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In situ assessment of mitochondrial respiratory
activity and lipid metabolism of mouse oocytes
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This study aimed to develop a method to determine the degree of oocyte maturation in metaphase Il in situ
based on the balance between mitochondrial respiratory activity and lipid metabolism using resonance Raman
spectroscopy. A decrease in the respiratory activity of overmatured oocytes was indicated by the reduced
intensities of the resonance Raman bands corresponding to reduced cytochrome c in the cytoplasm.
Moreover, the increased lipid concentration in overmature oocytes indicated lower lipid metabolism with a
decreased mitochondrial function. New indexes were defined in terms of the ratios of the representative
Raman peak intensities of reduced cytochrome ¢ (750 and 1127 cm™) to those of lipids (1438 cm™ ) and they
successfully classify the oocytes into groups based on their quality, which varied with their maturation degree.
The high development rate of embryos that were fertilized in vitro after laser irradiation showed that laser
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irradiation was noninvasive to oocytes. The evaluation of two factors in situ, the active respiration and lipid
metabolism, means to catch the most fundamental biochemical reactions of life activities. Our results demon-
strate the potential application of resonance Raman spectroscopy as a new, noninvasive, and universal cell
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Introduction

Oocyte quality is an intrinsically important factor that affects
the success rate of infertility treatment in humans. A novel
technology to assess oocyte quality is required worldwide. The
degree of oocyte maturity is one of the factors that determines
oocyte quality. An oocyte suspends its meiosis in metaphase II
(MII) after ovulation and waits to be fertilized. Even during the
suspension of meiosis, in ovo substances change from
moment to moment to adapt to fertilization." However, the
observation of morphological features, such as the shape of
the spindle and the polar body, under a microscope is cur-
rently the only nondestructive means of determining the
optimal fertilization period. Therefore, a novel evaluation tech-
nique is required to assess oocyte quality based on in situ
molecular information.
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evaluation technology, for not only oocytes but also more general cells such as somatic cells and iPS cells.

Raman spectra reflect molecular information, such as the
concentration and structure of proteins, lipids, and DNA, and
they can be nondestructively obtained in situ without labeling
even from complicated biological systems. Thus, Raman spec-
troscopy has been actively studied for its biological and
medical applications.*”® For example, Chan et al. used single-
cell micro-Raman spectroscopy to discriminate neoplastic cells
from human lymphocytes.” The differences in the Raman
spectra between DNA and proteins were used to distinguish
normal lymphocytes from neoplastic lymphocytes. Tan et al.
found distinct differences between the Raman spectra of
human induced pluripotent stem (iPS) cells and differentiated
human embryonic stem (ES) cells resulting from changes in
intracellular substances associated with the differentiation of
ES cells.® Raman measurements using a 532 nm excitation
wavelength are particularly suitable for the analysis of cyto-
chromes in living cells. Okada et al. reported label-free Raman
imaging of HeLa cell apoptosis using 532 nm excitation.’
Kakita et al. used resonance Raman signals obtained from
cytochromes to quantify the reduction states of cytochromes b
and ¢ in Saccharomyces cerevisiae cells.'®

Raman spectroscopy has been used to study oocytes or
embryos."™® Bogliolo et al. studied aging-related oxidative
damage in the mouse MII phase, and young oocytes were dis-
tinguished from old oocytes by performing a principal com-
ponent analysis (PCA) of lipid and protein Raman bands.'
Heraud et al. reported the changes of macromolecular architec-
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ture such as proteins, lipids, and cytochromes in living and
fixed mouse oocytes during MI, MII, and germinal vesicle
phases using 532 nm Raman imaging."® In our previous study,
we evaluated oocyte maturity using 785 nm excitation."* Well-
matured oocytes with high viability competence were identified
based on phosphate Raman bands."® Furthermore, Ishigaki
et al. investigated the relationship between embryonic morpho-
logical features and biomolecular composition."> They proved
that embryos with poor morphology had higher lipid concen-
trations than those with good blastomere features and color."®

In this study, Raman spectroscopy was used to assess the
degree of oocyte maturation in situ at the molecular level. In
particular, resonance Raman spectra were obtained from living
oocytes using 532 nm excitation, which matches the resonance
conditions of reduced cytochromes b and c¢. Raman spectra
were obtained in situ for four different phases of oocyte matu-
ration, and the spectral variations among the phases were
investigated. Cytochromes b and ¢ play important roles in
mitochondrial aerobic respiration, and the redox of cyto-
chrome c¢ functions to transport electrons within the ATP gen-
erating process.'®"® Generally, oxidative damage to cells
begins by the excess generation of reactive oxygen species
(ROS), which robs the antioxidant capacity, and the intracellu-
lar redox balance tilts to an oxidative state."*>' Such an oxi-
dative stress causes mitochondrial dysfunction. The ROS
scavenging ability decreases with aging and oocytes are
injured by oxidative damage due to ovary aging and post-ovula-
tory aging.”>** Therefore, the mitochondrial function can be
evaluated by investigating the redox state of cytochrome c.
Multivariate analysis such as PCA and multi curve resolution
(MCR) of the resonance Raman spectra was used to qualitat-
ively and quantitatively evaluate the change in the relative pro-
portions of the reduced and oxidized cytochrome states. The
decrease in respiratory activity was identified by measuring the
decrease in the intensity of the resonance Raman signals
corresponding to reduced cytochrome ¢ over the course of over-
maturation. Furthermore, the decrease in lipid metabolism
was also determined by detecting the increase in the intensity
of Raman signals due to lipids. We defined new indexes to
reflect the balance between the decrease in respiratory activity
and lipid accumulation, I750/I1435 and I1,7/I1433, Wwhich denote
the ratios of the representative Raman peak intensities of
reduced cytochrome ¢ (750 and 1127 em™") to those of lipids
(1438 ecm ™), and we defined the product of these two ratios as
a new parameter to assess the oocyte quality. This parameter
successfully classified the oocytes based on their quality,
which varied with their degree of maturation. Furthermore,
in vitro fertilization was performed on oocytes after 15 s of
laser irradiation (with a 532 nm excitation and 7.0 mW laser
power at the sampling point by continuously scanning the
laser spot across a circular area with a 5 um diameter), and the
effect of the laser was evaluated from the developmental rate
for the morula and blastocyst stages. The results showed that
the Raman measurements were noninvasive.

These results suggest that Raman spectroscopy can be used
to noninvasively assess oocyte quality based on the balance
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between respiration activity and lipid metabolism. Lipids are
potent sources of cellular energy, and lipid metabolism is
closely related to cell respiration for energy production in the
mitochondrial matrix.>*2° Therefore, an in situ assessment of
cell activity based on the balance between respiration activity
and lipid metabolism has potential application to somatic cells
and iPS cells, in addition to oocytes. This study may provide a
new general method for evaluating cell activity in situ.

Materials and methods
Animals and oocyte collection

ICR mice were purchased from Japan SLC Inc. (Shizuoka,
Japan). Immature 20- to 23-day-old female mice were used. An
ovulation treatment was performed using 5 IU pregnant
mare’s serum gonadotropin (PMSG; Teikoku Hormone MFG,
Tokyo, Japan), followed by 5 IU human chorionic gonado-
tropin (hCG; Teikoku Hormone MFG) after 48 h. Oocytes were
collected from three female mice at each phase (13, 15, 18 and
24 h after hCG injection), and the four phases were denoted as
phases I, II, III and IV. The experimental design followed that
of Sakai et al.;*”*° the oocytes had the highest developmental
competence in phase II and were overmatured in phase IV.
The variation in developmental competence over the course of
oocyte maturation is shown in Fig. 1. The oocytes were placed
in Leibovitz’s L-15 medium (Invitrogen, Grand Island, NY,
USA) containing 0.1% polyvinyl alcohol (PVA; Sigma-Aldrich,
St Louis, MO, USA). The cumulus cells were removed by treat-
ment with 0.1% hyaluronidase at 37 °C. The reproducibility
was confirmed by repeating the experimental procedure three
times.

In vitro fertilization and embryo culture

In vitro fertilization and embryo culture were carried out fol-
lowing previously reported methods.’**° Spermatozoa were

Phase
v

Phase Phase Phase

Developmental competence

| | |
0 9 12 15 18 21 24
Post hCG injection (h)

Fig. 1 Variation in developmental competence over the course of
oocyte maturation. In oocytes with high developmental competence,
the pericentriolar material (PCM) distance between the spindle poles is
short and increasing over time. In addition, the expression of the micro-
tubule organizing center in the cytoplasm also becomes strong when
PCM is approaching.
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collected from the cauda epididymis and preincubated for 2 h
in 400 pL of HTF medium to enable capacitation before inse-
mination. After capacitation, the spermatozoa were introduced
into 200 pL droplets of the fertilization medium at a final con-
centration of 700 spermatozoa per pL. At 4 h after insemina-
tion, the penetration of sperm into the oocytes was confirmed
by microscopic examination; the oocytes were subsequently
washed thoroughly five times and then cultured in KSOM
medium. All the embryos were incubated in 100 pL droplets of
the culture medium under a humidified atmosphere of 5%
CO, in air at 37 °C.

All the experiments were carried out in accordance with the
fundamental guidelines for the proper conduct of animal
experiments and related activities in academic research insti-
tutions under the jurisdiction of the Ministry of Education,
Culture, Sports, Science and Technology in Japan. The present
study was approved by the Ethics Committee of Hiroshima
University and Horiba, Ltd in Japan.

Raman measurement and multivariate analysis

The micro Raman system (LabRAM HR Evolution Raman
microscope, Horiba, Kyoto Japan) consisted of a 532 nm DPSS
laser, a spectrometer, a 600 gr mm~"' holographic grating
blazed at 500 nm, an EMCCD scientific camera (SynapseEM,
Horiba), and a microscope (an Eclipse Ti2 inverted micro-
scope, Nikon, Tokyo, Japan) with a 60x water emersion objec-
tive lens (NA = 1.20, Nikon). The excitation laser power was
approximately 7.0 mW at the sampling point, and the exposure
time was 15 s (15 s x 1). The system was equipped with a stage-
top chamber (BLAST Inc., Kanagawa, Japan), within which the
oocytes were maintained in the L-15 medium containing 0.1%
PVA at 37 °C during each Raman measurement.

Photothermal damage to the oocytes by laser irradiation
was prevented by using a DuoScan™ imaging system (Horiba)
to continuously scan the laser spot across a specified circular
area (diameter: 5 pm) to obtain an averaged oocyte spectrum.
The numbers of oocytes measured at each maturation phase
were 44 (I), 58 (II), 59 (III), and 57 (V), and one point at the
central part of oocytes was measured for each one, which is
relatively uniform with few organelles. The measured Raman
spectra were calibrated using the peak for silicon. The wave-
number resolution was 2 cm ™, and the autofluorescence back-
ground of the sample was removed using 5™-order polynomial
fitting. The spectral intensity was normalized by the standard
peak at 1001 cm™" for phenylalanine so that the peak height
became 1. The averaged Raman spectra for each developmen-
tal stage were calculated from the preprocessed Raman data.
PCA was carried out using Unscrambler X 10.3 chemometrics
software (Camo Analytics, Oslo, Norway). MCR was performed
using an open source of nonnegative matrix factorization, a
machine learning library “scikit-learn” (ver. 0.21.1) opened by
Python (ver. 3.6.1). After guessing the number of effective com-
ponents by singular value decomposition (SVD) analysis and
confirming that the Raman matrix was decomposed into inde-
pendent pure components, the MCR calculations were carried
out using ingredient and trial numbers of 5 and 1000, respect-
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ively. An unpaired two-sided Student’s t-test was performed on
the data set for every two phases to identify significant differ-
ences between the pure component concentrations extracted
by MCR.

Sample preparation of cytochromes and resonance Raman
measurements

Cytochrome b (C1427, human, Sigma-Aldrich) and cytochrome
¢ (9007-43-6, from an equine heart, Sigma-Aldrich) reagents
were diluted with 0.05 M Tris-HCI buffer (pH = 7.6, FUJIFILM
Wako Pure Chemical Co., Osaka, Japan) to a final concen-
tration of 4 pM. Cytochrome reduction was carried out by
adding sodium dithionite at final concentrations of 2 mM and
50 M to cytochrome b and c¢ solutions, respectively. UV-Vis
absorbance spectra were obtained before each Raman
measurement to determine whether the cytochromes were in
oxidized or reduced states. A spectrophotometer (Duetta spec-
trofluorometer, Horiba) was used to perform the UV-Vis
measurements in the 375-650 nm region. The Raman spectra
for standard cytochrome solutions were recorded using an
XploRA Raman microscope (Horiba) equipped with an exten-
sion for macro measurement, a 10x objective lens (NA = 0.25,
Olympus, Tokyo, Japan) and a grating (1800 gr mm™'). A
532 nm excitation wavelength was used, the laser power at the
sampling point was 11.0 mW, and the exposure time was 120 s
(60 s x 2).

Results and discussion

Fig. 2 shows the averaged Raman spectra in the
1800-600 cm ™" region obtained for mouse oocytes at phases I
(n=44),1I (n = 58), III (n = 59), and IV (n = 57) after the injec-
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Fig. 2 Averaged Raman spectra in the 1800-600 cm™ region for

mouse oocytes obtained at phases | (n = 44), Il (n = 58), Ill (n = 59), and
IV (n = 57).
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tion of hCG hormone. Distinct peaks from proteins, lipids,
DNA/RNA, and especially cytochromes can be observed. The
peak at 1001 cm™' is associated with phenylalanine ring
breathing,*" and the corresponding peak height was used as
an internal standard to normalize the Raman spectra. The
band at 1656 cm ™" is the overlap of two bands assigned to the
amide I modes of proteins and the C=C stretching modes of
lipids,®" and the band at 1445 cm™" arises from the C-H defor-
mation of lipids, proteins, and carbohydrates. The peaks at
1335 and 1311 cm ™" are assigned to the CH;/CH, twisting and
bending modes.*' In addition, four prominent peaks associ-
ated with reduced cytochromes are observed at 1582, 1311,
1125, and 747 em™'. The 532 nm excitation wavelength
matches the absorption energy of reduced cytochromes b and
¢, and the resonance effect remarkably enhanced the intensi-
ties of these reduced cytochrome peaks. Table 1 summarizes
the peak assignments for the Raman spectra obtained for the
oocytes.

The origin of the peaks due to cytochromes, namely, oxi-
dized and reduced cytochromes b and ¢, was confirmed.
Fig. 3A shows the ultraviolet-visible (UV-Vis) absorbance
spectra in the 460-600 nm region for oxidized and reduced
cytochromes b and c. As the reduced cytochromes exhibited
absorption maxima near the laser excitation wavelength
(532 nm), the resonance resulted in very strong Raman signals
from the reduced cytochromes. The enhancement of the
Raman signals from the absorption of the oxidized cyto-
chromes deviated from the resonance condition, resulting in
less enhanced Raman signals. The Raman spectra of reduced
cytochromes b and ¢ were characterized by typical strong peaks
at approximately 1582, 1123, and 750 cm ™" (Fig. 3B): the peaks
at 1123 and 750 cm™' were assigned to pyrrole half-ring (vs,)
and pyrrole ring breathing (v;5) modes, respectively.>'*> The
cytochrome ¢ spectrum exhibited a strong peak at 1312 cm™,
whereas the cytochrome b spectrum exhibited two peaks at
1338 and 1301 cm™". A characteristic feature of the cytochrome
¢ spectra was the appearance of relatively strong peaks at 690
and 643 cm™'. The abovementioned properties of the reso-
nance Raman spectra of cytochromes » and ¢ confirmed that
the strong peaks (1582, 1311, 1125, and 747 em™') in the

Table 1 Peak assignments for Raman spectra obtained for mouse oocytes
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Fig. 3 (A) UV-Vis absorbance spectra (460-600 nm) and (B) 532 nm-
excited Raman spectra (1800-600 cm™) of oxidized and reduced cyto-
chrome b and c.

Peak (cm™) DNA/RNA Proteins Lipids

742 Sym ring br of Try

747 Cytochromes

828 asym str PO,~ DNA/RNA Ring br Tyr

850 Ring br Tyr

1001 Sym ring br Phe

1126 C-N str, cytochromes

1242 T, A Amide III =C-H ben
1311-1337 CH3/CH, twi, ben, cytochromes CH;/CH, twi, ben
1445 CH def CH def
1582 Cytochromes

1656 Amide I C=C str

br: breathing, str: stretching, twi: twisting, ben: bending, def: deformation, sym: symmetric, asym: asymmetric.
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Raman spectra obtained for mouse oocytes at four stages were
mainly derived from the reduced cytochromes.

Principal component analysis (PCA)

The spectral variations were analyzed by PCA to determine
how the molecular composition changed as the oocytes
matured. PCA was performed by selecting the most contralat-
eral group of immature (phase I) and overmature (phase IV)
oocytes. Among the combinations of score plots of principal
components (PCs) in two dimensions, PC 2 vs. PC 3 showed
the best pattern of distinguishing between immature and over-
mature oocytes (Fig. 4A). Fig. 4B shows the loading plots of PC
1 (55.7%), PC 2 (12.6%), and PC 3 (3.2%) for the PCA. The

(A)

2] @ Phasel o
O Phase IV
31 O
2 - o) @]
R O O
31 890 o 0
™ ® OCo ¢ QO o % 00
E o S o
® Q¥% s,
-1 4 ® ‘ C? O
@ ¢ <o
2 4 ¢
¢ ¢ ¢
_3 T T T T T
6 -4 -2 0 2 4
PC 2 (12.6%)
(B) 1126 PC1(55.7%)
749
< . . .
E 1657 1438 PC2(12.6%)
“— 0.1
o
5
é; 0.04
-g 1583
S 014 1127 750
132 ' ' res (3.2%)
0.1
0.0
014 1669 i i . . .
1800 1600 1400 1200 1000 800 600

Raman shift (cm™)

Fig. 4 (A) Score plots of PC2 vs. PC3 obtained by PCA; (B) loading plots
of PC1, PC2, and PC3 obtained by PCA; and (C) comparison of spectral
intensities and (D) the corresponding variations of these intensities at
748, 1127, 1442, and 1652 cm™ for phases |, I, Ill, and IV. Box plots in (D)
are expressed as mean value + standard deviation (SD), where the
central line is mean value, and error bars show the range between
minimum and maximum values; significant differences were assessed by
the t-test (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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loading plot of PC 1 exhibited strong peaks corresponding to
the reduced cytochromes c: two peaks at 690 and 641 cm™*
and a single peak at 1311 cm™". In the loading plot of PC 2,
three peaks at 1583, 1127, and 750 cm™"' and two peaks at
1657 and 1438 cm™" appeared in the negative and positive
directions, respectively. The intensities of the three peaks in
the negative direction were lower in the overmature phase than
in the immature phase. The peak in the positive direction at
1657 cm™" was assigned to the amide I mode of proteins and
the C=C stretching modes of lipids, and the peak at
1438 cm™" was assigned to the C-H deformation of proteins,
lipids, and hydrocarbons. The intensities of these two peaks
increased at the overmature phase.

The averaged spectral intensities at approximately 1657,
1438, 1127, and 750 cm ™" for all four phases were compared to
confirm the trend in the variation in the spectral intensity
identified using PCA. The peak intensities at 1127 and
750 cm™ " were the same for phases I and II and then gradually
tended to weaken for phases III and IV (Fig. 4C and D) without
significant differences about the peak positions between them.
All the Raman spectra were normalized to the phenylalanine
peak intensity at 1001 cm™'. Therefore, the decrease in the
cytochrome ¢ peak intensities at 1127 and 750 cm™" for phases
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III and IV can be interpreted as the deviation of cytochrome ¢
from the reduction state, with a corresponding increase in the
oxidized cytochrome ¢ content. The increase in the peak inten-
sities at 1657 and 1438 cm™" suggested an increase in the rela-
tive concentration of molecular compounds other than cyto-
chromes. We previously studied oocyte maturation using
785 nm excitation and found that the concentration of unsatu-
rated fatty acids increased during phase IV.'"* Characteristic
fatty acid peaks at 1658 and 1445 cm™" were extracted from the
high wavenumber region (1800-1400 cm™") of the spectrum as
an index of overmature oocytes. The two peaks in PC2
appeared at almost the same position (1657 and 1438 ecm™') in
this study as in our previous study and are attributed to redun-
dant lipids resulting from abnormal lipid metabolism of over-
mature oocytes.

Multi curve resolution (MCR) analysis

Molecular composition changes during the maturation of
oocytes were semi-quantified using MCR. The spectral data
matrix V is a linear combination V = WH, where W and H are
matrixes of pure component spectra and its intensity profile,
respectively.®®> The Raman spectra were decomposed into
intrinsic components by MCR with a nonnegative restriction,
and the corresponding concentration changes were quantitat-
ively analyzed. Fig. 5A shows the loading plots for the four
MCR components. Component 1 (C1) is assigned to a protein
based on the following peaks: the sharp peak at 1001 cm™*
corresponds to phenylalanine; additional peaks at 742 cm™
arise from tryptophan symmetric breathing modes; tyrosine
doublets appear at 850 and 828 cm™'; a C-N stretching peak
appears at 1124 cm™'; a broad amide III peak appears at
approximately 1242 c¢cm™'; twisting and bending modes of
CH3/CH, appear in the 1337-1311 cm™" region; a C-H defor-
mation peak appears at 1446 cm '; and an amide I peak
appears at 1656 cm™'. The detailed Raman peak assignments
are summarized in Table 1. The spectral pattern of C1 is very
similar to protein-rich spectra obtained from mouse oocytes at
785 nm excitation."® Prominent peaks at 1582, 1311, 1126, and
749 cm™" dominated C2, which are used in conjunction with
peaks at 690 and 641 cm™ ' to assign these spectral com-
ponents to reduced cytochrome c. C3 exhibited the spectral
pattern of unsaturated fatty acids, which was exactly the same
as that obtained for the loading plot of PC1 from the PCA used
to identify the overmature oocytes at phase IV in our previous
study.'® C4 also exhibited a cytochrome spectral component.
This component was likely to correspond to reduced cyto-
chrome b; the spectral features consist of strong peaks at 749,
1128, and 1583 cm™', a broad peak at approximately
1001 cm™', and double peaks at 1342 and 1314 cm™'. The
higher order components did not show a meaningful spectral
pattern due to biological molecules, and the components up
to C4 were enough to be discussed as the intrinsic
components.

C2 and C3 exhibited interesting variations in concentration
with oocyte maturation (Fig. 5B). The reduced cytochrome ¢
concentration represented by C2 was high at phases I and II

1
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Fig. 5 (A) Spectra of pure components and (B) corresponding variations
in concentration extracted by MCR: box plots in (B) are expressed as
mean value + standard deviation (SD), where the central line is the mean
value, and error bars show the range between minimum and maximum
values; significant differences were assessed by the t-test (*: p < 0.05,
**: p < 0.01, ***: p <0.001).

and decreased as the oocytes overmatured during phase IV.
The lipid concentration represented by C3 systematically
increased with maturation. These results quantitatively show
that overmaturation promoted the oxidation of cytochrome c,
reduced respiratory activity, and decreased metabolism, result-
ing in lipid accumulation. The MCR results provided a quanti-
tative basis for the concentration variation in in ovo com-
ponents associated with oocyte maturation, which was consist-
ent with the PCA results.

The relationship between respiratory activity and lipid
metabolism

Lipid metabolism and cellular respiration are closely related to
each other for energy production in the mitochondrial

This journal is © The Royal Society of Chemistry 2021
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matrix.>*?® Fatty acids undergo B-oxidation, the generated
acetyl-CoA is incorporated into the citric acid cycle in the mito-
chondrial matrix, and energy is efficiently produced by aerobic
breathing.** Carnitine is a vitamin-like substance involved in
lipid metabolism that functions in transporting fatty acids
into mitochondria. Somfai et al. reported that r-cartinine treat-
ment increased the density of activated mitochondria and that
the concentration of lipid droplets decreased in porcine
oocytes.>® Dunning et al. proved that carnitine treatment pro-
moted p-oxidation to improve oocyte maturation and develop-
mental competence.'®?® These authors mentioned that the
B-oxidation of fatty acids, especially palmitic acid, was also dra-
matically increased during oocyte maturation. Magnusson
et al. reported increased oxygen consumption in mature rat
oocytes.”” That is, enhancement of mitochondrial functions
due to the activation of lipid metabolism has been shown to
result in good maturation. In this study, we successfully
detected the activation of respiration and the improvement of
lipid metabolism in well-matured oocytes in situ, which are the
most fundamental biochemical reactions of life.

New discrimination index of oocyte maturation based on
balance between respiratory activity and lipid metabolism

A new index for measuring the oocyte quality in situ was pro-
posed based on the observed decrease and increase in the rela-
tive concentration of reduced cytochrome ¢ and lipids, respect-
ively, resulting from the oxidation of cytochrome ¢ and
reduced lipid metabolism caused by oocyte overmaturation.
The proportion of the peak intensities I75¢/I1433 and I1157/11 438,
represented by the ratio of Raman peak intensities due to
reduced cytochrome ¢ (750 and 1127 cm™') and lipids
(1438 cm™"), was defined as the index reflecting the balance
between respiratory activity and lipid metabolism; these
indexes were comparatively analyzed over the course of matu-
ration. Fig. 6A shows plots of values Is¢/l143s VS. Ii127/11438
values. These two ratios tend to be higher for young oocytes,
which have a higher concentration of reduced cytochrome ¢
and lower lipid accumulation than older oocytes. The data for
phase IV were distributed away from the data for the other
groups on the plot diagonal.

A threshold for quantitatively assessing oocyte quality was
obtained from the frequency distribution of the product of
these two indexes (I750/I143s X I1127/I1438) (Fig. 6B). When both
indexes are large, the product is also large. If even one of the
two indexes is small, the product is small, showing that the
oocyte is not in good condition, based on the respiratory
activity and lipid metabolism. The product was scarcely higher
than one for phase IV but exceeded one for some data in
phases I and II (Fig. 6B). Most of the indexes were less than 0.6
for phase IV. The new product index reasonably reproduces the
reported trends of oocyte quality. A novel evaluation method of
oocyte quality can be constructed by performing in vitro fertili-
zation after Raman measurement and defining a threshold
area for the index with a high fertilization rate and high
viability.

This journal is © The Royal Society of Chemistry 2021
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Evaluation of laser invasiveness

In vitro fertilization was carried out for laser-irradiated oocytes,
and embryonic development was observed for five days. Fig. 7
shows images of (A) laser-irradiated and (B) nonradiated embryos
on the fifth day of incubation. Several blastocysts and morula were
observed, some of which were already hatched in both cases.

Fig. 7C shows the developmental rates (%) of oocytes that
progressed to morula or blastocyst stages. The total developmen-
tal rate to the morula and blastocyst stages in the control was
higher than 40% for phases I, II and III. The total developmental
rate obtained using the ovulation treatment used in this study
has been reported to be 13.4-60.7%.%” The oocyte maturation rate
followed the same trend as has been previously reported, that is,
the oocyte maturation rate was highest in phase II and lowest in
phase IV. All the developmental results of the control confirmed
that oocyte collection was properly carried out.

The laser-irradiated oocytes had a slightly lower develop-
mental rate than the control oocytes for phases I, II and IV.
However, the developmental rate of laser-irradiated oocytes
was higher than those of the control oocytes for phase III
Thus, the effect of laser irradiation on the development rate

Analyst, 2021,146, 7265-7273 | 7271
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could not be confirmed. Therefore, it was concluded that laser
irradiation had no effect on the oocytes. Invasiveness of the
532 nm excitation laser on the oocytes was anticipated at the
start of the experiments. Consequently, measures were taken
to prevent oocyte damage: a low irradiation time and power of
15 s and 7.0 mW, respectively, were used at the sampling
points, and the laser irradiation point was moved within a 5 pm
circle in a zigzag manner. The results showing the noninvasiveness
of the laser irradiation are very useful for practical application of
Raman spectroscopy to the assessment of oocyte quality.

7272 | Analyst, 2021,146, 7265-7273
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Conclusion

In the present study, we used Raman spectroscopy to evaluate
the degree of oocyte maturation in situ by assessing both res-
piratory activity and lipid metabolism. The decrease in the
intensity of the Raman signal for reduced cytochrome ¢ was
used to identify the decrease in respiratory activity in overma-
ture oocytes; deviation from the resonance condition was
caused by the transition of cytochrome ¢ from the reduced
state to the oxidized state. Lipid accumulation was found to
occur concomitantly with the decrease in respiratory activity.
Two new indexes were defined to reflect the balance between
decreased respiratory activity and lipid metabolism, ie. two
ratios of Raman peak intensities I50/I1435 and I;1,7/11 435, Where
a value of the product of two indexes above one was used to
identify oocytes actively undergoing respiratory and lipid
metabolism. Comparing the developmental rate with and
without laser irradiation showed that the laser had no signifi-
cant effect on the rate. These results indicate that Raman spec-
troscopy can be used to noninvasively evaluate the oocyte
quality in situ based on respiratory activity and lipid
metabolism.

Both the enhancement of mitochondrial functions and the
activation of lipid metabolism, which are intrinsically impor-
tant biochemical reactions of life, were successfully detected
in this study. An in situ assessment of cell activity based on the
balance between respiration activity and lipid metabolism
showed that the developed method can be applied to somatic
cells and iPS cells, in addition to oocytes. The method may
open a new era for cell evaluation in situ.
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