differential interference contrast (DIC) analysis of the embryos. Middle panels: Primitive endoderm cells 
stained by anti-GATA4 (magenta) and the nuclei stained using DAPI (blue). Lower panels: trophectoderm cells (red) stained by anti-CDX2 antibody and 
inner cell mass (ICM) cells stained by anti-OCT3/4 antibody (green). (c) Quantification of the total cell numbers based on IFM analysis of embryos 
cultured for 24 h in media (control; n¼26) or media with APAP at the stated concentrations (100 µM: n¼14, 150 µM: n¼21, 200 µM: n¼26). (d) 
Quantification of cell number of the ICM based on IFM analysis of embryos cultured for 24 h in media (control; n¼ 15) or media with APAP at the stated 
concentrations (100 µM: n¼9, 150 µM: n¼14, 200 µM: n¼19). (e) Representative IFM images of embryos cultured in media (control) or 200 µM APAP for 
24 h. Upper panels: Microtubule structures stained by anti-tubulin antibody (red) and nuclei stained with DAPI (blue). Lower panel: F-actin stained by 
Phalloidin (green) and microtubule structures stained by anti-tubulin antibody (red). The embryonic day in the parenthesis (E4.5) corresponds to their 
embryonic age at the end of the given exposure time. Statistical significance was tested with ordinary one-way ANOVA (F (3, 83) ¼ 0.1426 (c); F (3, 53) ¼
5.996 (d)) followed by Dunnett’s multiple comparison post hoc test (against control). Data points are represented as mean±SEM. ���P< 0.001.
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and 2 is the likely mechanism by which APAP mediates its anal-
gesic and anti-pyretic effects (Aronoff et al., 2006).

In the human uterus, we found an average concentration of 
124.5 μM after a standard oral pharmaceutical dose of 1 g, which 
is similar to the average of 120 µM found in plasma after a similar 
oral dose (Langford et al., 2016; Rehfeld et al., 2022), suggesting 
that APAP is readily transferred from the blood to the intrauter-
ine environment. It is intrinsically difficult to investigate dose–re-
sponse relationship during PID in utero. We therefore used a 
mouse model with ex vivo dose–response exposure followed by 

transfer to recipient pseudo-pregnant dams to understand the 
effects on subsequent development. Using this model, we ob-
served a time and concentration-dependent effect on growth and 
the rate of blastocyst formation of embryos exposed to concen-
trations exceeding 25 µM APAP ex vivo. Importantly, a comparable 
inhibition of mouse PID development has been observed previ-
ously with higher APAP concentrations of 375–1500 µM (Laub 
et al., 2000). After the transfer of embryos exposed to 100 and 
200 µM to recipient pseudo-pregnant dams, the number of 
implantations and full-term fetuses was reduced in APAP- 

Figure 3. Transfers of cleavage-stage mouse C57BL/6 embryos exposed to paracetamol (N-acetyl-para-aminophenol (APAP)) for 24 or 48 h result in 
reduced pregnancy outcomes. (a) Schematic illustration that shows transfer of control and APAP-exposed blastocyst-stage embryos to each uterine 
horn of pseudo-pregnant recipients, respectively, as well as the timing and duration of the APAP exposure. (b) Implantation rate and number of full- 
term fetuses and resorption points for 24 h (100 µM, n¼6) APAP/control exposed E1.5 embryos. (c) Implantation rate and number of full-term fetuses 
and resorption points for 24 h (200 µM, n¼7) APAP/control exposed E1.5 embryos. (d) Implantation rate and number of full-term fetuses and resorption 
points for 48 h (100 µM, n¼ 9) APAP/control exposed E1.5 embryos. (e) Implantation rate and number of full-term fetuses and resorption points for 48 h 
(200 µM, n¼11) APAP/control exposed E1.5 embryos. Statistical significance of the implantation rate was tested with a two-tailed Student’s unpaired t- 
test (t¼ 2.385, df¼10 (bleft); t¼1.754, df¼ 12 (cleft); t¼ 4.894, df¼16 (dleft); t¼12.22, df¼ 20 (eleft)). A Mann–Whitney compare ranks test followed by 
Holm–�S�ıd�ak multiple comparison post hoc test was used to test for statistical significance of full-term fetuses and resorption points (bright, cright, dright, 
eright). Data points are represented as mean±SEM. �P ≤ 0.05; ��P<0.01; ���P<0.001; ����P<0.0001.
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exposed embryos as compared to control embryos in a dose- and 
exposure-dependent manner. These findings suggest that the 
disruption of PID caused by APAP at human physiological rele-
vant concentrations for 24 or 48 h reduces the likelihood of full- 
term development in the mouse.

Both mouse and human cleavage-stage embryos were more 
sensitive to APAP than the later blastocyst-stage embryos, with di-
rect embryonic fatality at a concentration of 200 µM. Interestingly, 
in mice, we also observed an effect on the ICM of blastocyst-stage 
embryos when exposed to 200 µM. A similar impact was identified 
in human blastocyst-stage embryos with 100 µM after 6 h, with a 
comparable trend at 200 µM. These changes in morphology were 
associated with a decrease in DNA synthesis in OCT3/4 expressing 
ICM cells. Together, this suggests not only that the pluripotent ICM 
shares sensitivity to APAP with the blastomeres of cleavage-stage 
embryos, but also that even a few hours of exposure are sufficient 
to induce adverse effects on PID at concentrations similar to or 
lower than those found in the uterus of women (maximal concen-
tration measured was 291 μM).

In our mouse pregnancy model, we observed effects on both 
the number of offspring and resorption points after a bulk gavage 
with a subtoxic dose of 200 mg/kg/day during PID and the days 
after implantation. It is a limitation of the model that the dose 
was not split into multiple boli (e.g. administration every 6 h), re-
sembling use during human pregnancy. Such multiple exposures 
would have provided a sustained exposure but would simulta-
neously also have induced unwanted stress among the dams. 
Moreover, a previous study has shown that the administration of 
a bolus gavage dose of 200 mg/kg resulted in an average serum 
concentration of 37.5 µM APAP in mice 2 h after administration 
(Fleischmann et al., 2017). Assuming that the concentrations of 
APAP in the reproductive tract of mice are comparable to serum 
concentrations, the gavage dose of 200 mg/kg resulted in concen-
trations that were comparable to the dose of 50 µM in our ex vivo 
experiments (Fig. 1) and were in the lower range of what was 

Figure 5. Paracetamol (N-acetyl-para-aminophenol (APAP)) reaches the human intrauterine environment and disrupts human cleavage-stage 
embryo development. (a) APAP concentrations in follicular fluid (n¼ 26), endometrial tissue (n¼ 7), and uterine fluid (n¼ 7) 1 h after a 1 g oral dose of 
APAP. (b) Representative embryoscope time-lapse and immunofluorescence microscopy (IFM) images of embryos cultured for 48–72 h in media 
(control) or media with 100 µM APAP. Upper panels: Embryoscope image of embryos (LM). Middle panels: F-actin stained by Phalloidin (white) and the 
nuclei stained using DAPI (blue). Lower panels: trophectoderm (TE) cells (red) stained by anti-CDX2 antibody and inner cell mass (ICM) cells stained by 
anti-OCT3/4 antibody (green). (c) Representative embryoscope time-lapse and IFM images of embryos cultured for 72 h in media (control) or media with 
200 µM APAP. Upper panels: Embryoscope image of embryos (LM). Middle panels: F-actin stained by Phalloidin (white) and the nuclei stained by DAPI 
(blue). Lower panels: TE cells (red) stained by anti-CDX2 antibody and ICM cells stained by anti-OCT3/4 antibody (green). (d) Quantification of cell 
numbers based on IFM analysis of embryos cultured for 48–72 h in media (control, n¼ 5) or media with APAP 100 µM (n¼6). (e) Quantification of cell 
numbers based on embryoscope- and IFM analysis of embryos cultured for 72 h in media (control, n¼ 5) or media with APAP 100 µM (n¼5). The 
embryonic day in the parenthesis (D5) corresponds to their embryonic age at the end of the given exposure time. Statistical significance was tested 
with a Student’s one-tailed unpaired t-test (t¼1.961, df¼ 9 (d); t¼ 2.142, df¼8 (e)). Data points are represented as mean ± SEM. �P< 0.05. For 
embryoscope time-lapse videos, see Videos 1 and 2.

Figure 4. In vivo exposure to paracetamol (N-acetyl-para-aminophenol 
(APAP)) during C57Bl/6 mouse embryonic development results in 
reduced pregnancy outcomes. (a) Number of live fetuses per dam, (ctrl: 
n¼ 21, APAP: n¼22). (b) Number of resorption points per dam (ctrl: 
n¼ 21, APAP: n¼22). Statistical significance was tested with a two-tailed 
Student’s unpaired t-test (t¼ 2.057, df¼41 (a)), or a Mann–Whitney 
compare ranks test (b). Data points are represented as mean ± SEM. 
�P< 0.05; ���P < 0.001.
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observed in human uterine fluid (Fig. 5). An important limitation 
of the in vivo experiment is therefore that a higher concentration 
than 200 mg/kg of APAP should have been used to reach compa-
rable doses to what we found in the human intrauterine environ-
ment. However, increasing the doses used in the mouse model 
above 200 mg/kg/day for the pregnant dams would have in-
creased the risk of toxicological effects, such as liver toxicity, po-
tentially resulting in fetal loss not directly associated with the 
direct effects on the embryos. Accordingly, a comparable study 
found a similar trend of increased numbers of resorptions and 
decreased numbers of fetuses in APAP-treated dams using a dose 
of 1430 mg/kg/day, with the major caveat that the higher dose 
resulted in 25% of dams dying during the study (Laub et al., 2000). 

Thus, a critical limitation of our pregnancy model was that the 
commonly used 12.33× dose translation between mice and 
humans in toxicological studies (Reagan-Shaw et al., 2008) could 
not be applied due to the toxic effects of APAP on the liver. As this 
translation factor is based on major differences between mice and 
humans in biological parameters, such as oxygen utilization, calo-
ric expenditure, basal metabolism, blood volume, circulating 
plasma proteins, and renal function (Reagan-Shaw et al., 2008), 
effects on development might have been even more prevalent if 
higher doses could have been applied. Nevertheless, with a maxi-
mal human dose of 50 mg/kg/day, the 4× dose used here resulted 
in significant effects on number of live fetuses and miscarriages, 
well below the safety margin of 12.33× (Reagan-Shaw et al., 2008).

Figure 6. Paracetamol (N-acetyl-para-aminophenol (APAP)) disrupts human blastocyst-stage development and affects DNA synthesis. (a) 
Representative immunofluorescence microscopy (IFM) pictures of embryos cultured in media (control) or media with 100 µM APAP for 6 h and with EdU 
(red) for the final 3 h. The trophectoderm (TE) cells (magenta) were stained by anti-CDX2 antibody, inner cell mass (ICM) cells stained by anti-OCT3/4 
antibody (green), and the nuclei stained with DAPI (blue). (b) Percentage of embryos with a definable ICM based on the IFM analysis (control; n¼ 18, 
100 µm APAP; n¼ 18). (c) Percentage of OCT3/4 cells positive for 5-ethynyl-20-deoxyuridine (EdU) quantified based on the IFM analysis (control; n¼18, 
APAP; n¼11). (d) Quantification of the EdU fluorescence intensity from the OCT3/4 cells positive for EdU (control; n¼108 (108 cells from 18 
blastocysts), APAP; n¼60 (60 cells from 11 blastocysts)). (e) As in (a) with control or 200 µM APAP. (f) As in (b) (control; n¼14, 200 µM APAP; n¼15). 
(g) As in (c) (control; n¼ 12, 200 µM APAP; n¼9). (h) As in (d) (control; n¼ 71 (71 cells from 11 blastocysts), 200 µM APAP; n¼37 (37 cells from nine 
blastocysts)). The embryonic day in the parenthesis (D5–D6) corresponds to their embryonic age at the end of the given exposure time. Statistical 
significance was on the percentage of embryos with a definable ICM tested with a Fisher’s exact test. Statistical significance was, for the percentage of 
OCT3/4 cells positive for EdU and EdU fluorescence intensity from the OCT3/4 cells positive for EdU tested, with a two-tailed Student’s unpaired t-test 
(t¼1.428, df¼27 (c); t¼7.453, df¼ 166 (d); t¼ 2.673, df¼19 (g); t¼9.031, df¼ 106 (h)). Data points are represented as mean ± SEM. �P< 0.05; 
��P<0.01; ����P<0.0001.
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In both mice and humans, implantation is dependent on a 
precisely timed interaction between the developing embryo and 
the hormonally primed endometrium. Studies in human have 
shown that successful implantation requires embryos to progress 
to the blastocyst stage and undergo timely hatching (Wilcox 
et al., 1999). Delayed development leads to asynchrony between 
the developing embryo and the endometrium, thereby increasing 
the risk of implantation failure or miscarriage (Wilcox et al., 
1999). Moreover, ICM quality, defined by cell number and mor-
phology, has been identified as the most significant predictor of 
live birth (Ai et al., 2021). Based on the present data, we therefore 
suggest that APAP (depending on timing, duration, and concen-
tration) might disrupt early development in three different sce-
narios: (i) direct embryonic fatality at higher doses, (ii) failed 
implantation due to asynchrony of the embryo and endometrium 
by delayed PID, and (iii) miscarriage after implantation due to dis-
ruption of PID in situ, e.g. reduced cell number in ICM.

APAP has long been considered a safe option for the treatment 
of pain and fever during pregnancy by regulatory bodies when 
used as directed (Food and Drug Administration, 2015; European 
Medicines Agency, 2019). Moreover, several studies from Europe 
have shown APAP exposure from the environment (Modick et al., 
2014; Nielsen et al., 2015; Bornehag et al., 2018), emphasizing its 
status not only as one of the most widely used pharmaceuticals 
globally but also as a significant environmental pollutant 
(Modick et al., 2014; Kristensen et al., 2016; Wilkinson et al., 2022). 
The inherent challenges in investigating human PID (Wilcox 
et al., 1999; Jarvis, 2016a,b) are a probable reason for the lack of 
previous studies identifying a link to APAP. Infertility affects 
12.6–17.5% of reproductive-aged couples worldwide (Njagi et al., 
2023). As early embryonic fatality or failure of implantation is of-
ten interpreted as subfertility by health professionals (Wang 
et al., 2003; Jarvis, 2016a,b), our data suggest that embryonic loss 
induced by xenobiotic chemicals as APAP could be an unrecog-
nized contributor to the increasing infertility rates worldwide.

Among the limitations of the present study has also been the 
challenge of obtaining a large number of human cleavage-stage 
embryos. Our translational approach, demonstrating reproduc-
ibility across multiple model systems, partially mitigates this 
limitation. For instance, the recapitulation of cell cycle effects, as 
also observed in other studies in, e.g. a cancer cell line (Wiger 
et al., 1997), from yeast to mouse preclinical models and human 
embryos, provides critical support for the disruptive effect of 
APAP. Further studies are now warranted to validate these find-
ings. As the present study is experimental, such studies should 
include investigating APAP use among fertile healthy women and 
exploring the potential link to pregnancy loss in prospective 
cohorts to further support the clinical relevance of the observa-
tions. Given that cell division is fundamental to all development, 
additional research is also necessary to understand how environ-
mentally induced cell cycle inhibition might impact other devel-
opmental processes, such as gonadal and brain differentiation.

Finally, it is important to note that APAP was introduced for 
medical use as an antipyretic/analgesic in the late 19th century 
(Przybyła et al., 2021), prior to the establishment of regulatory 
bodies such as the US Federal Food and Drug Administration 
(FDA) (Borchers et al., 2007). Additionally, ethical standards set by 
the FDA and the European Medicines Agency prohibit the inclu-
sion of pregnant women or those trying to conceive in studies 
where harm to the offspring can be plausibly inferred 
(Mastroianni et al., 1994), as is the case with prenatal exposure to 
APAP. As a result, translational studies, such as the present 
study, covering animal and human endpoints are of critical 

importance for understanding the potential effects of APAP use 
during pregnancy and for informing the ongoing debate about 
the safety of APAP (Bauer et al., 2021).
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Supplementary Figure S1. Gating strategy exemplified by L-Mimosine arrest in the G1 phase before entry into the S phase using HEK293 cells. 
(a) Flow stability gating. (b) FSC-A and SSC-A were used to identify the intact cells and to exclude debris. (c) FSC-W and FSC-H were utilized to exclude 
doublets. (d, e) Single cells were gated using Propidium iodide-H and Propidium iodide-A to exclude outliers and subsequently applied to the propidium 
iodide histogram plot.
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Supplementary Figure S2. Paracetamol (N-acetyl-para-aminophenol (APAP)) inhibits growth of yeast cells through ribonucleotide reductase (RNR). 
(a) Representative spot tests with 10-fold dilution series of the indicated strains plated onto agar without (DMSO, 1% (v/v)) and with APAP at the stated 
concentrations and allowed to grow at 32�C for 3 days before photography. Relative dATP concentration in the strains is inferred from (Fleck et al., 2013) 
and indicated to the right (n¼3). (b) Structure of the holocomplex of Escherichia coli (E. coli) RNR (PDB 6W4X). Insert shows the location of the active site 
in the catalytic α subunit and the co-factor site in the β subunit. (c) Position and interaction of APAP in the β unit of ribonucleoside reductase (β-RNR) 
from Schizosaccharomyces pombe (S. pombe) (UniProt ID: P36603). The amino acid numbering refers to the in silico predicted structure of β-RNR from S. 
pombe. The numbers in parentheses are the equivalent residues in β-RNR from E. coli. (d) Interatomic distances between the hydroxy-group of docked 
APAP with tyrosine (Y173) and iron atoms in the cofactor site of β-RNR from S. pombe. APAP was located opposite to Y173 at a similar distance to the di- 
nuclear iron center. (e) 2D interaction diagrams illustrating the types of interactions that potentially can stabilize APAP in the co-factor site of β-RNR 
from S. pombe. (f) Serial plating as in (a), here with the WT strain and a strain relying on human RNR as indicated to the left (n¼ 3). (g) Growth rate in 
liquid culture with 1% (v/v) DMSO (control) or 40 mM APAP added at time point 55 min as indicated by arrow. Data points are represented as mean ± SD 
(n¼3). (h) Analysis of DNA content of the indicated strains exposed to 40 mM APAP or 1% (v/v) DMSO. Statistical significance (at 245 min of growth) was 
tested with two-way ANOVA (Interaction: F (1, 8)¼4.725; Strain: F (1, 8)¼115.9; Treatment: F (1, 8)¼927.7), followed by �S�ıd�ak multiple comparison post 
hoc test. ����P< 0.0001.
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Supplementary Figure S3. Paracetamol (N-acetyl-para-aminophenol (APAP)) inhibits DNA synthesis, delays S phase transition, and reduces 
proliferation in human somatic and embryonic stem cells. (a, b, e, f, i, j) Cell count and viability percentage from 1 to 3 days of somatic HEK293 cells 
(500 µM, n¼6) and embryonic stem cells HUES4 (200 µM, n¼ 5) and H1 (200 µM, n¼ 5) exposed to control media (DMSO, 0.1% (v/v)) or media with APAP. 
Viability only shown for Day 3. (c, g, k) Propidium iodide-based cell cycle analysis by flow cytometry of HEK293 (500 µM, n¼ 6), HUES4 (200 µM, n¼ 5), 
and H1 (200 µM, n¼5) cells exposed to control media (DMSO, 0.1% (v/v)) or media with APAP. Data are after 48 h of exposure. (d, h, l) de novo DNA 
synthesis of control (DMSO, 0.1% (v/v)) or APAP exposed HEK293 (500 µM, ctrl: n¼ 5, APAP: n¼6), HUES4 (200 µM, n¼ 4), and H1 (200 µM, n¼4) cells 
using flow cytometry after 3 h of APAP exposure with EdU added for the final 2 h. Statistical significance was tested with two-way ANOVA (Interaction: 
F (2, 30)¼4.627; Time: F (2, 30)¼4.627; Treatment: F (1, 30)¼58.68 (a), Interaction: F (2, 30)¼96.16; Cell cycle phase: F (2, 30)¼96.16; Treatment F (1, 30)¼
50.30 (c)) followed by �S�ıd�ak multiple comparison post hoc test, or a Mann–Whitney compare ranks test followed by Holm–�S�ıd�ak multiple comparison 
post hoc test (e, g, i, k). When comparing control vs APAP viability and de novo DNA synthesis a two-tailed Student’s unpaired t-test (t¼0.8716, df¼10 
(b); t¼ 10.76, df¼9 (d); t¼0.5543, df¼ 8 (f); t¼0.1872, df¼ 8 (j)) or a one-sample two-tailed t-test (against control¼100, t¼ 8.313, df¼3 (h); t¼ 12.04, 
df¼ 3 (l)) were used. Data points are represented as mean±SEM. �P< 0.05; ��P<0.01; ���P<0.001; ����P<0.0001.
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Supplementary Figure S4. Paracetamol (N-acetyl-para-aminophenol (APAP)) and two of its metabolites (APAP-S and S-CH3-APAP-S) were detected 
in all exposure replicates. Median, minimum, maximum, and 25th and 75th percentiles of intensities of APAP, acetaminophen sulfate (APAP-S), and S- 
methyl-3-thioacetaminophen sulfate (S-CH3-APAP-S) detected in biological replicates, with three technical media replicates, from cells exposed to 
APAP (n¼ 3). None of these compounds could be detected in the workup blanks and the DMSO controls (n¼ 3). Only 3 out of the 13 compounds from 
the suspect list usually detected in vivo could be detected with the highest confidence levels (i.e. with MS2 confirmation data).
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Supplementary Data   

Supplementary Figure S5. Paracetamol (N-acetyl-para-aminophenol (APAP)) affects the blastocyst rate of mouse (C57BL/6JRj) and human embryos. 
(a) Light microscopy (LM) images of the mouse embryos cultured 48 h with media (control) or APAP at stated concentrations. Table displays the rate of 
blastocyst development at the given APAP concentrations and controls. To assess independence between the two variables embryo-to-blastocyst 
development and APAP concentration, a Fisher–Freeman–Halton exact test was performed with a significance of P<0.001 and a Phi and Cramer’s V 
strength association of 0.591, P< 0.001. (b) LM images of individual human embryos cultured 48–72 h in media (control) or media with APAP at stated 
concentrations. Tables display the rate of blastocyst-stage development at the given APAP concentrations and controls. The embryonic day in the 
parenthesis corresponds to their embryonic age at the end of the given exposure time.
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Supplementary Data   

Supplementary Figure S6. Early pre-implantation development of outbred CD1 (RjOrl: SWISS) mouse embryos is disrupted by paracetamol (N- 
acetyl-para-aminophenol (APAP)) exposure. (a) Representative light microscopy images of developing embryos cultured for 0, 24, or 48 h in media 
(control) or media with APAP added at the stated concentrations. (b) Representative immunofluorescence microscopy (IFM) images of CD1 mouse 
embryos cultured for 48 h in control media or media with APAP at the stated concentrations. Upper panels: Differential interference contrast (DIC) 
images. Middle panels: F-actin stained by Phalloidin (white) and the nuclei stained using DAPI (blue). Lower panels: trophectoderm (TE) cells (red) 
stained by anti-CDX2 antibody and inner cell mass (ICM) cells stained by anti-OCT3/4 antibody (green). (c) Cell count quantification based on the IFM 
analysis of embryos cultured for 48 h in media (control; n¼15) or media with APAP at the stated concentrations (100 μM: n¼15, 200 μM: n¼ 15). The 
embryonic day in the parenthesis (e.g. E2.5) corresponds to their embryonic age at the end of the given exposure time. Statistical significance was 
tested with an ordinary one-way ANOVA analysis (F (2, 42)¼38.77) followed by Holm–�S�ıd�ak multiple comparison post hoc test (against control). Data 
points are represented as mean±SEM. ����P< 0.0001.
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Supplementary Table S4. Raw flow cytometry cell cycle data for HEK293, HuES4, and H1 cell lines.

HEK293

Control #1 #2 #3 #4 #5 #6 Mean
Events % Events % Events % Events % Events % Events % %

G0/G1 6109 58.37 6212 61.05 6145 59.92 6402 60.91 6466 61.53 6310 59.87 60.28
S 912 8.71 895 8.80 958 9.34 1023 9.73 904 8.60 1005 9.54 9.13
G2/M 3445 32.92 3068 30.15 3139 30.61 3086 29.36 3139 29.87 3224 30.59 30.59

APAP #1 #2 #3 #4 #5 #6 Mean
Events % Events % Events % Events % Events % Events % %

G0/G1 6066 59.84 5756 55.25 6081 59.45 5901 56.76 5907 56.74 6019 57,76 57.63
S 1340 13.22 1296 12.44 1277 12.49 1448 13.93 1486 14.27 1381 13.25 13.27
G2/M 2731 26.94 3367 32.32 2869 28.05 3048 29.32 3017 28.98 3020 28,98 29.10

HuES4

Control #1 #2 #3 #4 #5 Mean
Events % Events % Events % Events % Events % %

G0/G1 3086 31.59 3864 36.54 3775 36.73 3077 37.65 3564 33.46 35.19
S 592 6.06 1387 13.11 515 5.01 184 2.25 579 5.44 6.37
G2/M 6091 62.35 5325 50.35 5989 58.26 4911 60.10 6508 61.10 58.43

APAP #1 #2 #3 #4 #5 Mean
Events % Events % Events % Events % Events % %

G0/G1 3425 34.54 3831 37.24 3963 36.17 2919 41.02 3700 34.03 36.60
S 1099 11.08 1786 17.36 767 7.00 351 4.93 831 7.64 9.60
G2/M 5391 54.37 4671 45.40 6228 56.84 3846 54.05 6342 58.33 53.80

H1

Control #1 #2 #3 #4 #5 Mean
Events % Events % Events % Events % Events % %

G0/G1 3545 35.66 3898 38.24 4267 39.39 4790 45.84 4082 38.79 39.58
S 640 6.44 741 7.27 714 6.59 328 3.14 766 7.28 6.14
G2/M 5756 57.90 5554 54.49 5851 54.02 5332 51.02 5676 53.93 54.27

APAP #1 #2 #3 #4 #5 Mean
Events % Events % Events % Events % Events % %

G0/G1 4011 40.19 3743 37.22 4653 42.07 3796 47.36 4216 40.01 41.37
S 760 7.62 1106 11.00 1147 10.37 426 5.32 852 8.09 8.48
G2/M 5209 52.19 5208 51.78 5260 47.56 3793 47.32 5470 51.91 50.15

APAP, paracetamol.

https://academic.oup.com/

	Active Content List
	Introduction
	Materials and methods
	Results
	Discussion
	Supplementary data
	Data availability
	Acknowledgements
	Authors' roles
	Funding
	Conflict of interest
	References


