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Abstract
Purpose Low mitochondrial DNA (mtDNA) content in oocytes and in cumulus cells is an indicator of poor oocyte quality.
Moreover, initial evidence showed a correlation between mtDNA content in cumulus cells and mtDNA copy number in
peripheral blood cells. On these bases, we deemed of interest investigating the correlation between mtDNA copy number in
peripheral blood and natural fecundity.
Methods This is a nested case–control study drawn from a prospective cohort of pregnant women referred for routine first
trimester screening for aneuploidies (from 11 + 0 to 12 + 6 weeks of gestation) between January 2012 and March 2013 at the
BFondazione IRCCSCa’Granda OspedaleMaggiore Policlinico^ ofMilan, Italy. Cases were subfertile women who attempted to
become pregnant for 12–24 months. Controls were the two subsequently age-matched women who became pregnant in less than
1 year. MtDNAwas quantified using real-time PCR and normalized to nuclear DNA.
Results One hundred and four subfertile women and 208 controls were selected. Themedian (IQR)mtDNA copy number was 95
(73–124) and 145 (106–198), respectively (p < 0.001). The area under the ROC curve was 0.73 (95% CI 0.67–0.79) (p < 0.001).
The Youden index was 105 mtDNA copy number. The crude OR for subfertility in women with mtDNA copy number below this
threshold was 5.72 (95% CI 3.43–9.55). The accuracy of mtDNA copy number assessment in peripheral blood progressively
decreased with increasing female age.
Conclusions Low mtDNA copy number in peripheral blood is associated with an increased risk of subfertility and may represent
a biomarker of natural fecundity.
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Introduction

Mitochondria are key cytoplasmic organelles that play a cru-
cial function in cellular energy metabolism, reactive oxygen
species (ROS) generation, cell proliferation, and apoptosis [1,
2]. Not surprisingly, mitochondria play a pivotal role also in
both male and female infertility [3].

In particular, they have been claimed to be implicated in the
decline of female fertility with age [4].Murine models suggest
that mitochondrial biogenesis during embryonic life concurs
in the determination of the initial size of the follicular pool [5].
Moreover, these organelles were shown to regulate follicular
atresia and may guide the depletion of the ovarian reserve [4,
6–10]. Noteworthy, the role of mitochondria is not limited to
the regulation of the pool of primordial follicles. In fact, by
deeper investigating the pathophysiological role of mitochon-
dria in ovarian aging, it clearly emerged a close relation
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between mitochondrial DNA (mtDNA) and oocytes quality
[6]. In particular, the age-related increasing instability of
mtDNA results in the accumulation of mtDNA mutations in
the oocytes leading to the deterioration of their competence.
Interestingly, also the amount of mtDNA per oocyte appears
to be a key factor in determining the fertilization outcome. In
fact, it is now becoming increasingly apparent that oocyte
mtDNA deficiency results in poor oocyte quality and may
prevent the oocyte from completing the process of fertilization
[11]. Importantly, evidence drawn from animal models and
humans converge in suggesting the existence of an oocyte
mtDNA copy number threshold below which the fertilization
process is more likely to fail. The beneficial effect on fertili-
zation rate of mtDNA supplementation in oocytes exhibiting
mtDNA deficiency tends to confirm this hypothesis [11–14].

Mitochondria derived from the oocyte are also the major
source of ATP during early embryo development [15]. In fact,
from metaphase II oocytes till hatched blastocyst stage, the
glycolysis process is limited and the mtDNA count does not
change [15, 16].

Unfortunately, mitochondria and mtDNA cannot be direct-
ly evaluated without damaging the oocytes. The intriguing
observations reported above are of scanty clinical interest in
the absence of peripheral biomarkers able to reflect the oocyte
mitochondrial function. In this regard, it is noteworthy that
oocyte mtDNA content is positively correlated with that of
the corresponding cumulus cells [17] and that two recent stud-
ies found a significant link between cumulus cell mtDNA
content and embryo quality, with higher mtDNA copy num-
bers being associated with good quality embryos [18, 19].
Furthermore, of utmost relevance is the recent evidence show-
ing a correlation between mtDNA content in cumulus cells
and mtDNA content in peripheral blood cells [9, 18].

On these bases, we deemed of interest investigating the
correlation between mtDNA copy number in peripheral blood
and natural fecundity. To shed light on this issue, we set up a
nested case–control study recruiting women at the time of first
trimester pregnancy screening for aneuploidies and we com-
pared mtDNA copy number in peripheral blood of women
attempting to become pregnant for more than 1 year
(subfertile group) with that of age-matched controls who be-
came pregnant in less than 1 year.

Methods

This is a nested case–control study drawn from a prospective
cohort of pregnant women referred for routine first trimester
screening for aneuploidies (from 11 + 0 to 12 + 6 weeks of
gestation) at the BFondazione IRCCS Ca’ Granda Ospedale
Maaggiore Policlinico^ between January 2012 and March
2013. All women referred were offered the opportunity to
participate in the study. Those who accepted signed an

informed consent, provided a blood sample, and were
interviewed using a standardized questionnaire. Blood sam-
ples were collected in 3 mL EDTA-containing tube and im-
mediately stored at − 20 °C. The study was accepted by the
local Institutional Review Board. All recruited patients pro-
vided a written informed consent to participate.

Women were defined as subfertile if they had tried to
achieve a natural pregnancy for 12–24 months. Controls were
the subsequently referred women matched to cases on the
basis of age (± 6 months, ratio 2:1). Inclusion criteria for both
cases and controls were (i) age > 18 years, (ii) natural concep-
tion (women conceiving with the use of controlled ovarian
hyper-stimulation with or without assisted reproductive tech-
niques were excluded), and (iii) regular menstrual cycles (24–
35 days). Time to pregnancy was the interval between the
initiation of unprotected intercourses and conception. If the
woman referred transient irregular cycles following hormonal
contraceptive discontinuation, the starting point was shifted to
the beginning of regular cycles.

Blood samples were all thawed simultaneously. Total ge-
nomic DNAwas isolated from whole-blood specimens by the
Wizard Genomic DNA Purification Kit (Promega). ABI
Prism 7900 fast sequence detection system (Applied
Biosystems, Foster City, CA) was used for real-time quantita-
tive polymerase chain reaction (PCR) analysis, according to
our previously published method [20], using the RNase P
gene, as an endogenous control (cat no. 4316844; Applied
Biosystems) and AB Mitochondrial Gene 7S, encoding D-
loop, as target gene (Hs02596861_s1, Assays-on-Demand
Gene Expression Products; Applied Biosystems). RNase P is
a single-copy nuclear gene that encodes the RNA moiety for
the RNase P enzyme. D-loop is a replication start site of the
mtDNA. Real-time quantitative PCR was performed leading
to reactions characterized by the point in time during cycling
when amplification of a PCR product achieved a fixed level of
fluorescence. Target and reference genes were amplified in
separate wells in duplicate. Reaction conditions included
10 μL of 2× TaqMan fast universal PCR master mix, 1 μL
of primers and probes mixture, 150 ng of template DNA, and
nuclease-free water to a 96-well reaction plate. The total reac-
tion volume was 20 μL. The cycling conditions were as fol-
lows: 20 s at 95 °C and 40 cycles of 3 s at 95 °C followed by
30 s at 60 °C. Data were analyzed by using the comparative Ct
method, where Ct is the cycle number at which fluorescence
first exceeds the threshold. The Δ cycle thresholds (ΔCt)
values from each sample were obtained by subtracting the
values for the reference gene from the sample Ct, thus normal-
izing to nuclear DNA. For each experimental sample, the
2−ΔCt was calculated and data were graphically indicated as
relative quantification. A standard curve for mtDNA quantifi-
cation was not used. Data were indeed normalized to nuclear
DNA and are reported as number of copies per nuclear DNA
(mtDNA/nDNA).
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The primary end point of the study was the mtDNA copy
number assessment in peripheral blood of subfertile and fertile
women. Analysis of the data was carried out with the
Statistical Package for Social Sciences 18.0 (SPSS Inc.,
Chicago, IL, USA). Statistically significant differences were
determined using Fisher’s exact test, chi-squared test,
Student’s t test, or the Mann–Whitney test, as appropriate.
The mtDNA copy number in peripheral blood was presented
as median (interquartile range-IQR) and compared using the
Mann–Whitney test. p values below 0.05 were considered
statistically significant. To test the accuracy of mtDNA copy
number in peripheral blood in predicting female subfertility,
we performed a receiver operator curve (ROC) analysis.

The best threshold to discern between subfertile and fertile
women was identified using the Youden index (J) and used to
calculate the odds ratio (OR) of being subfertile.

J is a measure for evaluating the biomarker effectiveness.
Let Se (c) and Sp (c) be the sensitivity and specificity values
associated to a particular cutoff point (c).

J is a function of Se (c) and Sp (c), such that

J cð Þ ¼ Se cð Þ þ Sp cð Þ−1f g ¼ Se cð Þ− 1−Sp cð Þð Þf g

Overall cutoff point c, cJ, denotes the cutoff point corre-
sponding to J. When the value of J is maximum, cJ is the
optimal cutoff point value [21].

The adjusted OR was calculated using a logistic regression
analysis that included as covariates baseline characteristics
found to differ (p < 0.05) between the study groups. The sam-
ple size was calculated based on previous findings of our
group [20], setting type I and II errors at the conventional
0.05 and 0.20 and considering clinically relevant a mtDNA
copy number in peripheral blood 20% lower in subfertile
women. On these bases, the required sample size was 104
cases (and 208 matched controls).

Results

A total of 1200 women were initially eligible to participate. Of
these, 1051 accepted and 149 refused for personal reasons.
Subfertility was reported in 143 women, of whom 104 ful-
filled the selection criteria for being classified as cases. They
were matched to 208 fertile controls. The time to pregnancy
was 18.3 ± 5.6 and 2.4 ± 2.2 months, respectively (p < 0.001).
Baseline characteristics of the two study groups are shown in
Table 1. Blood cell counts did not differ between cases and
controls, and in none of the included patients, frankly, patho-
logical values were observed. A statistically significant differ-
ence was found only for parity.

The mtDNA copy number in peripheral blood significantly
correlated with age in the whole cohort (Spearman correlation
coefficient of − 0.41, p < 0.001). The median (interquartile

range-IQR) mtDNA copy number in peripheral blood in
subfertile and control women was 95 (73–124) and 145
(106–200), respectively (p < 0.001) (Fig. 1). In both study
groups, we failed to observe any significant difference by
comparing the median mtDNA copy number in peripheral
blood in parous and nulliparous cases ((92 (66–107) and 97
(75–127), respectively (p = 0.54)) and in parous and nullipa-
rous controls ((132 (91–187) and 150 (111–202), respectively
(p = 0.35)). Significant differences were confirmed by com-
paring the median mtDNA copy number in peripheral blood
in nulliparous cases and controls (p = 0.01) and in parous
cases and controls (p = 0.03).

The area under the ROC curve was 0.73 (95% confidence
interval (CI) 0.67–0.79) (p < 0.001) (Fig. 2). The Youden in-
dex was 105 mtDNA copy number. This cutoff point resulted
related to subfertility with a sensitivity of 77% and a specific-
ity of 64%. The crude OR for subfertility in women with
mtDNA copy number in peripheral blood below this threshold
was 5.72 (95%CI 3.43–9.55). The OR adjusted for parity was
6.49 (95% CI 3.80–11.10). We tested the discrimination abil-
ity of mtDNA copy number in peripheral blood in different
age groups. Results are shown in Table 2. Accuracy decreased
with age.

Discussion

In this study, we found a significantly lower mtDNA copy
number in peripheral blood of subfertile women compared
to age-matched fertile controls. Women with a mtDNA/
nDNA below 105 had a more than fivefold higher risk of
being subfertile. A subgroup analysis based on age showed
an increased discriminatory capacity in younger women.

These findings confirm our initial hypothesis. In fact, one
may hypothesize that the low mtDNA copy number detected
in blood cells may be a peripheral indicator of a low mtDNA
content in the oocytes and thus a lower fertilization potential
conditioning subfertility [14]. Nevertheless, claiming that the
mtDNA copy number in peripheral blood is a marker of poor
oocyte quality is speculative. In fact, evidence showing a cor-
relation between mtDNA content of ovarian or follicular cells
and mtDNA copy number in peripheral blood are still scanty
and the low number of subjects included in studies investigat-
ing this issue limits the reliability of the results [9, 18]. Future
studies in IVF contexts are needed to disentangle this issue. Of
utmost interest here is investigating whether mtDNA copy
number in peripheral blood would correlate with the aneuploi-
dy rate of the embryos.

Alternative interpretations may be valid. In this context, an
explanation deserving consideration is based on the reported
inverse correlation between peripheral mtDNA copy number
and the amount of the residual ovarian reserve. In other words,
peripheral mtDNA may reflect ovarian reserve rather than
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oocyte quality. In fact, a study investigating blood cell
mtDNA content in patients with premature ovarian aging
showed a diminished mtDNA copy number in peripheral
blood of women with an impaired ovarian reserve compared
to controls [9]. Moreover, dysfunction of the mitochondrial
DNA polymerase gamma (POLG), the enzyme that synthe-
sizes mtDNA that causes a generalized mtDNA replication
impairment, is associated with phenotypes variably including
neurological and muscular defects, diabetes, and primary
ovarian insufficiency (POI) [22]. Unfortunately, we did not
collect data on ovarian reserve in our study to explore this
alternative possibility. A role of impaired ovarian reserve in
explaining our results is however unlikely. In fact, only one
initial prospective study showed a significantly reduced

natural fecundity in women with depleted AMH levels com-
pared with women with higher AMH levels (fecundability
ratio 0.38; 95% CI 0.08–0.91) [23]. All the subsequent con-
tributions failed to document an association between AMH
levels and effective time to pregnancy in women who con-
ceived naturally [24–27]. Of particular relevance here is the
study recently conducted by Steiner et al. [27]. These authors
measured a single circulating AMH level (along with levels of
follicle-stimulating hormone [FSH], inhibin B, and urinary
levels of FSH) for each participant in a time-to-pregnancy
study of a community-based sample of women who did not
have a history of infertility. They observed that, among wom-
en aged 30 to 44 years without a history of infertility who had
been trying to conceive for 3 months or less, biomarkers of

Table 1 General characteristics
of subfertile women (cases) and
controls

Characteristics Cases (n = 104) Controls (n = 208) p

Woman’s age (years) 33.4 ± 3.5 33.4 ± 3.5 0.92

BMI (kg/m2) 22.1 ± 3.3 21.9 ± 3.7 0.60

White blood cell (109/L) 7.91 ± 3.64 7.66 ± 3.53 0.64

Neutrophil (109/L) 5.22 ± 3.42 4.70 ± 3.10 0.31

Lymphocyte (109/L) 1.80 ± 0.41 1.89 ± 0.51 0.24

Platelets (109/L) 205 ± 52 211 ± 58 0.49

Ethnicity 0.19

Caucasian 98 (94%) 203 (98%)

Other 6 (6%) 5 (2%)

Marital status 0.51

Married 77 (74%) 145 (70%)

Unmarried 27 (26%) 63 (30%)

Scholarity 0.07

Elementary–middle school 14 (14%) 15 (7%)

High school 43 (41%) 74 (36%)

College/university 47 (45%) 119 (57%)

Previous pregnancies 49 (47%) 117 (56%) 0.15

Previous live births 25 (24%) 83 (40%) 0.006

Previous ectopic pregnancies 0 (0%) 3 (1%) 0.55

Previous ovarian surgery 8 (8%) 6 (3%) 0.08

Menstrual cycle length (days) 28.6 ± 2.4 28.7 ± 2.2 0.55

Recent shortening of the menstrual cycle 6 (5%) 7 (3%) 0.37

Smoking 16 (15%) 36 (17%) 0.11

Alcohol habits 0.71

Never 71 (68%) 134 (64%)

Occasional 20 (19%) 41 (20%)

Regular 13 (13%) 33 (16%)

Twin pregnancy 1 (1%) 2 (1%) 0.78

Neonatal gender 0.90

Male 56 (54%) 114 (55%)

Female 47 (46%) 92 (45%)

Data is presented as mean ±SD or n (%) as appropriate

BMI body mass index
a Refers only to singletons
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diminished ovarian reserve (low AMH or high FSH) were not
associated with reduced fecundability or a lower cumulative
probability of conceiving by 6 or 12 cycles of pregnancy at-
tempt [27].

Finally, it could be hypothesized that oxidative stress per se
constitutes the real mediator of female fecundity damage and
that the alterations in peripheral blood mtDNA content are

only the reflection of its high level. Oxidative phosphoryla-
tion, defined as the oxidation of fuel molecules by oxygen and
the concomitant transduction of this energy into adenosine
triphosphate (ATP), is the most important function performed
by mitochondria [28]. A perturbation in this system can dis-
turb mtDNA replication and contribute to mtDNA content
decline in peripheral blood [29]. Furthermore, when compared

Fig. 2 Analysis of the ROC curve
demonstrating the predictive
value of mtDNA copy number
assessment in peripheral blood for
subfertility. The area under the
ROC curve was 0.73 (95%
confidence interval (CI) 0.67–
0.79) (p < 0.001)

Fig. 1 MtDNA copy number in
peripheral blood in subfertile
(cases) and fertile (controls)
pregnant women. Non-parametric
Mann–Whitney test was used to
determine the difference in
mtDNA copy numbers between
groups (p < 0.001; error bars
represent interquartile range)
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to its nuclear counterpart, mtDNA accumulates damage more
extensively when exposed to ROS [30, 31]. Unfortunately,
direct evidence showing an association between the amount
of ROS and the mtDNA copy number in peripheral blood are
lacking. However, several authors observed a reduced periph-
eral blood mtDNA content in patients suffering from condi-
tions traditionally characterized by an excessive oxidative
stress such as metabolic syndrome and coronary heart disease
[32–36]. Future studies should consider this aspect and pro-
vide the quantification of oxidative stress markers level in
peripheral blood together with that of mtDNA in fertile and
subfertile women.

Basal characteristics did not differ between study groups
with the exception of parity. This result was expected. In fact,
it is well known that women who had a previous pregnancy
are more susceptible to have another one than nulliparous. We
compared mtDNA copy number in peripheral blood in parous
and nulliparous women in both study groups, but we failed to
observe any significant difference. On the contrary, significant
differences were confirmed by comparing the mtDNA amount
in peripheral blood in nulliparous cases and controls and in
parous cases and controls.

The absence of differences in blood cell counts between the
two study groups further supports the validity of our results. In
fact, blood cell counts are important covariables influencing
mtDNA copy number in peripheral blood. In particular, the rel-
ative mtDNA content in peripheral blood largely depends on
platelets and white blood cells. Noteworthy, the role of platelets,
although it has yet to be fully elucidated, seems to be of consid-
erable importance. Indeed, since they have no nucleus and there-
fore total DNAdoes not increase with their total count, one could
speculate that the relative amount of mtDNA in peripheral blood
directly increases with the increase of platelets concentration. If
this hypothesis was confirmed, the platelet count should be al-
ways determined in order to correct the estimate of the mtDNA
copy number in peripheral blood [37]. Consideration should also
be given to peripheral blood monocytes. Their mtDNA content
has a large genetic determinant, and not surprisingly, it is postu-
lated to play a role in the pathogenesis of various diseases such as
type 2 diabetes [38]. The relative contribution of each peripheral
blood cell population in determining the total peripheral blood
mtDNA content is not yet precisely known. However,

considering the relevance of this aspect, future studies should
focus on its determination and on factors able to influence it.

The identification of a biomarker that reflects woman fertility
may be of utmost interest. To date, only age was shown to reflect
women fecundity. In this regard, it is noteworthy that the ROC
analysis of the whole cohort resulted in an AUC value of 0.73
indicating a good performance of mtDNA copy number assess-
ment in discriminating between fertile and subfertile women. The
observation that the discriminatory capacity increased in younger
age further supports the relevance of our findings. Indeed, natural
fecundity steadily decreases with age and, therefore, the arbitrary
threshold of 1 year of pregnancy seeking to discern between
fertile and subfertile women may be less reliable with increased
women’s age [39]. In other words, the proportion of womenwho
have not yet conceivedwithin 1 year just for statisticalmisfortune
(rather than for organic or functional causes) increases with age.
Even if the corollary findings of an increased discriminatory
capacity in younger age further support the interest of our find-
ings, it is important to underline that it also suggests that age per
se remains a critical information. If confirmed in future indepen-
dent studies, peripheralmtDNAmay reveal as a useful biomarker
but it is unlikely to fully substitute age. Interestingly, we observed
a significant negative correlation between mtDNA and age but
the Spearman correlation coefficient indicated a modest associa-
tion (0.41). This evidence is in line with the results emerging
from a recent large population-based observational study [40].
MtDNA is thus unlikely to explain the reduction in fecundity on
its own. Further studies specifically designed to address the rel-
ative relevance of mtDNA and age on fecundity are required. In
this regard, it would be of utmost interest also investigating
whether peripheral mtDNAmay be improved in subfertile wom-
en by modifying life style habits and, if so, whether this would
turn into an improved natural fecundity. Noteworthy, for in-
stance, both obesity and diet have been shown to similarly affect
mitochondrial function and natural fecundity [41, 42].

Our results might have future clinical application. However,
some methodological aspects of mtDNA quantification are still
debated [2, 9, 43–47]. Solving this issue is thus of utmost rele-
vance before designing future studies aimed at testing the utility
of this biomarker in a clinical setting.

Some limitations of our study deserve to be commented.
Firstly, the reliability of mtDNA copy number assessment in

Table 2 MtDNA copy number in peripheral blood discrimination potential in different age groups: c-statistics

Age quartiles AUC (95% CI) p Youden index Sensitivity (%) Specificity (%) OR (95% CI) Adj. OR (95% CI)

Q1 (< 31.42 years) 0.88 (0.80–0.97) < 0.001 128 79 84 20.05 (5.70–70.58) 20.80 (5.72–75.64)

Q2 (31.42–33.27 years) 0.73 (0.60–0.86) 0.001 106 92 50 12.00 (3.35–43.04) 15.02 (3.82–59.11)

Q3 (33.28–35.97 years) 0.65 (0.52–0.78) 0.024 109 66 64 3.49 (1.33–9.21) 3.68 (1.32–10.25)

Q4 (> 35.97 years) 0.67 (0.55–0.79) 0.015 117 45 88 6.07 (1.62–22.67) 5.82 (1.51–22.43)

Q quartile, AUC area under the ROC curve, CI confidence interval, ROC receiver operating characteristics, OR odds ratio for subfertility, Adj. OR odds
ratio for subfertility adjusted for parity
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peripheral blood during pregnancy may be a matter of con-
cern. Circulating mtDNAwas shown to progressively reduce
throughout the three trimesters of pregnancy [20], and there-
fore, confirmation of our findings in a non-pregnant popula-
tion is necessary. On the other hand, it is noteworthy that this
confounder cannot be expected to impact differently in the
two study groups. Secondly, we did not perform an infertility
diagnostic work-up of the couples and we are thus unable to
rule out other potential causes of subfertility. We did not col-
lect a semen sample for analysis. The lack of information
about the presence and the severity of male subfertility inev-
itably weaken the message of the study. Furthermore, women
did not undergo examinations aimed at excluding concomitant
female factors of subfertility (including tests of ovarian re-
serve). Also, possible genetic alterations in both members of
the couple were not investigated. On the other hand, severe
concomitant causes of infertility can be confidently ruled out
since all women conceived within 2 years. Thirdly, even if a
detailed medical history has been collected, it is not possible to
exclude with absolute certainty the presence of underlying
pathological conditions that could interfere with the levels of
mtDNA in peripheral blood.

Conversely, our study design has some important advantages.
The choice of a control group is indeed a major difficulty when
studying infertility. Selecting both cases and controls among
pregnant women was claimed to overcome most of the possible
pitfalls. Time to pregnancy is an epidemiologic metric widely
used for the study of factors affecting both male and female
human fecundities [47–52].

In conclusion, we observed that mtDNA copy number in
peripheral blood is significantly reduced in subfertile wom-
en, providing a possible way of predicting which subjects
will be predisposed to this condition. Furthermore, we ob-
served a better performance of this test in young women.
On this basis, mtDNA copy number assessment in periph-
eral blood appears to have all the features of the much
sought non-invasive biomarker of female fertility.
However, further independent studies including in non-
pregnant women undergoing high-throughput screening are
warranted [53]. In fact, a further mtDNA copy number de-
crease in peripheral blood of women with long-standing
unexplained infertility would support our findings and in-
crease the clinical interest for this biomarker.
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