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Cryopreservation of semen is a useful tool for male fertility preservation. Some evidence for a beneficial effect of L-carnitine
supplementation of freezing media on cryopreserved semen samples has been reported. Here, we examined the association of
endogenous levels of seminal L-carnitine with post-thaw semen parameters. We also investigated the effect of freezing medium
supplemented with L-carnitine on sperm characteristics, related to endogenous seminal L-carnitine levels. Semen analyses were
performed on 125 fresh samples, and after standard cryopreservation and with L-carnitine as a supplement. Participants were
categorized into two groups based on the median levels of endogenous seminal L-carnitine: low L-carnitine (≤38.8 µg/ml) and high
L-carnitine (>38.8 µg/ml). After standard cryopreservation, semen samples with high L-carnitine levels showed higher rapid
progressive, progressive and total sperm motility and a reduced seminal static oxidation–reduction potential (ORP) level than
samples with low L-carnitine levels. Only in post-thaw samples with low L-carnitine levels, there was an increase in the amount of
sperm neck midpiece defects, compared to the fresh samples. Cryopreservation with L-carnitine had the most beneficial effect on
rapid progressive sperm motility in samples with high endogenous L-carnitine levels. In conclusion, L-carnitine has a beneficial
impact on sperm characteristics in post-thaw samples both as an endogenous component in seminal plasma and as a supplement in
the freezing medium, by improving sperm motility and reducing seminal oxidative stress.

1. Introduction

Cryopreservation of semen in liquid nitrogen is a useful tool
for male fertility preservation and is used routinely in assisted
reproductive technology (ART) [1]. The procedure is used for
donor sperm storage [2], prior to cancer treatments [3], in
case of autoimmune diseases [4] and upon testicular and
epididymal sperm extraction for ART [5]. Freezing and thaw-
ing have deleterious effects on sperm structure and function,
including diminished sperm motility and viability [6–8] and
increased DNA damage [6, 7, 9]. Several mechanisms causing
cryopreservation-induced damage have been described, includ-
ing cold shock, osmotic stress, intracellular ice crystal forma-
tion, and oxidative stress [10].

Oxidative stress is caused by an imbalance between the
formation of reactive oxygen species (ROS) and antioxi-
dant defenses [11]. Spermatozoa are highly susceptible to

the deleterious effects of excessive ROS generation due to
the high amount of polyunsaturated fatty acids (PUFAs)
in the plasma membrane susceptible to lipid peroxidation
[12]. Lipid peroxidation can lead to loss of membrane flu-
idity and integrity and can affect sperm structure and func-
tion [13, 14]. Increased levels of ROS in seminal plasma are
associated with reduced sperm count [15] and sperm motil-
ity [16, 17] and increased DNA fragmentation [18].

Due to their small cytoplasmic volume, spermatozoa have
limited amounts of ROS-scavenging enzymes. Therefore, the
main antioxidant defense system of the spermatozoa is present
in the seminal plasma [19, 20]. ROS-scavenging enzymes like
glutathione peroxidase and glutathione transferase are found
in both spermatozoa [21, 22] and seminal plasma [23, 24].
Enzymatic activities of superoxide dismutase (SOD) and cata-
lase (CAT) have been measured in sperm [25, 26] and seminal
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plasma [27]. Other important, nonenzymatic antioxidants pres-
ent in seminal plasma are vitamins E and C [28–30].

L-carnitine, an amino acid derivative, plays an important
role in fatty acids metabolism [31] and has been shown to
reduce oxidative stress [32]. High amounts of L-carnitine
originating from the epididymis are found in seminal plasma,
and are positively associated with the total sperm count, sperm
motility [33–35], sperm vitality, and sperm morphology [35] in
humans. Supplementation of freezing media with L-carnitine
has been shown to reduce cryopreservation-induced damage
of the spermatozoa, improving post-thaw semen quality
such as sperm motility [36–38] and sperm viability [37, 38],
and reduce the amount of ROS in spermatozoa [39]. To our
knowledge, no studies have investigated the association between
endogenous levels of L-carnitine in seminal plasma and altera-
tions in semen parameters upon freezing-thawing.

The aim of this study was to examine the association of
endogenous levels of seminal L-carnitine with semen param-
eters after freezing-thawing. We also investigated the effect
of freezing medium supplemented with L-carnitine on post-
thaw semen parameters, related to the endogenous seminal
L-carnitine levels.

2. Materials and Methods

2.1. Study Population. Men over the age of 18 years were
recruited at the Fertilitetssenteret (Oslo, Norway), a fertility
clinic that offers semen analysis for men. The recruitment
was done between November 2018 and February 2020. The
majority of the participants was not from couples undergo-
ing IVF-treatment (89%). Incomplete samples, according to
patient’s information, were excluded from the study as well
as samples with a sperm concentration less than 5× 106/ml
and/or with progressive motility of less than 10%. In total,
125 men were included in the study.

Participants reported information about sample collec-
tion, days of abstinence, weight, and height. Age was regis-
tered as whole years.

The study was approved by the Regional Committee for
Medical and Health Research Ethics (REK), South East, Nor-
way (REK number: 2018/423). All participants provided a
written informed consent.

2.2. Semen Analysis. Semen samples were obtained by mas-
turbation and collected on-site or at home in a preweighed
sterile container. Participants were asked to abstain from
ejaculating for 2–7 days before sample collection and to report
the length of abstinence time. When collected at home, parti-
cipants were instructed to avoid temperature variation of the
sample during transportation. Out of 125 semen samples, 121
were collected on-site and four at home. Semen samples col-
lected on-site were incubated for 30min at 37°C, while sam-
ples collected at home were incubated for 10min at 37°C. All
of 125 semen samples were analyzed after complete liquefac-
tion and within 1 hr after ejaculation. The ejaculated volume
was estimated by weight. The methods recommended by the
WorldHealth Organization (WHO, 2010) [40] were employed
to estimate sperm concentration, motility, and vitality. Sperm
concentration was determined using an improved Neubauer

hemocytometer (Hecht Assistant, Sondheim vor der Rhön,
Germany). Sperm motility was categorized into progressive
(Grades a+ b), non-progressive (Grade c), and immotile
sperm (Grade d). Total sperm motility was calculated (Grades
a+b+ c). In addition, rapid progressive motility was assessed
(Grade a), which is a part of the categorization system in the
WHO 1999 manual [41]. Vitality and morphology assess-
ments were performed manually. In both fresh and post-
thaw samples, 100 µl of semen was mixed with 500 µl Sperm
Preparation Media (Cooper Surgical, Trumbull, CT, USA)
and centrifugated at 300x g for 10min. The supernatant was
removed, and the pellet was resuspended in Sperm Prepara-
tionMedia (Cooper Surgical, Trumbull, CT, USA) to obtain a
sperm concentration of 5–10× 106/ml. Vitality analysis was
determined with BrightVit, a neosin and nigrosin staining
solution (Microptic SL, Barcelona, Spain). Morphology was
assessed according to the Tygerberg strict criteria [42], after
Sperm Blue staining (Microptic SL, Barcelona, Spain). The
semen analysis was performed by the same person, who par-
ticipated in the external quality Program for semen assess-
ment organized by ANOVA, Karolinska University
Hospital, Sweden, when this study was conducted. Seminal
plasma for L-carnitine analysis was prepared from the
remaining ejaculated by centrifugation at 500x g for 15
min and stored at −80°C before analysis.

2.3. Cryopreservation of Spermatozoa. After initial semen
analysis, two equal aliquots of each sample were prepared
for cryopreservation: one for cryopreservation in standard
sperm freezing medium (Cooper Surgical, Trumbull, CT,
USA) and the other in the same sperm freezing medium
supplemented with 0.5mg/ml L-carnitine (Sigma Tau, Pome-
zia, Italy). To identify the optimal level for post-thaw sperm
motility (Grades a+ b+ c), a gradient of L-carnitine concen-
trations (0, 0.1, 0.5, 1, 10, and 25mg/ml) was added to the
freezing medium of 10 semen samples. Figure S1 shows that
0.5mg/ml L-carnitine added to the freezing medium had the
best effect on post-thaw sperm motility. The selected value
was consistent with the findings of a previous study [37].
Freezing medium was added dropwise to each aliquot, reach-
ing a final dilution of 1 : 1. The mixture was left at room
temperature for 20min, then loaded into straws (Cryo bio
system, Saint–Ouen Sur Iton, France) and sealed according
to the manufacturer’s recommendations. The straws were
suspended horizontally above the surface of liquid nitrogen
for 30min, and then plunged into and stored in liquid nitro-
gen (−196°C). Before semen analysis, straws were thawed at
room temperature for 5min.

2.4. DNA Fragmentation. GoldCyto Sperm DNA kit (GC-
SCD-20, GoldCyto Biotech, GuangZhou, China) was used to
analyze DNA fragmentation according to the manufacturer’s
protocol for both fresh and cryopreserved samples. The
method is based on the sperm chromatin dispersion (SCD)
test [43, 44]. An aliquot of 100 μl semen sample was diluted
in Sperm Preparation Media (Cooper Surgical, Trumbull,
CT, USA) to obtain a sperm concentration of 5–10× 106/
ml. The cell suspension was then mixed with a low-melt-
ing-point agarose placed over an agarose pretreated slide
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and left to solidify at 4°C for 5min. The slides were immersed
in a hydrochloric acid solution for 7min at room temperature
in the dark to generate restricted single-stranded DNAmotifs
from DNA breaks. After denaturation, nuclear proteins were
removed using a lysing solution for 25min at room tempera-
ture. The slides were placed into distilled water for 5min, and
dehydrated in sequential 70%, 90%, and 100% ethanol baths
(2min each) and air-dried. For staining, the slides were first
immersed in TA solution (0.8ml) for 1min and then in TB
solution (2.4ml) for 6min. The information about the stain-
ing ingredients is not available for the customers. To prevent
the sediment from being deposited on the specimen, the slides
were flushed with tap water, air dried andmounted with Eukitt
(#253681, Panreac, Barcelona, Spain). The stained smears were
examined under a bright light microscope (Olympus, Tokyo,
Japan) at ×1,000 magnification. A minimum of 200 spermato-
zoa were counted. Spermatozoa with large or medium halos
were defined as normal, whereas those with small or no halo
and degraded spermatozoa were defined as fragmented. The
SCD test results were expressed as % DNA fragmentation.

2.5. Seminal L-Carnitine Analysis. Level of L-carnitine (µg/ml)
in free form in fresh seminal samples was analyzed by liquid
chromatography/tandem mass spectrometry at a commercial
laboratory in Oslo in 2020 (Vitas AS, Oslo, Norway) as previ-
ously described [33]. In brief, 10µl of seminal plasma was
diluted with labeled internal standard L-carnitine d9 (Sigma
Aldrich, Taufkirchen, Germany) and analyzed on an Agilent
1260 HPLC coupled to an Agilent 6460 QQQmass spectrom-
eter operated in Multiple Reaction Monitoring Mode (Agilent
Technologies, CA, USA).

2.6. Seminal Oxidation–Reduction Potential (ORP)Measurement.
The ORP is the ratio of activity between oxidants and reductants
and can be measured in biological samples such as blood plasma
[45] and semen [46]. Static ORP (sORP) gives information about
the current balance between oxidants and reductants/antioxi-
dants in a sample, and has been confirmed to detect oxidative
stress in blood plasma [45] and semen samples [47]. sORP was
measured in millivolt (mV) in fresh and cryopreserved semen
samples using the MiOXSYS platform (MiOXSYS, Aytu BioSci-
ence Inc, Englewood, CO, USA). 30µl of semen was loaded into
theMiOXSYS sensor and immediately inserted into the analyzer.

2.7. Statistical Analysis. All variables are presented as median
with minimum and maximum values. Variables were evaluated
for normal distribution using histogram, a quantile–quantile
(Q–Q) plot and Kolmogorov–Smirnov test. For some of the
participants (n= 12), body mass index (BMI) was not reported
and for some of the fresh samples, data were lacking; sperm
motility (n= 15), morphology (n= 5), and seminal sORP
(n= 1). Data for post-thaw samples were lacking for sperm
morphology (n= 4) and DNA fragmentation (n= 1). BMI
was calculated as weight in kg divided by height in meters
squared (kg/m2).

Since, there is no established cutoff value for endogenous
seminal L-carnitine, to detect differences in sperm parameters
in relation to the endogenous levels of seminal L-carnitine,
participants were categorized into two groups based on the

50th percentile (median) of L-carnitine levels: low L-carnitine
(≤38.8µg/ml) and high L-carnitine (>38.8µg/ml). Mann–
Whitney U test was used to compare differences between the
two groups. Wilcoxon signed-rank test was used to compare
semen variables in samples after standard cryopreservation
and after L-carnitine supplementation.

Absolute change in semen quality values was used to
examine the difference between L-carnitine supplementation
and standard cryopreservation by subtraction of the standard
cryopreservation median value from the supplemented cryo-
preservation median value for each parameter. Mann–Whitney
U test was used to compare variables between the groups.

Box plots were used to visualize the effect of various
L-carnitine concentrations supplemented to the freezing
medium on post-thaw total sperm motility, and Wilcoxon
signed-rank test was used to compare the difference between
the groups. Jitter plots were used to visualize the distribution
of sperm motility in fresh samples, after standard cryopres-
ervation and after L-carnitine supplementation, as well as the
difference in sperm motility between samples with low and
high L-carnitine levels in seminal plasma. Mann–Whitney U
test was used to compare variables between the groups.

The distribution of endogenous seminal L-carnitine levels
is presented as a histogram plot. Variable distributions were
evaluated by histograms. Skewed variables were log-, square-
root, squared-, or cubic-transformed. Pearson’s correlation
coefficient was used to measure associations between levels of
seminal L-carnitine and semen characteristics. Pearson’s partial
correlation coefficient was used to control for semen volume in
addition. All variables were continuous. Associations between
levels of seminal L-carnitine and semen characteristics are pre-
sented as unadjusted and adjusted for semen volume.

Statistical analyses were performed by using IBM SPSS
Statistics 20 (IBM, Chicago, IL, USA). To minimize the risk
of type I errors due to multiple comparisons, the level of
statistical significance was set at p-value≤ 0.01.

3. Results

3.1. Study Population. The characteristics of the study popu-
lation are presented in Table 1. When comparing the semen
analysis results with lower reference limits defined by the
WHO (2010) [40], a total of 21 men had a sperm concentra-
tion below 15× 106/ml, and 11 men had a total sperm count
below 39× 106/ml. Regarding motility, 55 men had <25% of
rapid progressive sperm, 30 had <32% of progressive motile
sperm and 26 had <40% total motile sperm.

Endogenous seminal L-carnitine levels were positively
associated with sperm concentration, total sperm count as
well as rapid progressive and progressive motility (Table 1),
as in agreement with previous studies [33–35].

The distribution of endogenous seminal L-carnitine in
seminal plasma is shown in Figure 1. The mean (SD) value
of endogenous seminal L-carnitine was 48.5Æ 32.7 µg/ml.

3.2. Semen Parameters in Fresh and Post-Thaw Samples with
Low and High Endogenous Seminal L-Carnitine Levels. To
examine the relation between endogenous levels of seminal
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L-carnitine and semen quality parameters before and after cryo-
preservation, the population was categorized into two groups
according to the median L-carnitine value (38.8 µg/ml) and
classified either to low (≤38.8 µg/ml) or high (>38.8 µg/ml)
endogenous seminal L-carnitine group. There was no difference
in BMI, age nor the time of abstinence between the two groups.
In fresh samples, the percentage of rapid progressive sperm was
higher in the group with high seminal L-carnitine levels than in
the group with low levels (Table 2). After standard cryopreser-
vation, spermatozoa in samples with high L-carnitine levels had
higher rapid progressive, progressive, and total sperm motility

than spermatozoa in sampleswith lowL-carnitine levels (Table 2).
In post-thaw samples, seminal sORP level was lower in the
group with high L-carnitine levels than the comparing group,
while sperm vitality, morphology and DNA fragmentation
did not differ between the two groups. When comparing
semen quality variables in fresh versus post-thaw samples,
the levels of sperm neck midpiece defects after cryopreserva-
tion were higher in the group with low L-carnitine levels, while
there was no difference in the group with high L-carnitine
levels. No other differences in semen quality parameters
were observed between fresh and post-thaw samples.

Sperm motility in fresh samples and after cryopreserva-
tion, according to the low and high seminal L-carnitine
groups are presented in Figure S2.

3.3. Effect of L-Carnitine Supplementation on Post-Thaw Semen
Parameters in Samples with Low and High Endogenous Seminal
L-Carnitine Levels. L-carnitine supplementation of the freezing
medium had a beneficial effect on semen quality after freezing
and thawing (Table S1). Both groups showed higher propor-
tions of rapid progressive sperm motility, progressive motility,
total motility and vitality compared to standard cryopreserva-
tion (Table 3). Seminal sORP levels were lower after L-carnitine
supplementation in both groups compared to standard cryo-
preservation. No impact was seen on sperm morphology
parameters after cryopreservation with L-carnitine. Distribution
of sperm motility after cryopreservation with L-carnitine in
samples with low and high endogenous seminal L-carnitine
levels is visualized in Figure S2. To sum up, L-carnitine supple-
mentation has a positive effect on post-thaw semen parameters
in samples with both high and low endogenous L-carnitine.

TABLE 1: Correlations between levels of endogenous seminal L-carnitine (n= 125; µg/ml) and background characteristic values.

Variable n Median (min–max)
Unadjusted Adjusted for semen volume

r p r p

Age (years)a 125 35 (23–57) 0.013 0.895 −0.062 0.531
BMI (kg/m2)b 113 24.7 (17.4–40.2) −0.116 0.221 −0.029 0.761
Sexual abstinence (days)b 125 3 (1–7) 0.069 0.484 0.139 0.158
Semen volume (ml)b 125 4 (1–8) −0.415 <0:001∗ —

Sperm concentration (106/ml)b 125 38 (5–239) 0.695 <0:001∗ 0.672 <0:001∗

Total sperm count (106)b 125 126 (14–521) 0.496 <0:001∗ 0.672 <0:001∗

Rapid progressive sperm motility (a, %) 110 25 (2–55) 0.356 <0:001∗ 0.415 <0:001∗

Progressive sperm motility (a+ b, %) 110 40 (11–63) 0.238 0:014∗ 0.295 0:002∗

Total sperm motility (a+ b+ c, %) 110 51 (18–74) 0.178 0.067 0.246 0:011∗

Immotile sperm (d, %)b 110 50 (26–82) −0.178 0.069 −0.246 0:011∗

Sperm vitality (%)c 125 61 (19–88) 0.194 0.047 0.210 0.032
Normal sperm morphology (%)b 120 8 (1–32) 0.099 0.311 0.089 0.368
Sperm head defects (%)d 120 88 (56–99) −0.076 0.437 −0.083 0.403
Spem neck midpiece defects (%) 120 28 (3–55) −0.058 0.554 −0.091 0.358
Sperm principal piece defects (%)b 120 12 (3–31) −0.160 0.102 −0.145 0.139
Fragmented sperm DNA (%)a 125 15 (2–88) −0.150 0.126 −0.189 0.054
Seminal sORP (mV)b 124 41 (3–172) 0.004 0.965 0.046 0.640

BMI, body mass index; sORP, static oxidation-reduction potential; r, correlation coefficient. ∗p values≤ 0.01 were considered statistically significant. Pearson’s
correlation analysis was used to determine correlation between levels of endogenous L-carnitine in seminal plasma and semen parameters. Pearson’s partial
correlation analysis was used for adjusted data. Data are presented as unadjusted and adjusted for semen volume. All variables were continuous. aLog-
transformed variables. bSquare-root transformed variables. cPower transformed variables. dCubic transformed variables.
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FIGURE 1: Distribution of L-carnitine levels (µg/ml) in seminal
plasma in the study population (n= 125).
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To further examine potential differences in the impact of
L-carnitine supplementation on semen parameters between
samples with high and low endogenous L-carnitine levels, we
quantitated the absolute change in post-thaw semen param-
eters by subtracting the standard cryopreservation median
value from the supplemented cryopreservationmedian value for
each parameter in the two groups. For progressive spermmotil-
ity, total motility, the proportion of immotile sperm and sORP
there were no differences in the improvement by L-carnitine
supplementation between the two groups. (Figures 2(a) and
2(b)). Neither were there differences in improvement in sperm
DNA fragmentation, and normal sperm morphology between
the two groups after L-carnitine supplementation (Table S2).
However, the improvement in rapid progressive spermmotil-
ity after L-carnitine supplementation was highest in the group
with high endogenous L-carnitine levels and statistically sig-
nificant compared to the low L-carnitine group (Figure 2(a)
and Table S2).

4. Discussion

The impact of endogenous seminal L-carnitine levels on
post-thaw semen quality has not been investigated although
a beneficial effect of L-carnitine supplementation of freezing
medium has been shown [37, 38]. Here, we show that the
amount of post-thaw motile sperm was higher in the group

of semen samples with high endogenous seminal L-carnitine
levels, compared to the group with low levels. This associa-
tion does not imply causality but indicates that the harmful
effects of cryopreservation are reduced in samples with high
levels of L-carnitine in seminal plasma. There was no differ-
ence in post-thaw sperm morphology, vitality, or DNA frag-
mentation between the two L-carnitine groups. We also
show an oxidative stress increase in post-thaw samples in
both low and high endogenous seminal L-carnitine groups,
as indicated by increased levels of seminal sORP compared
to fresh samples (Table 2). However, levels of seminal sORP
increased less after cryopreservation when endogenous seminal
L-carnitine levels were high. This result is in line with the
reported ability of L-carnitine to prevent oxidative stress [48–50].

In addition to increased oxidative stress in post-thaw
samples, cryopreservation is associatedwith spermmitochon-
drial dysfunction, lipid peroxidation, reduced sperm motility
and morphology [6, 8, 51]. O’Connell et al. [8] demonstrated
that mitochondrial dysfunction measured by accumulation
of rhodamine 123 (R123) into spermatozoa was positively
related to the level of sperm midpiece defects. A functional
spermmidpiece is important for optimal spermmotility [52],
as energy for sperm movement is derived from mitochondria
located in the midpiece [53]. Mitochondrial function was not
measured in this study. However, we show an increase in the
amount of sperm neck midpiece defects only in post-thaw
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FIGURE 2: Absolute change in sperm motility and seminal sORP levels between post-thaw samples supplemented with L-carnitine and after
standard cryopreservation in groups with low and high seminal L-carnitine. Absolute change in sperm motility (a) and seminal sORP levels
(b) between post-thaw samples supplemented with L-carnitine and after standard cryopreservation in groups with low LC (≤38.8 µg/ml, n=
63 for motility and n= 62 for seminal sORP) and high LC (>38.8 µg/ml, n= 62 for both) levels. Every point in the jitter plot represents an
absolute change. Horizontal lines for each group represent median, while the dotted line at 0 indicates no change. Mann–Whitney U test was
used to compare differences between the groups. p values≤ 0.01 were considered statistically significant. sORP: static oxidation-reduction
potential; LC: L-carnitine.
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samples with low endogenous seminal L-carnitine levels,
compared to fresh samples. In fresh semen samples, there
was no difference in sperm neck and midpiece defects
between samples with low and high L-carnitine levels, which
may indicate a protective impact of endogenous L-carnitine
against damage sustained during cryopreservation. In addi-
tion, the proportion of spermatozoa with progressive and
total motility was higher, and there were less immotile sperm
in post-thaw samples with high levels of endogenous L-carni-
tine. Concomitantly, seminal sORP levels were lower in these
samples. Several studies have shown association between
increased oxidative stress and reduced sperm motility due
to lipid peroxidation [17, 54, 55]. Evidence indicates that
compounds with anti-oxidant properties can improve sperm
motility inmammalian spermatozoa by suppressing lipid per-
oxidation [56–58]. Increased lipid peroxidation has been
associated with cryopreservation in mammalian spermatozoa
[51, 59–61]. We did not measure lipid peroxidation in this
study. Overall, our results support a role for endogenous sem-
inal L-carnitine in reducing oxidative stress in post-thaw
samples.

It is worth mentioning that no relation between endoge-
nous seminal L-carnitine levels and seminal sORP levels nor
sperm DNA fragmentation index (DFI) was observed in
fresh samples (Table 2). However, both high endogenous
levels of L-carnitine and supplementation of the freezing
medium with L-carnitine were beneficial for semen quality in
post-thaw samples when the level of oxidative stress increased.

In our study and as well as in others’ [37, 38], L-carnitine
supplementation of the freezing medium was beneficial for
post-thaw semen quality. In addition, we show here that the
beneficial effect on rapid progressive sperm motility observed
after cryopreservation with L-carnitine was higher in samples
with high endogenous seminal L-carnitine levels compared to
those with low endogenous levels. Since, there was no differ-
ence in change in oxidative stress levels between low and high
endogenous L-carnitine groups when comparing the two
cryopreservation protocols, one can presume that the higher
presence of sperm with rapid motility may result from the
well-characterized role of L-carnitine in energetic metabolism
[31]. Since, L-carnitine is required for transport of long-chain
fatty acids into mitochondria for β-oxidation and production
of ATP, it is likely that the improvement in sperm motility
was due to increased delivery of energy substrates into the
mitochondria. This is in agreement with a previous in vitro
study showing that incubation of semen samples with
L-carnitine increased sperm motility, but in this study a lon-
ger timepoint for analysis compared to ours was used [62]. In
addition, global DNAmethylation levels are positively associ-
ated withmotility in human spermatozoa [63]. A recent study
has shown that global methylation decreases after cryopreser-
vation in buck sperm and that L-carnitine supplementation of
the freezing medium reversed the decrease in levels of DNA
methylation [64]. As there is a negative correlation between
ROS levels and global sperm DNA methylation [65], one can
hypothesize that the antioxidant properties of L-carnitine
will contribute to a protecting environment for global DNA

methylation in post-thaw spermatozoa with high endogenous
and/or supplemented levels.

The effect of L-carnitine supplementation on post-thaw
sperm motility (a, a+ b, a+ b+ c grades) was not beneficial
for all samples compared to standard cryopreservation. Fur-
thermore, samples with low endogenous L-carnitine levels
showed a larger distribution of absolute changes in sperm
motility grades compared to samples with high endogenous
L-carnitine levels. This suggests that the post-thaw outcome
of L-carnitine supplementation varies more in samples with
low endogenous L-carnitine levels. Cryopreservation has
been shown to reduce seminal SOD activity in an inter-
individual manner, with large variations between donor sam-
ples [51]. This was associated with a decrease in sperm phos-
pholipid content due to lipid peroxidation. As mentioned
earlier, we did not measure lipid peroxidation, but our results
support the notion that individual semen samples are differ-
ently affected by cryopreservation.

A strength of the study is that semen analysis was per-
formed by a person participating in the external quality pro-
gram for semen assessment. The semen samples collected in
the study represented a broad range of semen quality values.
A limitation of the study is that only one concentration of
L-carnitine was used in the freezing medium, where total
motility was the only outcome that was evaluated. Further-
more, in this study post-thaw sperm motility was assessed
5min after thawing, according to the manufacturers proto-
col. The spermmotility tested after a longer post-thaw period
could have given other results, as it has been shown that
sperm motility increases with time [66].

In conclusion, L-carnitine has a beneficial impact on
semen quality in post-thaw samples both as an endogenous
component in seminal plasma and as a supplement in the
freezing medium, by improving sperm motility and dimin-
ishing seminal oxidative stress. We also observed low levels
of sperm neck midpiece defects after cryopreservation in
samples with high endogenous L-carnitine levels. Altogether,
these findings indicate that high levels of L-carnitine in sem-
inal plasma are protective against the harmful effect of
cryopreservation.
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