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Abstract: Identifying how specific nutrients can impact fertility, pregnancy, and neonatal outcomes
will yield important insights into the biological mechanisms linking diet and reproductive health. Our
study investigates how dietary vitamin C intake affects various fertility parameters and pregnancy
and neonatal outcomes in the guinea pig, a natural model of vitamin C dependency. Dunkin
Hartley guinea pigs were fed an optimal (900 mg/kg feed) or low (100 mg/kg feed) vitamin C
diet ad libitum for at least three weeks prior to mating and throughout pregnancy. We found that
animals receiving the low vitamin C diet had an increased number of unsuccessful matings, a higher
incidence of foetal reabsorption, and, among pregnancies resulting in delivery at term, produced
fewer offspring. Neonates from mothers on the low vitamin C diet had significantly decreased
plasma vitamin C concentrations at birth and exhibited mild growth impairments in a sex-dependent
manner. We conclude that a diet low of vitamin C induces a state of subfertility, reduces overall
fecundity, and adversely impacts both pregnancy outcomes and growth in the offspring. Our study
provides an essential foundation for future investigations to determine whether these findings
translate to humans. If so, they could have important clinical implications for assisted reproductive
technologies and nutritional recommendations for couples trying to conceive, pregnant women, and
breastfeeding mothers.

Keywords: vitamin C (ascorbate; ascorbic acid); fertility; reproduction; preconception; pregnancy;
foetus; neonate; guinea pig

1. Introduction

Vitamin C is an essential nutrient sourced exclusively from the diet in humans and
only a few other species, including guinea pigs, due to a non-functioning gulonolactone
oxidase enzyme [1]. The roles of vitamin C are diverse and essential for maintaining the
physiological function of all tissues, including the reproductive organs. This vital nutrient
acts as a powerful antioxidant and co-factor for a plethora of different enzymes involved in
hormone production, collagen synthesis, and epigenetic regulation.

Ovarian vitamin C concentrations increase around the time of ovulation. This has
been observed in several species including guinea pigs [2], rats [3], and cattle [4]. Similarly
in women, a change in the retention vs. urinary excretion of vitamin C occurs during
the mid-phase of the menstrual cycle [5–7]. When dietary intake is adequate, the urinary
excretion of vitamin C decreases just before ovulation [6,7]. This pattern reflects an increased
demand for and uptake of vitamin C by the ovary to facilitate optimal ovulation and
uterine function [8–10]. One of the principal roles of vitamin C in the ovary is to stimulate
the production of luteal hormones, like progesterone, which prepare the endometrium
for embryonic implantation and the maintenance of pregnancy [11–13]. In addition to
its role in hormone production, vitamin C regulates collagen hydroxylation, a crucial
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process for ovarian functions like follicle growth, formation of the corpus luteum, and
the repair of the ruptured follicle following ovulation [8–10]. Historical studies on severe
vitamin C deficiency have documented ‘loss of the oestrous rhythm’ in guinea pigs [14]
and hypermenorrhoea in women with scurvy, likely a combined effect of bleeding diathesis
and hormonal changes such as lowered progesterone [15]. Based on the existing literature,
inadequate vitamin C intake might disrupt the regulation of oestrous and menstrual cycles,
impair ovarian and uterine function, and negatively impact female fertility.

Vitamin C also has the potential to impact male fertility parameters. The testes are
a site of high vitamin C accumulation and turnover [16] and insufficient vitamin C may
lead to a state of oxidative stress within the testes, which can impair sperm function and
cause significant sperm loss [17–19]. Vitamin C supplementation has been shown to benefit
male reproductive health in the context of specific fertility issues such as oligospermia [20].
Whether paternal vitamin C supplementation can improve spontaneous pregnancy rates
and ongoing pregnancy outcomes for all couples trying to conceive remains unclear.

During normal gestation, vitamin C is preferentially transported across the placenta
from mother to foetus [21,22] which suggests that the nutrient is critical for normal foetal
development. However, this preferential transport into the foetus does not fully com-
pensate for grossly inadequate maternal intake. In both humans and guinea pigs, low
maternal vitamin C status during pregnancy also corresponds to low vitamin C status
in the neonate [21–23]. Additionally, low vitamin C status in pregnant women has been
associated with pregnancy complications such as an increased risk of preeclampsia [24,25],
preterm delivery [26], and low birth weight infants [27,28]. Vitamin C consumption during
pregnancy has also been reported to be positively correlated with infant growth up to
6 months of age [29]. Maternal vitamin C supplementation to improve these outcomes
has produced inconsistent results [30–33]. Specific subgroups such as smokers, diabetics,
and individuals with limited food variety, i.e., those individuals most at risk of vitamin
C deficiency, are often excluded from or not discussed in relevant studies, highlighting a
clear research gap that needs to be addressed.

The relationship between vitamin C, fertility, pregnancy, and neonatal outcomes is still
controversial due to limited clinical evidence and inconsistent findings. When considering
the impact of diet on reproductive health in humans, confounding variables such as so-
cioeconomic status, possible comorbidities, geographical and seasonal produce availability,
and varying food storage and preparation techniques make it difficult to establish causality
between a given nutritional insult and resulting fertility issues or pregnancy complications.
Well-designed animal studies allow us to overcome these limitations and study controlled
dietary manipulations, such as low vitamin C intake, in vivo.

In this study, we investigated how dietary vitamin C intake affects various fertility
parameters and pregnancy and neonatal outcomes in a clinically relevant guinea pig model.
We report that a diet low in vitamin C induces a state of subfertility, reduces overall
fecundity, and adversely impacts both pregnancy outcomes and growth in the offspring.
The potential biological mechanisms that underlie these findings and the implications for
future dietary recommendations in humans are discussed.

2. Materials and Methods
2.1. Ethics

This study was prospectively approved by the Animal Ethics Committee at the Uni-
versity of Otago, Wellington (AEC: 20–85). All procedures were performed in accordance
with the Health Research Council of New Zealand code of practice for the care and use of
animals for scientific purposes and results are reported according to the ARRIVE (animals
in research: reporting in vivo experiments) guidelines [34].

2.2. Animal Model

Animals were sourced from the outbred colony of Dunkin Hartley guinea pigs main-
tained in the Biomedical Research Unit at the University of Otago Wellington. Females
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were group housed in floor pens and males were individually housed in cages under
a 12 h day/night light cycle within a temperature (20–23 ◦C) and humidity (50–70%)
controlled facility.

At 8 weeks of age, 73 females and 30 males were randomised into two weight-stratified
dietary groups receiving optimal (900 mg/kg, males (n = 13), females (n = 35)) or low
(100 mg/kg, males (n = 17), females (n = 38)) concentrations of vitamin C via purified
guinea pig pellets (Specialty Feeds, Glen Forrest, Australia). The pellets were identical in
all aspects except vitamin C content; a comprehensive list of diet ingredients can be found
in the Supplementary Materials. A diet containing 100 mg of vitamin C/kg of feed has
previously been shown to induce a non-scorbutic vitamin C deficiency in guinea pigs of all
ages [35–38], including during pregnancy [23,39,40]. As expected, no animals developed
signs of scurvy during the study [41]. Animals had ad libitum access to feed and filtered
drinking water throughout the study. The diets were additionally supplemented with dried
hay (~20 g per animal daily) that was devoid of vitamin C following autoclaving at 120 ◦C.
Animals were monitored twice daily for general welfare (active and alert, not in isolation,
decent food, and water intake) and weighed weekly by trained and familiar personnel.

Routine plasma sampling via ear vein blood collection was performed to confirm the
response to the feeding regimens. Samples were collected from dams and sires at mating
and from dams upon delivery of pups. To limit variations in plasma vitamin C concentra-
tions due to recent food intake, animals were fasted for 2 h prior to all blood collections.

2.3. Breeding

Breeding began following a diet-acclimation period that lasted for at least 3 weeks.
Previous studies in guinea pigs have shown that 3 weeks provides sufficient time for
vitamin C concentrations to become stably established in plasma and tissue after altering
dietary intake [23,38]. To ensure timed matings of virgin guinea pigs, we tracked the
oestrous cycles of female animals by making daily observations of the vaginal membrane
for at least 2 weeks prior to mating. The length of a guinea pigs’ oestrous cycle is 16 days on
average [42]. During the latent phase of the cycle, the vaginal membrane is pale in colour
and appears visibly closed. In the days leading up to ovulation, a noticeable colour change
occurs with the vaginal membrane becoming progressively darker before spontaneously
perforating at the time of ovulation. Upon noting the colour change and first signs of
perforation, females were housed with a non-lineage and diet-matched male for 48 h. The
date of conception/gestational age (GA) 0 was deemed as the middle 24 h of this mating
period. Pregnancies were confirmed and litter size (n pups) was determined via abdominal
ultrasound, detectable within the first trimester on ~gestational day (GD) 21.

2.4. Delivery and Postnatal Care of Offspring

Dams delivered spontaneously on ~GD 69 and pups were randomised into three
weight-stratified groups: euthanised within 24 h of birth (neonate), euthanised at 28 days
of age (juvenile), or euthanised at 4 months of age (adolescent). Offspring were further
classified according to the dietary vitamin C status of their parents as either ‘optimal’ or
‘low’. The experimental groups were, therefore, neonate optimal males (n = 23), neonate
low males (n = 19), neonate optimal females (n = 22), neonate low females (n = 18), juvenile
optimal males (n = 13), juvenile low males (n = 10), juvenile optimal females (n = 11),
juvenile low females (n = 10), adolescent optimal males (n = 8), adolescent low males (n = 7),
adolescent optimal females (n = 9), and adolescent low females (n = 7). To prevent litter
bias, no more than 2 pups/sex/litter were allocated to the same group.

After delivery, all mothers and pups were maintained on the optimal (900 mg of
vitamin C/kg feed) diet. This approach ensured that any observed effects in the offspring
were solely attributable to prenatal depletion of vitamin C. Mothers and pups were housed
together in a cage during the neonatal period (first 7 days of life) for close monitoring and
then group housed in a nursery pen with other mothers and pups until weaning. Saliva
samples, obtained by allowing animals to chew on the tip of a cotton bud, and fasted
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plasma samples, obtained via ear vein blood sampling, were collected from dams and pups
within 24 h of delivery. Pups were weighed daily for the first 7 days and subsequent plasma
samples were collected from pups on day 7.

While the focus of this study is the impact of variation in foetal vitamin C exposure on
the neonate, relevant data were pooled from all three offspring groups where possible, e.g.,
birth weights and anthropometric body measurements. For offspring growth trajectories
during the neonatal period, data are pooled from the juvenile and adolescent groups.

2.5. Euthanasia and Tissue Collection

Adult animals were fasted for at least 4 h and pups were fasted for at least 2 h
prior to euthanasia. Euthanasia was then performed by exsanguination under isoflu-
rane (AttaneTM, Bayer Australia Ltd., Bentley, WA, Australia). An intracardiac blood
sample was collected and organs were dissected, weighed, and snap-frozen in liquid ni-
trogen. For adults (n = 21), tissue sampling of major organs, including the testes (see
Supplementary Figure S1 and Table S3 for a list of all sampled organs), was performed
on virgin animals following the diet-acclimation period that lasted for at least 3 weeks.
Ovaries (n = 12) were sampled post-partum, within 24 h of delivery.

2.6. High-Performance Liquid Chromatography (HPLC)

Blood samples (obtained via the ear vein or intracardially during exsanguination) were
stored on ice until centrifugation and plasma was subsequently frozen at −80 ◦C. Tissue
samples were snap-frozen in liquid nitrogen at the time of collection and subsequently
stored at −80 ◦C. Frozen plasma and tissue samples were analysed for vitamin C content
by high performance liquid chromatography with electrochemical detection (HPLC-ECD)
using a previously published method [43–45].

2.7. Cortisol Enzyme Linked Immunosorbent Assay (ELISA)

Saliva samples were obtained from dams and pups on the day of delivery/birth and
were stored at 4 ◦C. The Salimetrics salivary cortisol assay (Salimetrics Inc., State College,
PA, USA) was used to measure cortisol concentrations in guinea pig saliva samples as per
the manufacturer’s instructions. The sensitivity of the assay was 0.012–3.0 µg/dL and the
inter- and intra-assay coefficients of variance were 8.6% and 5.1%, respectively.

2.8. Statistical Analyses

All data were analysed using GraphPad Prism software (version 9.2.0). All tests
were two-tailed with statistical significance considered as p < 0.05. Means and standard
deviations (SD) were used in the analysis of continuous variables and counts with pro-
portions were used in the analysis of categorical variables. Normality was assessed using
the Kolmogorov–Smirnov normality test and equality of variance was assessed using
the F test or Brown–Forsythe test. For adult breeding animals, group differences were
assessed within sex using unpaired t-tests or Fisher’s exact tests to compare proportions.
For offspring, group differences were assessed using two-way ANOVA with diet and sex
as factors. A multi-factorial design was chosen as it can account for a larger proportion
of variability using smaller sample sizes (an ethical priority when using animal models)
than single-factor analysis allows [46]. If the two-way ANOVA indicated a significant
effect of diet (p < 0.05), subsequent post-hoc tests with Šidák’s correction for multiple
comparisons were performed. p-values for multiple comparisons are presented in the text
while overall model p-values are provided in the supplementary materials. For data that
were not normally distributed, the Mann–Whitney or Kruskal–Wallis tests were used and
for data with unequal variance, Welch’s correction was applied.
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3. Results
3.1. Adult Physical Characteristics

Mean weights at the study enrolment, mean weights, and ages at mating and mean
gonad weights for adult guinea pigs maintained on optimal and low vitamin C diets are
presented in Table 1 (see also Supplementary Table S1). No significant differences were
observed between groups.

Table 1. Adult Physical Characteristics.

Characteristics Optimal Vitamin C (n) Low Vitamin C (n)

Male weight (g) at enrolment 463.3 ± 86.3 13 489.5 ± 57.9 17
Sire weight (g) at mating 744.6 ± 132.4 34 734.9 ± 104.4 36

Sire age (weeks) at mating 16.5 ± 3.1 34 17.8 ± 3.6 36
Female weight (g) at enrolment 451.9 ± 49.0 35 432.7 ± 48.1 38

Dam weight (g) at mating 632.7 ± 111.8 34 588.5 ± 85.9 36
Dam age (weeks) at mating 14.9 ± 4.0 34 16.1 ± 5.2 36

Testis-to-body weight 0.228 ± 0.030 5 0.217 ± 0.029 6
Ovary-to-body weight 0.011 ± 0.003 5 0.009 ± 0.002 7

Weights for testes and ovaries were averaged for each animal and are expressed as a percentage of body weight
on the day of euthanasia. All data are presented as group means ± SD. Data were analysed using unpaired t-tests
(or the Mann–Whitney test for dam age at mating).

3.2. Vitamin C Concentrations in Adults
3.2.1. Plasma

Plasma vitamin C concentrations were assessed in a random selection of sires and dams on
the day of mating and in dams on the day of delivery (Figure 1 and Supplementary Table S2).
Optimal sires had higher plasma vitamin C concentrations on the day of mating compared to
low sires (p < 0.0001). Optimal dams had higher plasma vitamin C concentrations on the day
of mating and on the day of delivery compared to low dams (p < 0.0001 for both timepoints).
Optimal sires also had higher plasma vitamin C concentrations on the day of mating when
compared to optimal dams (p = 0.0096). This difference between males and females with
optimal vitamin C intake may be due to the increased turnover of vitamin C that occurs in
females around the time of ovulation [2–7].

Nutrients 2023, 15, x FOR PEER REVIEW  5  of  19 
 

 

were performed. p-values for multiple comparisons are presented in the text while overall 

model p-values are provided in the supplementary materials. For data that were not nor-

mally distributed, the Mann–Whitney or Kruskal–Wallis tests were used and for data with 

unequal variance, Welch’s correction was applied.   

3. Results 

3.1. Adult Physical Characteristics 

Mean weights at the study enrolment, mean weights, and ages at mating and mean 

gonad weights for adult guinea pigs maintained on optimal and low vitamin C diets are 

presented in Table 1 (see also Supplementary Table S1). No significant differences were 

observed between groups. 

Table 1. Adult Physical Characteristics. 

Characteristics  Optimal Vitamin C  (n)  Low Vitamin C  (n) 

Male weight (g) at enrolment  463.3 ± 86.3  13  489.5 ± 57.9  17 

Sire weight (g) at mating  744.6 ± 132.4  34  734.9 ± 104.4  36 

Sire age (weeks) at mating  16.5 ± 3.1  34  17.8 ± 3.6  36 

Female weight (g) at enrolment  451.9 ± 49.0  35  432.7 ± 48.1  38 

Dam weight (g) at mating  632.7 ± 111.8  34  588.5 ± 85.9  36 

Dam age (weeks) at mating  14.9 ± 4.0  34  16.1 ± 5.2  36 

Testis-to-body weight  0.228 ± 0.030  5  0.217 ± 0.029  6 

Ovary-to-body weight  0.011 ± 0.003  5  0.009 ± 0.002  7 

Weights for testes and ovaries were averaged for each animal and are expressed as a percentage of 

body weight on the day of euthanasia. All data are presented as group means ± SD. Data were ana-

lysed using unpaired t-tests (or the Mann–Whitney test for dam age at mating). 

3.2. Vitamin C Concentrations in Adults   

3.2.1. Plasma   

Plasma vitamin C concentrations were assessed  in a random selection of sires and 

dams on the day of mating and in dams on the day of delivery (Figure 1 and Supplemen-

tary Table S2). Optimal sires had higher plasma vitamin C concentrations on the day of 

mating compared to low sires (p < 0.0001). Optimal dams had higher plasma vitamin C 

concentrations on the day of mating and on the day of delivery compared to low dams (p 

< 0.0001 for both timepoints). Optimal sires also had higher plasma vitamin C concentra-

tions on the day of mating when compared to optimal dams (p = 0.0096). This difference 

between males and females with optimal vitamin C intake may be due to the increased 

turnover of vitamin C that occurs in females around the time of ovulation [2–7].   

 

Figure 1. Plasma vitamin C concentrations in parent animals on the day of mating and day of delivery.
At mating, optimal sires and dams (full circles, n = 10 male, n = 9 female) and low sires and dams
(open circles, n = 10 male, n = 7 female). At delivery, optimal dams (full circles, n = 9) and low dams
(open circles, n = 8). Data are presented as individual points with group means ± SD. An asterisk
indicates significance between bars linked with black lines; **** = p < 0.0001. Data were analysed
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3.2.2. Tissue

Vitamin C concentrations were measured in the testes and ovaries (Figure 2a,b) and
other major organs (Supplementary Figure S1). Animals on the low vitamin C diet had
significantly decreased vitamin C concentrations in the testes (p < 0.0001) and ovaries
(p = 0.006) compared to animals on the optimal vitamin C diet. This decrease in tissue
vitamin C concentration was also observed consistently across the other major organs (see
Supplementary Figure S1).
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3.3. Fertility Parameters

To measure the effect of vitamin C intake on fertility, reproductive parameters were
measured throughout the study. These parameters included oestrous cycle length, the
number of unsuccessful matings, failure to establish pregnancy, and failure to sire progeny
(Table 2 and Supplementary Table S4). Females were removed from the study due to a
failure to establish pregnancy at six months of age which allowed for between four and
five mating attempts with a proven male. Males were removed from the study due to a
failure to sire progeny after a minimum of six unsuccessful matings between at least two
different females. The overall reproductive success rate was calculated by dividing the
number of guinea pigs that became pregnant (females) or were proven able to sire progeny
(males), by the total number of guinea pigs eligible to become pregnant or sire progeny. The
proportion of matings that were unsuccessful, i.e., did not result in a pregnancy, was higher
in the low vitamin C group compared to the optimal group (51.7% vs. 34.9%, p = 0.0228).
Other parameters were unaffected.

3.4. Pregnancy Weight Gain

To observe any differences in weight gain during pregnancy, dams were weighed
weekly. The growth trajectory was similar between groups during the first five weeks
of pregnancy (Supplementary Figure S2 and Supplementary Table S5). From the sixth
week, optimal and low dams began to diverge, with optimal dams showing significantly
greater weight gain compared to low dams (week 6; p = 0.0305, week 7; p = 0.0099, week 8;
p = 0.0145, week 9; p = 0.0042). However, to control for differences in litter size (n pups),
further comparisons were made within dams carrying the same number of pups (Figure 3).
Only dams carrying litters of 2–4 pups were included as this is typical for guinea pigs and
sample sizes were comparable between groups. The difference in pregnancy-associated
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weight gain between low and optimal dams was no longer apparent once corrected for
litter size.

Table 2. Fertility Parameters.

Characteristics Optimal Vitamin C (n) Low Vitamin C (n)

Oestrous cycle length (days) 15.9 ± 0.7 35 15.8 ± 0.7 38
Unsuccessful matings (n = total matings) 30 (34.9%) 86 62 (51.7%) * 120

Failure to establish pregnancy (n = total females) 1 (2.9%) 35 2 (5.3%) 38
Failure to sire progeny (n = total males) 1 (7.7%) 13 4 (23.5%) 17

Reproductive success rate (n = total animals) 95.8% 48 89.1% 55

Oestrous cycle length is presented as group means ± SD and was analysed using the Mann–Whitney test. Unsuc-
cessful matings, failure to establish pregnancy, and failure to sire progeny are presented as absolute counts with the
proportion of the total shown in brackets. The overall reproductive success rate includes the total animals that were
enrolled in the study. Fisher’s exact test was used to compare proportions. * indicates significance at p < 0.05.
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Figure 3. Pregnancy weight gain in litters of equal size. The graph represents the average weight
gain during pregnancy (day of mating to week of delivery). Full lines = optimal dams and dashed
lines = low dams. Dams with 4 pups (green lines, n = 10 optimal, n = 6 low), dams with 3 pups (blue
lines, n = 11 optimal, n = 10 low), and dams with 2 pups (red lines, n = 6 optimal, n = 12 low). Data
were analysed using repeated measures mixed-effects two-way ANOVA.

3.5. Pregnancy Outcomes

To measure the effect of vitamin C intake on general pregnancy and perinatal outcomes,
rates of pregnancy loss/miscarriage, foetal reabsorption, preterm delivery, and stillbirth, as
well as litter size, gestational age (GA) of pups at delivery, litter birth weights, and pup sex
ratios were assessed (Table 3 and Supplementary Table S6).
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Table 3. Pregnancy Outcomes.

Outcomes Optimal Vitamin C (n) Low Vitamin C (n)

Miscarriage (delivery before GA62) (n = total pregnancies) 4 (11.8%) 34 2 (5.6%) 36
Foetal reabsorption (n = total pregnancies) 2 (5.9%) 34 9 (25%) * 36

Preterm delivery (born GA62–66) (n = litters born GA62+) 0 30 2 (5.9%) 34
Stillbirth # of pregnancies (n = litters born GA62+) 5 (16.7%) 30 9 (26.5%) 34

Cumulative adverse outcome (n = total pregnancies) 11 (32.4%) 34 22 (61.1%) * 36
Stillbirth # of pups (n = total pups) 6 (5.9%) 102 11 (13.1%) 85

Litter size (n pups) (n = term litters (born GA66+)) 3.4 ± 1.0 (2–6) 30 2.6 ± 0.9 (1–4) * 32
GA of pups at delivery (n = term litters of 2–4 pups) † 68.6 ± 1.0 27 68.9 ± 1.2 27
Litter birth weight (g) (n = term litters of 2–4 pups) † 95.3 ± 10.4 27 97.2 ± 10.0 27

Pup sexes (n = total liveborn pups) 49♂47♀ 96 37♂37♀ 74

Rates of miscarriage, foetal reabsorption, preterm delivery, stillbirth (# of pregnancies and # of pups), and
cumulative adverse outcome are presented as absolute counts with the proportion of the total shown in brackets.
Litter size is presented as group means ± SD with smallest to largest litter sizes shown in brackets. The GA of
pups at delivery and litter birth weight are presented as group means ± SD. Data were analysed using unpaired
t-tests (or the Mann–Whitney test for litter size and GA of pups at delivery). Fisher’s exact test was used to
compare proportions. * indicates significance at p < 0.05. † One optimal litter of 6, two optimal litters of 5, three
low litters of 1, and two low premature litters were excluded from the analysis of GA of pups at delivery and litter
birth weight.

Delivery of pups earlier than GA 62 (term delivery ~GA 69) normally results in still-
birth or early neonatal mortality: pups liveborn at this gestational age require neonatal
resuscitation and extensive intervention to survive. For the purposes of this study, sponta-
neous delivery before GA 62 was classified as a miscarriage. Litters born between GA 62
and GA 66 can be viable without intervention but are nevertheless classified as premature.
Foetal reabsorption was evidenced by a greater number of pups detected at ultrasound com-
pared to pups delivered, paired with significant maternal weight loss or weight stagnation
during pregnancy and/or delivery of partially reabsorbed pups.

Due to the potential cannibalism of underdeveloped pups that occurs in guinea pigs,
miscarriages and premature deliveries were excluded from the analysis of litter size (n
pups). Since litter size can influence both the duration of pregnancy and pup birth weights,
GA of pups at delivery and average litter birth weight only include term litters of between
two and four pups, which is typical for guinea pigs.†

The rate of foetal reabsorption was higher in low vitamin C pregnancies compared to
optimal (25% vs. 5.9%, p = 0.0463). The cumulative adverse pregnancy outcome rate which
included miscarriages, foetal reabsorption, preterm deliveries, and stillbirth (# of pregnan-
cies) was also higher in the low vitamin C group (61.1% vs. 32.4%, p = 0.0188). Pregnancies
characterised by low vitamin C status also produced significantly fewer offspring in terms
of litter size (n pups) compared to optimal (p = 0.0061). Other parameters were not affected
by low vitamin C status.

3.6. Offspring Physical Characteristics

On the day of delivery/birth (day zero), body weights and measurements were
recorded and are displayed below in Table 4 (see also Supplementary Table S7). Maternal
vitamin C intake had no significant effect on birth weights for offspring of either sex. For
body measurements, there were no significant differences in the crown-rump length (CRL)
or hock-toe length (HT). However, maternal vitamin C depletion affected hind limb length
(HL) in males. Hind limb length was significantly shorter in males born to low vitamin C
mothers compared to optimal (p = 0.003). The ponderal index (PI), an estimate of adiposity
in relation to length, was calculated using the following formula: weight (kg)/length (m)3.
The sum of a guinea pig’s CRL and HL was used as an approximation of the animal’s
height. Average PI-derived adiposity at birth was greater in pups born to low vitamin C
mothers (males; p = 0.0418 and females; p = 0.0077). At the time of neonate tissue collection
(within 24 h of delivery), organ weights were recorded and are displayed below in Table 5
(see also Supplementary Table S7). Maternal vitamin C intake had no significant effect on
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relative organ weights for offspring of either sex. There was a significant effect of sex on
relative visceral fat weights observed in optimal offspring (p = 0.0010). No other significant
differences were identified.

Table 4. Body Weights and Measurements on Day Zero.

Characteristics

Males Females

Optimal
(n = 44)

Low
(n = 36)

Optimal
(n = 42)

Low
(n = 35)

Body weight (g) 93.3 ± 14.8 96.3 ± 13.2 91.4 ± 12.9 93.5 ± 14.8
Crown-rump (mm) 128.8 ± 8.8 129.0 ± 9.0 127.7 ± 8.7 126.0 ± 8.7

Hind limb (mm) 38.5 ± 5.0 35.1 ± 3.7 ** 36.7 ± 4.3 34.7 ± 3.6
Hock-toe (mm) 38.2 ± 5.1 36.8 ± 3.1 37.3 ± 4.6 35.0 ± 3.6

Ponderal Index (PI) 20.2 ± 3.4 22.3 ± 2.9 * 20.6 ± 3.3 23.2 ± 2.7 **
All data are presented as group means ± SD and were analysed as a 2 × 2 factorial design with sex*diet*interaction
included. An asterisk indicates significance within sex; * = p < 0.05 and ** = p < 0.01. These data represent all new
born pups irrespective of later group allocation.

Table 5. Organ Weights on Day Zero.

Characteristics

Males Females

Optimal
(n = 23)

Low
(n = 19)

Optimal
(n = 22)

Low
(n = 18)

Brain-to-body wgt 2.67 ± 0.43 2.58 ± 0.29 2.71 ± 0.46 2.52 ± 0.30
Liver-to-body wgt 3.94 ± 0.74 3.79 ± 0.36 4.26 ± 0.56 3.88 ± 0.52
Brain-to-liver ratio 0.71 ± 0.19 0.68 ± 0.11 0.66 ± 0.16 0.67 ± 0.11
Heart-to-body wgt 0.41 ± 0.04 0.40 ± 0.05 0.43 ± 0.04 0.40 ± 0.03

Kidney-to-body wgt 0.43 ± 0.04 0.44 ± 0.04 0.43 ± 0.04 0.44 ± 0.04
Adrenal-to-body wgt 0.03 ± 0.02 0.02 ± 0.01 0.02 ± 0.01 0.05 ± 0.07

Testis-to-body wgt 0.07 ± 0.05 0.07 ± 0.09 N/A N/A
Subcut. Fat-to-body wgt 1.50 ± 0.5 1.40 ± 0.3 1.34 ± 0.4 1.30 ± 0.3

Visc. Fat-to-body wgt 1.06 ± 0.3 1.04 ± 0.4 0.73 ± 0.3 0.81 ± 0.2
All data are presented as group means ± SD. All weights are in grams and are expressed as percentages of body
weight. Paired organ weights were averaged for each animal. Data were analysed as a 2 × 2 factorial design
with sex*diet*interaction included (or the Mann–Whitney test for testes). Wgt = weight, subcut. = subcutaneous,
visc. = visceral. These data derive from pups randomised at birth to neonatal tissue collection. N/A means
not applicable.

All pups allocated to the juvenile or adolescent groups were extensively monitored
for the first seven days. A key indicator of health and wellbeing during the neonatal period
is daily fractional weight gain (Figure 4a,b and Supplementary Table S8). Low maternal
vitamin C intake significantly impaired fractional weight gain for females compared to
their optimal counterparts during the first three days of life (postnatal day one; p = 0.0339,
postnatal day two; p = 0.0046, and postnatal day three; p = 0.0490).

3.7. Vitamin C Concentrations in Offspring
Plasma

Plasma vitamin C concentrations were assessed in pups (pooled males and females)
on the day of delivery (day zero) and on day seven (Figure 5 and Supplementary Table S9).
Pups born from low vitamin C pregnancies had decreased plasma vitamin C concentrations
on day zero when compared to pups born from optimal vitamin C pregnancies (p = 0.0002).
This effect had normalised by day seven on the vitamin C-replete diet, with no significant
differences in plasma vitamin C concentrations observed between groups at this age.
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Figure 4. Fractional weight gain in male (a) and female (b) offspring during the neonatal period.
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Figure 5. Plasma vitamin C concentrations in neonate offspring (pooled males and females) on day
0 and day 7. At day 0, optimal offspring (full circles, n = 8) and low offspring (open circles, n = 8).
At day 7, optimal offspring (full circles, n = 5) and low offspring (open circles, n = 7). All data
are presented as group means ± SD. An asterisk indicates significance between bars linked with
black lines; *** = p < 0.001. Data were analysed using unpaired t-tests (with Welch’s correction for
heterogeneity of variance applied to day 0).

3.8. Salivary Cortisol Concentrations

Salivary cortisol was assessed in dams and pups on the day of delivery/birth (day 0).
There was no significant effect of maternal vitamin C intake on postpartum salivary cortisol
concentrations in dams or offspring as shown in Figure 6 (see also Supplementary Table S10).
Neonate concentrations were also in the expected range based on previous guinea pig data [47].
This implies that there were no overt birth complications causing elevated stress in pups
during labour or delivery in either group.
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4. Discussion

The data presented in this study represent the first comprehensive characterisation
of the adverse fertility and pregnancy outcomes associated with low but not scorbutic
levels of vitamin C prior to and during pregnancy in a species that shares the same dietary
requirements for vitamin C as humans. Given the dramatic impact that modifiable lifestyle
factors such as diet can have on natural fertility, the effectiveness of infertility treatments,
and pregnancy and neonatal outcomes, it is essential that we select the right experimental
paradigm to accurately study the effects of dietary variations on reproductive health.
Indeed, the strengths of our study are grounded in the clinical relevance of using guinea
pigs as a model for reproductive and developmental research. Guinea pigs not only serve
as an excellent model for human pregnancy and perinatal development, as previously
reviewed [48], but also represent a natural model of diet-induced vitamin C deficiency [1].
This enhances the translatability of our findings to potential human health implications.
Nevertheless, certain limitations must also be recognised. While the guinea pig provides a
valuable and necessary framework, it is not a perfect proxy for humans. Further research is
necessary to directly apply these findings to other animal species or even to diverse human
populations with distinct genetic and environmental factors.

In accordance with previous work [23,35–40], we show that a diet containing 100 mg
of vitamin C per kg of feed successfully induces a non-scorbutic vitamin C deficiency in
guinea pigs of both sexes and of various adult ages, including during pregnancy. Moreover,
this depletion was systemic, with animals maintained on the low vitamin C diet exhibiting
markedly decreased vitamin C concentrations in plasma, reproductive tissue, and other
organs (Figures 1 and 2 and Supplementary Figure S1). Our rationale for having both
parent animals on matched diets was based on the assumption that, in most human couples,
dietary patterns of mothers and fathers tend to be relatively similar. There were also
practical considerations that came into play. Males were used for breeding with multiple
females throughout the study; constantly switching between the optimal and low vitamin
C diets would not only have made it difficult to accurately assess their true vitamin C status
but also raised ethical concerns regarding the animals’ welfare.

Low vitamin C intake had a significant impact on the number of unsuccessful matings
in our study. Over half of the total matings in the low vitamin C group (51.7%) did not
result in a pregnancy compared to 34.9% in the optimal group. Pregnancies may have
been established in some cases but embryonic loss occurred before ultrasounds took place
on ~GD 21 and the pregnancy went undetected. These results imply subfertility or low
fecundability in pairings characterised by low vitamin C status. As we did not monitor ac-
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tual copulation events, it is possible that vitamin C-depleted guinea pigs failed to manifest
sexual instincts or had reduced sexual activity. It is also possible that low vitamin C concen-
trations within reproductive tissues impaired reproductive ability through perturbations in
semen function, follicle development, ovulation, fertilisation, or endometrial function and
reduced the likelihood of mating resulting in pregnancy.

Previous research has demonstrated rapid degeneration of the entire male reproduc-
tive system [49] and ovarian atrophy [50] in scorbutic guinea pigs. In humans, several
studies have reported improvements in various reproductive parameters following vita-
min C supplementation. For instance, men diagnosed with oligospermia experienced an
increased total sperm count, sperm motility, and normal sperm percentage after vitamin
C supplementation [20]. Similar improvements have been observed in the male partners
of couples experiencing recurrent pregnancy loss [51] and in obese men [52]. Vitamin C
also regulates spermatogenesis via epigenetic mechanisms. The ten–eleven translocation
(TET) enzymes (TET 1,2,3) are a family of DNA demethylases that require vitamin C for op-
timal catalytic activity [53–55]. Men diagnosed with oligospermia and/or asthenospermia
showed significantly reduced TET enzyme expression in their sperm [56]. Interestingly,
TET expression also showed a positive correlation with fertilisation rates among couples
undergoing intracytoplasmic sperm injection (ICSI) infertility treatment [56].

Among women of the child-bearing age, a leading cause of subfertility is polycystic
ovarian syndrome (PCOS), a common endocrine disorder linked to disordered follicle de-
velopment and diminished ovulation [57,58]. Whether vitamin C supplementation can im-
prove ovarian pathophysiology associated with PCOS is an emerging area of research [8,10].
However, vitamin C has already been shown to enhance the ovulation-inducing effects
of clomiphene treatment in anovulatory women [59]. A luteal phase defect (LPD) is an-
other endocrine disorder affecting women that is associated with severe subfertility and
spontaneous miscarriage. Characterised by low progesterone levels, LPD inhibits the
normal endometrial development necessary for embryonic implantation and pregnancy
maintenance [11,12]. A study in women diagnosed with LPD indicated that vitamin C
supplementation can increase serum progesterone concentrations to healthy control levels
and improve the clinical pregnancy rate [12]. It is inevitable that most human fertility
research focuses on specific reproductive issues as individuals who do not experience
fertility problems generally do not seek treatment. Our findings highlight that adequate
vitamin C intake during the preconception period holds the potential for improving fertility
outcomes for all prospective mothers and fathers.

Another key finding from our study is that low vitamin C intake had a significant
impact on the incidence of early foetal loss. Foetal reabsorption was evident in 25% of low
vitamin C pregnancies compared to 5.9% of optimal pregnancies. Previous studies in guinea
pigs have also reported an increase in the number of reabsorbed foetuses in vitamin C
deficient mothers at mid-gestation [14,60]. In humans, early pregnancy loss or miscarriage
occurring in the first trimester affects 10–20% of clinically recognised pregnancies [61].
However, this is likely an underestimation of the true incidence as many miscarriages
occur within the first month before a woman knows she is pregnant. In many cases,
early pregnancy loss is believed to be due to embryonic or foetal abnormalities that cause
developmental arrest [62]. However, given the inherent complexity of researching early
pregnancy loss, many unresolved questions remain, especially because for many women,
medical investigation into early pregnancy loss is not initiated until several cycles of
conception and loss have been completed. Developmental arrest poses a serious challenge
for assisted reproductive technologies (ART) such as in vitro fertilisation (IVF), affecting up
to 50% of in vitro embryos [62]. Identifying and understanding the molecular mechanisms
that drive developmental arrest has important implications for improving ART outcomes.

The TET enzymes remain highly expressed during early mammalian development
where they act as pivotal regulators of gene expression by catalysing the oxidation of
methylcytosine to 5-hydroxymethylcytosine and subsequent derivatives [53]. Studies in
mice have revealed that knockout of Tet1 and Tet3, alone or in combination, significantly
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reduces the likelihood of a normal trajectory of foetal development by accelerating rates of
embryonic death and morphological abnormalities that lead to developmental arrest [63,64].
One possible mechanism at play in our model of vitamin C depletion is reduced TET
catalytic activity resulting in the perturbation of key gene expression pathways during
early development. Compared to the complete knockout of individual TET enzymes, low
maternal vitamin C intake might cause a more subtle dampening of TET activity and affect
all three paralogs simultaneously.

Standard cell culture media such as RPMI does not typically include vitamin C and
vitamin C is quickly lost from solution after being added [45]. Supplementing vitamin C to
culture media has been shown to enhance TET activity in IVF mouse embryos. Moreover,
implantation success and post-implantation survival rates were increased following embryo
transfer when vitamin C had been added to culture media [65]. Enhanced TET activity
with vitamin C supplementation has also been widely reported in a plethora of different
cell lines [45,54]. Commercially available culture media for human IVF does contain
vitamin C but, due to the competitive nature of the field and a handful of companies
monopolising the market, concentrations are not disclosed [66]. Whether vitamin C could
be used as an inexpensive and readily available adjunct to infertility treatments to improve
preimplantation embryo quality and clinical pregnancy rates is an exciting prospect.

We found that dams maintained on the low vitamin C diet gave birth to significantly
fewer offspring (n born per litter), which may be due in part to the increased rate of foetal
reabsorption. This shows that while animals with low vitamin C intake can be fertile, they
have significantly reduced fecundity. In a study by DiTroia et al. that employed a Gulo
knockout mouse model of vitamin C deficiency, the authors found that maternal vitamin C
deficiency during pregnancy significantly impaired reproductive performance in the F1
generation [67]. Female offspring born to vitamin C-deficient mothers had an increased
number of unsuccessful matings and reabsorbed embryos during their own pregnancies.
This is extremely interesting given that these findings mirror what we have observed in
our study of reproduction in the F0 generation.

A key finding from the DiTroia study was the similarity between the transcriptomes of
Tet1 knockout mice and germ cells in embryos from vitamin C deficient mothers [67]. This
observation implies that a deficiency in vitamin C during pregnancy phenocopies the loss of
Tet1 in the Gulo mouse context. Moreover, an analysis of differentially methylated CpG sites
in the genomes of vitamin C deficient germ cells within Gulo mouse embryos highlighted an
enrichment of genomic regions associated with fertility related pathways (such as ovarian
folliculogenesis, ovary morphology, and ovarian follicle number). A possible mechanism
implied by this work is the aberrant regulation of methylation at genomic regions associated
with fertility-related functions in the F1 generation following vitamin C deficiency [67].
Similar mechanisms may be at play in our study, albeit in the F0 generation. This potentially
highlights an intergenerational mechanism for adapting fecundity in response to adverse
environmental conditions such as low vitamin C availability.

Body measurements and organ weights taken at birth can provide valuable informa-
tion on foetal growth and development. Males born to low vitamin C mothers had shorter
hind limbs at birth, suggesting stunted or delayed limb growth in utero. Surprisingly,
the average adiposity at birth was greater in pups born to low vitamin C mothers. These
pups also had slightly greater birth weights, although this difference was not statistically
significant. This may be attributed to the fact that low vitamin C dams gave birth to smaller
litters (n pups), resulting in less growth restriction for the individual pups in utero and
leading to larger sizes at birth. In females born to low vitamin C mothers, daily fractional
weight gain was reduced during the first three days of life (Figure 4). This decreased weight
gain may reflect a reduction in the level of activity that prevented active suckling from
their mother. It could also indicate impaired bioenergetic capacity, resulting in reduced
nutrient absorption or cellular respiration, leading to lower nutritional value from the same
caloric intake.
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Pups born to low vitamin C mothers had significantly decreased plasma vitamin C
concentrations on the day of delivery/birth (Figure 5). Following delivery, all mothers and
pups were provided with the vitamin C-replete diet and by postnatal day seven, plasma
vitamin C concentrations in the depleted new born offspring had increased to healthy
control levels (Figure 5). Since breastmilk is the major source of nutrition for guinea pig
pups during early postnatal life, this observation demonstrates that the lactation period
is an effective time to implement potential therapies, e.g., vitamin C supplementation,
to try and mitigate any ongoing adverse effects caused by foetal vitamin C depletion.
Indeed, Kawahori et al. have shown in a genetically engineered mouse model of vitamin
C deficiency, that the administration of high dose vitamin C to deficient dams during the
lactation period appeared to restore Tet function in offspring by increasing global liver
5-hydroxymethylcytosine (a marker of increased Tet activity) [68]. However, it is important
to note that the new born mouse is born in a developmentally immature state compared to
either humans or guinea pigs, so the extent to which lactational effects in this species can
be translated to the human setting requires further evaluation.

The recommended dietary intake (RI) for human infants between birth and six months
of age is 40 mg of vitamin C/day [69]. This is easily achieved through responsive breast-
feeding if the mother is consuming an adequate amount of the vitamin [70]. The highest
vitamin C concentrations are found in colostrum [70,71], indicating that the neonates’
immediate requirement for vitamin C is substantial [72,73]. Infant formulas also contain
vitamin C [72,73]. However, storage can lead to vitamin C degradation, decreasing the nu-
tritional content of bottled formula or breastmilk [73]. In well-nourished mothers, mature
breastmilk contains 50–90 mg of vitamin C/L and this concentration remains relatively
stable until around 12 months postpartum [71,74]. In poorly nourished mothers with low
vitamin C intake, breastmilk concentrations can be as low as 20–30 mg/L [75,76], putting
the exclusively breastfed infant at risk of deficiency.

These findings, in conjunction with our own observations, emphasise the critical
importance of adequate maternal vitamin C intake not only during pregnancy but also
throughout the postpartum period, especially during the perinatal and neonatal stages.
This is particularly crucial for breastfeeding mothers with a heightened risk of vitamin C
deficiency, such as those who smoke. Smoking is known to have a negative effect on plasma
and tissue vitamin C concentrations, which is reflected in lower breast milk vitamin C
concentrations among smoking mothers [70,77]. In Australasia, the recommended dietary
intakes for pregnant and breastfeeding women are relatively low, at 60 and 85 mg of vitamin
C/day, respectively. In other countries such as China and the United States, the respective
amounts are considerably higher at 85 and 120 mg of vitamin C/day [69]. A review of the
current reference values for daily vitamin C intake in New Zealand is long overdue [78–80].
Focus should be given to pregnant and breastfeeding women with demographic and
lifestyle factors such as smoking considered. Optimising nutrient availability during the
perinatal and neonatal periods will ensure future generations are set on the best possible
trajectory to achieve long-term health.

5. Conclusions

The findings of our study indicate that in a species reliant on dietary vitamin C, low
vitamin C status reduces fecundability, may increase the time to pregnancy, and results in
altered offspring characteristics. Given the similarities between guinea pigs and humans in
terms of reproductive physiology, e.g., guinea pigs are polyoestrous and nonseasonal breed-
ers, this may have implications for human couples who are trying to conceive. Furthermore,
our findings suggest that low vitamin C status during periconception and pregnancy might
increase the risk of embryonic or foetal loss, resulting in an overall reduction in fecundity,
and lead to compromised foetal and neonatal health. Whilst severe dietary deficiencies
would be expected to compromise the outcome of any pregnancy, it is alarming that non-
scorbutic intakes of vitamin C which have no apparent effect on the outward physical
health of adult animals and can have such a dramatic impact on fertility and pregnancy
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and neonatal outcomes. Our results highlight the importance of adequate vitamin C intake
well above the concentrations required to prevent the overt symptoms of deficiency such
as scurvy. Key timeframes during which adequate vitamin C intake is important include
periconception, pregnancy, and lactation. Future studies should investigate the long-term
outcomes for offspring as well as outcomes for offspring that are also depleted postnatally
as this would likely be the case for exclusively breastfed infants born to mothers with low
vitamin C status. Additionally, the impact of dietary mismatch between males and females
prior to mating and the impact of changing vitamin C availability during pregnancy all offer
unique translational insights into the impact of vitamin C as a cheap and easily modifiable
dietary strategy to improve pregnancy outcomes in women.
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