
Metabolomic pro�ling of female mink serum during
early to mid-pregnancy to understand factors
associated with embryo diapause
zheng li 

Jilin University
chengjun liu 

Jilin University
liang deng 

Jilin University
maosheng cao 

Jilin University
xue zheng 

Jilin University
lu chen 

Jilin University
chenfeng yuan 

Jilin University
zijiao zhao 

Jilin University
chunjin li  (  llcjj158@163.com )

Research

Keywords: Metabolomic pro�ling, embryo diapause, Mink, Reactivation, Amino 12 acid, Dopamine

Posted Date: May 6th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-23706/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-23706/v1
mailto:llcjj158@163.com
https://doi.org/10.21203/rs.3.rs-23706/v1
https://creativecommons.org/licenses/by/4.0/


1

Metabolomic profiling of female mink serum during early to1

mid-pregnancy to understand factors associated with2

embryo diapause3

Zheng Li1, Chengjun Liu1, Liang Deng1, Maosheng Cao1, Xue Zheng1 ,Lu4
Chen1,Chenfeng Yuan1, Zijiao Zhao1, Chunjin Li2*5

1College of Animal Sciences, Jilin University, Changchun, China.6

2College of Animal Sciences, Jilin University, Changchun, China7

* Correspondence:8

Professor Chunjin Li9
llcjj158@163.com10

Keywords: Metabolomic profiling；Embryo diapause；Mink；Reactivation；Amino11

acid； Dopamine12

Highlights:13

We examined changes in the chemical composition of the serum extracts taken during14
the different stages of pregnancy.15

Dopamine may be the major inhibitory compound for mink embryo reactivation16

The levels of L-proline, L-threonine, taurine, D-ornithine, L-valine, L-kynurenine,17
and particularly L-leucine may be related to embryo reactivation.18

Abstract19

Background：The mink exhibits embryo diapause after fertilization.Mink embryos20
enter a period of diapause after the embryo develops into the blastocyst. The specific21
process of embryo diapause regulation and reactivation is remains largely22
un-examined. The aim of this study was to identify key factors associated with mink23
embryo diapause and reactivation by comparing and analyzing differences in serum24
metabolites up to twenty-nine days after mating.25

Material and methods: Blood samples were taken on the first day of mating, and then26
once a week until the fifth week. Metabolomic profiles of the serum samples taken27
during this period were analysed by ultra-performance liquid chromatography/mass28
spectrometry.29
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Results: Multivariate statistical analyses identified differential metabolite expression30
at different time points in both positive ion mode and negative ion modes. Dopamine31
may be the major inhibitory compound for mink embryo reactivation; moreover, and32
the levels of L-proline, L-threonine, taurine, D-ornithine, L-valine, L-kynurenine, and33
particularly L-leucine may be related to embryo reactivation.34

Conclusions: We compared blood serum metabolites at different stages in the35
pregnancy. The study makes a significant contribution to the literature as we found36
that dopamine is a strong candidate as an inhibitor of embryo reactivation.The study37
showed that levels of seven amino acids, but especially L-leucine, may be correlated38
with embryo reactivation.39

1 Introduction40

The American mink (Neovison vison) exhibits seasonal estrus and41
mating-stimulated ovulation. When the fertilized oocyte develops into a blastocyst,42
the embryo is discharged from the uterus and enters a relatively static developmental43
state, called embryo diapause[1]. Birth of the offspring is postponed by delayed44
implantation of blastocysts so that offspring are born during favorable environmental45
conditions of temperature and food availability. This reproductive strategy increases46
the survival rate of the offspring.47

From the vernal equinox, the photoperiod begins to increases gradually, which48
stimulates the secretion of prolactin from the pituitary gland[2]and initiates the49
development of the corpus luteum, which, in turn, promotes an increase in50
progesterone (P4) secretion[3, 4]. When the level of P4 in the body reaches the51
requirement for blastocyst attachment to the uterine wall, the blastocysts begin to52
implant and enter the fetal developmental period[4]. Since the embryos maintain only53
basic metabolism during diapause, there is almost no mitosis or protein synthesis. The54
embryo is thus in a free state within the uterus[3].55

The uterus is the most important environment for embryonic development and56
diapause, so the uterus and intrauterine substances play an important role in the57
diapause and in reactivating of the embryo. In a recent study, the effects of58
polyamines on diapaused mink embryos was validated. Treatment of mink uterine59
epithelial cells with different doses of prolactin revealed that this hormone induces the60
expression of polyamine regulatory genes such as ODC1 in the uterus through the61
pSTAT1 and mTOR pathways, thereby regulating the levels of polyamine in the62
uterus[5]. In order to determine whether polyamines can alleviate embryo diapause,63
embryos in diapause were incubated in vitro with putrescine, resulting in an increase64
in blastocyst volume and the total number of cells, as indicated by further65
development of embryos; non-treated control embryos, however, remained in a66
diapause state[5]. Together, these results provide strong evidence showing that67
embryos are maintained in a diapause state because of a restricted supply of68
uterine-derived polyamines.69
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Differential gene expression has been observed between mink embryos in70
diapause and reactivation mode. Over 200 embryonic genes were up-regulated during71
activation. Expression of embryonic genes related to polyamine synthesis increased72
during reactivation. Of the sequences corresponding to the genes characterized, about73
14% were related to the cell cycle, and 14% were related to metabolism[5]; therefore,74
it can be inferred that metabolism may play an important role in the process of75
embryonic diapause and reactivation. Furthermore, as far as we know, no studies have76
investigated the changes in the metabolome of minks before and after embryo77
diapause.78

79
Metabolomics an important component of systems biology. It is the science that80

studies the interactions between endogenous metabolites and internal or external81
factors in whole organisms, systems, organs, and cells[6]. Metabolomic analysis82
techniques consist of gas or liquid chromatography coupled to mass spectrometry83
(GC-MS/LC-MS), infrared spectroscopy (IR), and nuclear magnetic resonance84
(NMR). Among these technologies, LC/MS is advantageous because of its high85
resolution, high sensitivity, and reproducibility. Consequently, it has been widely used86
for the identification and quantification of metabolites[7]. It is used to identify and87
quantify hundreds of metabolites with high mass accuracy for comprehensive88
metabolic profiling[8]. Here, we examined changes in the chemical composition of89
the serum extracts taken during the different stages of pregnancy. Dopamine and90
several amino acids can be used as markers for embryo diapause and reactivation. To91
the best of our knowledge, no study has analyzed the metabolic changes taking place92
from fertilization to embryo diapause, from embryo diapause to embryo reactivation,93
during development, and during implantation. Our research is intended to support94
scientific progress in this important field.95

2 Materials and Methods96

2.1 Animals and serum collection97

All experiments on minks were guided by and with the approval of the Animal98
Protection and Utilization Committee of Jilin University. Twenty multiparity minks99
were farmed in the Special Economic Animal Experiment Base of the Chinese100
Academy of Agricultural Sciences in Changchun (Jilin Province, P.R. China). All101
minks were raised under conditions of controlled temperature (22–24°C) and102
humidity (60–70%), where they were provided with sufficient food and water. Each103
female mink was mated with a fertile male according to usual practice. Venous blood104
from the 20 female minks was taken one day (D1), eight days (D8), 15 days (D15), 22105
days (D22), and 29 days (D29) after mating. The blood was marked and transported at106
2-8°C to the laboratory, centrifuged at 15,000 x g for 15 min, and the serum was107
stored at –80°C until analysis. The 20 minks were fed and observed continually after108
blood collection until the end of pregnancy. Of the 20 minks used, 15 subsequently109
gave birth. Serum samples from six minks that shared the same gestation period (41110
days) were ultimately used for metabolomic analysis. Six minks sera as three111
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biological replicates.The two sera of each sampling day were mixed for metabolomic112
profiling.113

2.2 Sample preparation114

A serum sample (100 μL) was placed in an EP tube, to which 300 μL of115
methanol and 20 μL internal standard substances were added, followed by vortexing116
for 30 sec. The samples were treated with ultrasound for 10 min (while incubated in117
ice water) and then incubated for 1 h at -20℃ to precipitate proteins. The sample was118
then centrifuged at 15,000 x g for 15 min at 4℃. The supernatant (200 μL) was119
transferred into a fresh 2 mL LC/MS glass vial, 20 μL were taken from each sample120
and pooled together as QC samples. An additional 200 μL of supernatant were taken121
for UHPLC-QTOF-MS analysis.122

2.3 LC/MS analysis123

Metabolomic analysis was performed using an Agilent 1290 ultra-performance124
LC system coupled to quadrupole time-of-flight (Triple TOF 5600 AB Sciex) mass125
spectrometer, which is capable of performing primary and secondary mass126
spectrometry data acquisition based on the IDA function under the control of Analyst127
TF 1.7 software (AB Sciex). A UPLC BEH Amide column from Waters (1.7128
μm*2.1*100 mm) was used for chromatographic separation; the column temperature129
was maintained at 40°C. The LC-MS system was run in a binary gradient solvent130
mode. Solvent A contained 25 mM ammonium acetate and 25 mM ammonium131
hydroxide in water (pH 9.75), and solvent B contained 0.1% formic acid in132
acetonitrile. The flow rate was 500 μL/min. The linear gradient was as follows: 0 min,133
95% B; 7 min, 65% B; 9 min, 40% B; 9.1 min, 95% B; 12 min, 95% B (Table 1).134
Sample analysis was performed using the positive or negative electrospray ionization135
(ESI) mode; the injection volume was 3 μL. In each cycle, twelve precursor ions with136
an intensity greater than 100 were chosen for fragmentation at a collision energy (CE)137
of 30 V (15 MS/MS events with a production accumulation time of 50 ms each). The138
ESI ion source parameters were set as follows: ion source gas 1 at 60 psi, ion source139
gas 2 at 60 psi, curtain gas at 35 psi, source temperature 650oC, ion spray voltage140
floating (ISVF) 5,000 V or -4000 V in positive or negative modes, respectively.141

Quality control (QC) samples, which were prepared by mixing equal volumes142
(20 μL) from each serum sample as they were aliquoted for analysis, were used to143
assess the reproducibility and reliability of the LC-MS system.144

2.4 Data processing and pattern recognition145

Unprocessed mass spectrometry data were converted to mzXML using146
ProteoWizard software and then processed with the R package XCMS v3.2.). The147
pre-processing results generated a data matrix that consisted of the retention time148
(RT), mass-to-charge ratio (m/z) values, and peak intensity. The R package149
CAMERA was used for peak annotation after XCMS data processing.150
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The resulting scaled datasets were applied to the principal component analysis151
(PCA), which was used to validate the quality of the analytical system performance152
and to observe possible outliers. The orthogonal projections to latent153
structures-discriminant analysis (OPLS-DA) was used to analyse the results by154
SIMCA-P v11.0 software (Umetrics AB, Umea, Sweden) to filter out orthogonal155
variables in metabolites that are not related to categorical variables, and to analyse156
non-orthogonal variables and orthogonal variables separately to obtain an overview of157
the complete data set, and to discriminate between variables that are responsible for158
variation between the groups. OPLS-DA score plots were used to evaluate the quality159
of the model by the relevant R2 and Q2 parameters. The differential metabolites were160
selected by the combination of the P-value of the ANOVA and variable importance in161
the projection (VIP) values of the OPLS-DA model. The P-value was less than 0.05,162
and the VIP value was larger than 1. The log2-fold change was used to show how163
these selected differential metabolites varied between groups. Metabolites that varied164
were also shown by Volcano Plot. The online database KEGG165
(http://www.genome.jp/kegg/) was used to annotate the potential differential166
metabolites by searching for the exact molecular mass data from redundant m/z peaks167
against a specific metabolite. Metabolomic analyses were performed by SPSS v22.0168
software.169

3 Results170

3.1 Original chromatogram based on LC /MS171

All sample analyses were performed in positive and negative electrospray172
ionization (ESI) mode by using ultra-performance LC quadrupole time-of-flight173
tandem MS (UPLCQ-TOF-MS). A total of 849 metabolites were detected in positive174
ion mode，853 metabolites in negative ion mode (Supplement 1). A broad overlapping175
spectrum of QC samples showed that the instrument has repeatability and stability176
(Fig. 1).177

3.2 Multivariate statistical analysis178

PCA and orthogonal partial least-squares discriminant analysis (OPLS-DA) was179
performed on the data from the 15 samples (five stages × three biological replicates)180
to observe differences in metabolic profiles among different time points. The analysis181
showed that there was a clear separation between D1 and another group in the182
PD1×PD8 score plots (Fig. 2). To further search for ion peaks that discriminated183
between the two groups, a supervised OPLS-DA model was established because it184
focused on actual class discrimination more than the unsupervised PCA model. As185
shown in Fig. 3, all R2X were greater than 0.5, R2Y was 1 or 0.999, and Q2 was186
greater than 0.9, except D1 vs D8 in positive ion mode, indicating that the OPLS-DA187
model had high predictive ability. The OPLS-DA models discriminated adequately188
between different groups, both in positive and negative ion modes, which indicated189
that their metabolic characteristics were distinct. To validate the reliability of the190
OPLS-DA model, an alignment verification was performed (Fig. 4). R2' and Q2' were191
lower than R2 and Q2 of the original model, which implies that the corresponding192
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points did not exceed the corresponding lines, indicating that the model was193
meaningful. Thus, the differential metabolites can be screened according to the VIP.194

3.3 Identification of Potential Biomarkers and Metabolic Pathways195

In the first instance, metabolites with a VIP value greater than 1 in the OPLS-DA196
model were selected. The ANOVA was used to select metabolites with significant197
changes (P < 0.05). A volcano plot (Fig. 5) revealed differences in expression levels198
of the metabolites in the two groups and the metabolites with statistically significant199
differences. A total of 33 and 49 differential metabolites of the comparison group 1200
(D1 VS D8) could be annotated in positive mode and negative mode using the KEGG201
pathway database (Supplement 2). Most of the differentially-expressed amino acids202
annotated were down-regulated, including L-proline, L-threonine, taurine, L-leucine,203
D-ornithine, L-lysine, L-valine, L-kynurenine, and L-Glutamine. On the contrary,204
L-methionine, L-phenylalanine, and L-tyrosine were up-regulated in D8 as compared205
to D1. Similarly, dopamine and its precursor, tyramine, were significantly increased206
in D8 as compared to D1 (Table 2). According to the KEGG pathway database, 38207
metabolites were annotated (Supplement 3) in positive mode and 61 in negative mode208
as differential metabolites of group 2 (D1 VS D15), more than half of which were the209
same for group 1 (D1 VS D8). Levels of tyrosine and dopamine in D8 and D15 were210
significantly higher than in D1, which is involved with the prolactin signaling211
pathway. Almost the types of amino acids that up-regulated or down-regulated are the212
same when compared to D8 and D15 with D1. Regarding group 3 (D1 VS D22), 45213
differential metabolites in positive mode and 50 in negative mode were annotated214
(Supplement 4). As for group 4 (D1VS D29), 31 and 38 differential metabolites,215
respectively, in the positive and negative ion modes were members of metabolic216
pathways (Supplement 5). All amino acids were down-regulated on D22 as compared217
to D1, except L-methionine and L-phenylalanine, and L-phenylalanine on D29.218
Prolactin can induce polyamine synthesis,which is essential for embryo reactivation219
[9]; moreover, dopamine is the primary physiological inhibitor of prolactin220
secretion[10]. The higher the levels of dopamine on D8 and D15 indicated that the221
embryos were in diapause. The interval from implantation to parturition in mink lasts222
28-30 days[11, 12]. In our study, the intervals between the fourth blood sampling time223
(D22) to labor lasted less than 30 days for all six minks, which indicated that the224
embryos had already escaped from diapause and had implanted on D22, and it was225
mid-pregnancy on D29. Therefore, further comparative analysis was conducted for226
D8 vs D15 and D15 vs D22 with PCA and OPLS-DA. The data showed that there was227
a clear separation between D8 and D15, D15, and D22 in the PD1×PD8 score plots228
(Fig. 2S). For a more in-depth search for ion peaks that discriminated between the two229
groups, the supervised OPLS-DA model was established. As shown in Fig. 3S, the230
OPLS-DA model was highly predictive. To validate the reliability of the OPLS-DA231
model, an alignment verification was performed (Fig. 4S). R2' and Q2' were smaller232
than R2 and Q2 of the original model, indicating that the model was meaningful.233
Differential metabolites could be screened according to the VIP. Metabolites with a234
VIP value greater than 1 in the OPLS-DA model were selected, and the AVONA was235
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used to select metabolites with significant changes (P < 0.05). Because many amino236
acids promote mouse embryo development and blastocyst activation[13, 14], we237
focused on the differential amino acids and dopamine in the different groups.238
Dopamine was significantly higher on D15 than on D8, and the tyramine and239
L-tyrosine, precursors of dopamine, were also higher on D15 than on D8, but240
L-glutamine and D-ornithine decreased. L-lysine, L-arginine, L-kynurenine,241
DL-phenylalanine, and L-phenylalanine were significantly upregulated on D15242
compared to D8, while L-proline, taurine, and L-methionine increased slightly, but243
the difference was not significant (Table 3). Dopamine and its precursors, tyramine,244
and L-tyrosine decreased significantly on D22 as compared to D15, and most amino245
acids were also down-regulated, including L-tyrosine, L-proline, D-ornithine, L-lysine,246
L-leucine, L-tryptophan, DL-phenylalanine, and L-kynurenine; only L-glutamine and247
L-pyroglutamic acid increased significantly (Table 4).248

4 Conclusion249

This study investigates aspects of metabolism of the female American mink250
(Neovison vison). After fertilization, the mink blastocyst enters a stage of diapause251
before it is reactivated and enters into a developmental stage in the uterus. The252
reasons for this are probably related to availability of food sources and other253
environmental conditions. The specific processes controlling embryo diapause and254
reactivation have not previously been studied in the mink. Our aim was to identify255
key metabolites associated with embryonic diapause and reactivation. We compared256
blood serum metabolites at different stages in the pregnancy. The study makes a257
significant contribution to the literature as we found that dopamine is a strong258
candidate as an inhibitor of embryo reactivation.The study showed that levels of259
seven amino acids, but especially L-leucine, may be correlated with embryo260
reactivation.261

5 Discussion262

Dopamine is a precursor of noradrenaline and is involved in controlling fine263
movements and mental processes. Mink require mating to stimulate ovulation, and the264
fertilized eggs are formed 48-60 hours after mating. A fertilized egg takes about six265
days to form a blastocyst and reach the uterus. The embryo does not implant266
immediately but undergoes a period of cell cycle arrest[1]. As a result, oocyte267
maturation or fertilization occurs one day after mating D1), and the eighth day (D8)268
may be the embryo diapause period. Dopamine levels significantly increased in D8 as269
compared to D1, confirming that the blastocysts on D8 were in developmental arrest.270
This suggests that dopamine levels may be a biomarker of mink embryonic diapause.271
Similarly, dopamine concentration was higher on D15 than on D1, indicating that the272
embryos of D15 were also in diapause. Tyrosine and tyramine, precursors of273
dopamine, were also higher on D8 and D15 than on D1. It has been demonstrated that274
CYP2D6 can mediate the derivation of dopamine from tyramine, while tyrosine275
hydroxylase mediates the derivation of dopamine from tyrosine and that both tyrosine276
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and tyramine can increase dopamine levels[15]. L-phenylalanine is a synthetic277
precursor of dopamine[16],which also impacts mouse embryo implantation negatively278
by disrupting cytokine-based immunity and oxidative stress in the uterus[17].The279
higher level of L-phenylalanine in the embryo of diapause stages D15 and D8 may280
have negative effects on polyamine synthesis and embryo implantation. We also281
found that dopamine and its precursors, L-phenylalanine, tyramine, and L-tyrosine,282
were increased on D15 as compared to D8, further indicating that the embryo283
diapause period was also occurring on D15. Dopamine and its precursors were lower284
on D22 than on D15, indicating that embryos on D22 had implanted, which was285
consistent with the suggestion that dopamine is a marker for mink embryo diapause.286

In our study, The gestation period of minkis 41 days，we speculate that D15 may287
be the end of embryo diapause. Thus, increasing amino acid levels may be a precursor288
of embryo activation. Most amino acids increased to higher levels on D15 than on D8,289
notably L-kynurenine, L-lysine, and L-arginine, which are precursors of polyamine.290
After embryo implantation (D22), most amino acids decreased significantly as291
compared to D15 and D1, indicating that amino acids may play an important role in292
mink oocyte maturation and embryo reactivation. The levels of almost all amino acids293
were reduced to a greater extent after embryo implantation (D22) than at the end of294
the embryo diapause (D15), suggesting that the function of the amino acids may have295
already been completed, leaving no further need for high concentrations of amino296
acids after embryo reactivation.297

As a major macronutrient, amino acids are not only a component of proteins and298
peptides, but they are also essential for the synthesis of many biologically active299
molecules involved in the regulation of signalling pathways and metabolism in the300
body. Experimental evidence demonstrates that amino acids play a key role in female301
and male reproduction[18, 19]. Many in vitro studies on mouse embryos have302
demonstrated that amino acids, especially essential amino acids, have a vital role in303
embryo development and blastocyst activation[9]. The embryonic development and304
implantation requirements of amino acids are not simply nutritive to support protein305
synthesis and trophoblast differentiation, but it also induces activation of306
mTOR-dependent signals after the embryo has reached the early blastocyst stage. The307
resultant signals cause transduction cascades, including triggering insulin-like growth308
factor II and polyamine synthesis in the blastocyst, and finally increasing cell309
motility[14, 20]. While polyamines are essential to folliculogenesis[21],310
fertilization[22], and early embryo development[23, 24], deficiency of polyamines311
causes embryo developmental arrest[9]. Most amino acids existed at greater levels on312
D1 than on D8, D15, D22, and D29 demonstrating that amino acids may induce an313
increase of polyamines via the mTOR pathway. Most amino acids annotated by the314
KEGG pathway database, including L-proline, L-threonine, taurine, L-leucine,315
D-ornithine, L-valine, and L-kynurenine, were down-regulated on D8 and D15 as316
compared to D1. Our study showed that while polyamines are scarce during embryo317
diapause[9], most amino acid levels were lower on D8 and D15 than on D1.318
D-ornithine is a precursor of polyamine (putrescine), and arginine or proline can319
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synthesize putrescine through ornithine by the highly-regulated rate-limiting enzyme,320
ornithine decarboxylase 1 (ODC1)[25].321

Lower levels of D-ornithine and L-proline on D8 and D15 might cause a322
decrease in putrescine synthesis, thereby hindering embryonic reactivation and323
development. L-proline plays a novel role in the regulation of pluripotency and cell324
differentiation, which can induce embryonic stem cells (ESC) to form early primitive325
ectoderm-like cells[26]. In an in vitro mouse embryo culture, the omission of326
L-threonine significantly reduces mouse blastocyst hatching, attachment, and327
trophoblastic outgrowth[13]. L-threonine deprivation significantly decreases328
self-renewal markers and differentiation markers of embryonic stem cells[27] . The329
low concentrations of L-threonine on D8 and D15 coincided with the state of330
embryonic diapause. Taurine can improve embryonic development in vitro in several331
animals, including mouse[9], pig[28], cow[29], and rabbit[30]. What is more, taurine332
is an osmotic adjustment organic substance[31, 32]. Therefore, it is nearly impossible333
for taurine to spontaneously diffuse through the cell membrane because of its334
lyophobic properties, and thus an extremely high intracellular concentration may be335
maintained. Taurine acts as an osmolyte in human and mouse oocytes and embryos336
when they have to adjust their cell volume because of either extracellularly-induced or337
intracellularly-induced osmotic imbalances[33]. The low level of taurine on D8 and338
D15 may be involved with mink blastocysts diapause, which is of no benefit to339
blastocyst expansion and hatching. Human embryos that develop in vitro to the340
blastocyst stage in the presence of amino acids always accumulate leucine, but not341
other amino acids from the culture medium[34]. The decrease of leucine and valine342
levels may be related to the diapause of the mink blastocyst.343

The diapause period usually lasts 15-25 days, but sometimes, it is shortened to a344
few days or extended up to 55 days[1, 35]. In hypophysectomised minks injected with345
prolactin, embryo implantation occurred on days 14 and 21, but not at the same346
time[36]. In our study, the interval from embryo diapause to implantation occurred347
within seven days, indicating that a factor besides prolactin may be needed for the348
blastocysts to escape from diapause and begin development, or, possible, that other349
factors can accelerate embryo reactivation and implantation. The level of dopamine350
was elevated, and the level of leucine was decreased during the diapause period of the351
mink embryos. Changes in levels of dopamine and leucine may inhibit the production352
of prolactin. Taken together, changes to amino acid levels on D8, D15, and D22353
indicated that amino acids, especially leucine, may also be another important factor in354
mink embryo diapause and reactivation. Leucine may have a synergistic effect with355
prolactin during the activation of mink embryos, and an increase in both the levels of356
leucine and prolactin may increase the rate of reactivation. Unfortunately, we did not357
collect blood from the beginning of embryo development to test this. In addition,358
these results need to be further verified by in vitro embryo culture and in vivo359
experiments. These issues should be further studied by subsequent experiments so that360
the mink embryo diapause and reactivation can be explored more comprehensively.361
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To the best of our knowledge, this is the first study to investigate links between362
serum metabolites and mink embryo diapause. The level of dopamine int the serum363
may be used as a marker for embryonic diapause, and changes in the levels of amino364
acids may be associated with embryo reactivation. This study fills a gap in365
metabolome analysis in this field and provides some references for subsequent366
research.367

6 Abbreviations368

369

Abbreviation Meaning

P4 progesterone

GC-MS/LC-MS gas or liquid chromatography coupled to
mass spectrometry

IR infrared spectroscopy

NMR nuclear magnetic resonance

UHPLC-QTOF-MS The ultra-high performance liquid
chromatography-quadrupole
time-of-flight mass spectrometry

QC Quality control

ESI negative electrospray ionization

OPLS-DA orthogonal projections to latent
structures-discriminant analysis

UPLCQ-TOF-MS ultra-performance LC quadrupole
time-of-flight tandem MS

ESC embryonic stem cells

370
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Table 1 The gradient of the mobile phase.511

Time
(min)

Flow rate
(μL/min) A% B%

0 500 5 95

0.5 500 5 95

7 500 35 65

8 500 60 40

9 500 60 40

9.1 500 5 95
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12 500 5 95

512

Table 2 Amino acids and dopamine change (D1 VS D8)

NO. name
log2 Fold
Change(D8/D1
)

P-value VIP regulated

1 L-Proline -0.599 0.003 1.300 down

2 L-Valine -0.703 0.004 1.294 down

3 L-Threonine -0.656 0.015 1.225 down

4 Taurine -0.467 0.049 1.201 down

5 L-Leucine -0.381 0.021 1.204 down

6 L-Methionine 1.054 0.036 1.249 up

7 L-Phenylalanine 1.033 0.001 1.358 up

8 L-Glutamine -0.334 0.030 1.198 down

9 Tyramine 0.982 0.022 1.474 up

10 Dopamine 0.682 0.000 1.543 up

11 D-Ornithine -1.213 0.004 1.487 down

12 L-Tyrosine 0.916 0.000 1.535 up

13 L-Lysine -0.576 0.002 1.518 down

14 L-Kynurenine -0.551 0.000 1.533 down

513
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Table 3 Amino acids and dopamine change (D8 VS D15)

NO. name
log2 Fold
Change(D15/D
8)

P-value VIP regulated

1 L-Proline 0.145 0.133 1.062 unchanged

2 Tyramine 0.535 0.012 1.266 up

3 Taurine 0.518 0.058 1.128 unchanged

4 Dopamine 0.456 0.000 1.379 up

5 L-Methionine 0.640 0.052 1.160 unchanged

6 L-Phenylalanine 0.702 0.036 1.246 up

7 D-Ornithine -1.058 0.032 1.282 down

8 L-Tyrosine 0.347 0.002 1.364 up

9 L-Lysine 0.956 0.007 1.343 up

10 L-Kynurenine 0.397 0.018 1.283 up

11 DL-Phenylalanine 0.681 0.029 1.189 up

12 L-Arginine 0.175 0.045 1.215 up

13 L-Glutamine -0.705 0.001 1.412 down

514

Table 4 Amino acids and dopamine change (D15 VS D22)

NO. name log2 Fold
Change(D22/D

P-value VIP regulated
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15)

1 L-Leucine -0.263 0.038 1.268 down

2 L-Glutamine 0.512 0.010 1.374 up

3 L-Proline -0.501 0.016 1.429 down

4 Tyramine -0.353 0.035 1.370 down

5 D-Ornithine -0.581 0.008 1.360 down

6 DL-Phenylalanine -0.998 0.018 1.329 down

7 Dopamine -0.993 0.008 1.464 down

8 L-Tyrosine -0.961 0.033 1.402 down

9 L-Lysine -0.556 0.023 1.387 down

10 L-Tryptophan -0.535 0.023 1.325 down

11 L-Kynurenine -0.891 0.002 1.449 down

12
L-Pyroglutamic
acid

0.768 0.029 1.309 up

515

A B

Fig. 1 Total Ion Chromatogram of QC in ESI+ mode (A) and ESI -mode (B)516
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517

A B

Fig. 2 PCA score plots in the five groups in ESI+ mode (A) and ESI- mode (B).518

519

520

521

A1 B1

A2 B2
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A3 B3

A4 B4

522

Fig. 3 OPLS-DA score plot of the four comparisons: (A1) D1 vs D8 in ESI+ mode,523
(B1) D1 vs D8 in ESI- mode; (A2) D1 vs D15 in ESI+ mode, (B2) D1 vs D15 in ESI-524
mode; (A3) D1 vs D22 in ESI+ mode, (B3) D1 vs D22 in ESI- mode; (A4) D1 vs D29525
in ESI+ mode, (B4) D1 vs D29 in ESI- mode.526

A1 B1
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A2 B2

A3 B3

A4 B4

Fig.4 Validation plot of OPLS-DA model. The horizontal line corresponded to R2 and527
Q2 of the original model, and the blue point and red point represented R2' and Q2' of528
the model after Y replacement, respectively. (A1)D1 vs D8 in ESI+ mode, (B1) D1 vs529
D8 in ESI- mode; (A2) D1 vs D15 in ESI+ mode, (B2) D1 vs D15 in ESI- mode; (A3)530
D1 vs D22 in ESI+ mode, (B3) D1 vs D22 in ESI- mode; (A4) D1 vs D29 in ESI+531
mode, (B4) D1 vs D29 in ESI- mode.532
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A1 B1

A2 B2

A3 B3

A4 B4

Fig. 5 Volcano Plot with differential metabolites of the four comparison groups. Each533
point in the figure represents a metabolite, the abscissa represents the log2-fold534
change of the group compared to the substance, and the ordinate represents the535
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log10-P-value of the student's t-test. The scatter size represents the VIP value of the536
OPLS-DA model. Green dots represent significantly down-regulated metabolites, red537
dots represent significantly up-regulated metabolites, and black dots represent538
metabolites detected but not significantly different. (A1) D1 vs D8 in ESI+ mode, (B1)539
D1 vs D8 in ESI- mode; (A2) D1 vs D15 in ESI+ mode, (B2) D1 vs D15 in ESI-540
mode; (A3) D1 vs D22 in ESI+ mode, (B3) D1 vs D22 in ESI- mode; (A4) D1 vsD29541
in ESI+ mode, (B4) D1 vs D29 in ESI- mode.542

A1S B1S

A2S B2S

Fig. 2S PCA score plots in D8 vs D15, D15 vs D22 in ESI+ mode (A) and ESI- mode543
(B). (A1S) D8 vs D15 in ESI+ mode, (B1S) D8 vs D15 in ESI- mode; (A2S) D15 vs544
D22in ESI+ mode, (B2S) D15 vsD22 in ESI- mode.545

A1S B1S
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A2S B2

S

Fig. 3S OPLS-DA score plot D8 vs D15, D15 vsD22 in ESI+ mode (A) and ESI-546
mode (B). (A1S) D8 vsD15 in ESI+ mode, (B1S) D8 vs D15 in ESI- mode; (A2S)547
D15 vs D22 in ESI+ mode, (B2S) D15 vs D22 in ESI- mode.548

549

550

551

A1S B1S

A2S B2S

Fig.4S Validation plot of OPLS-DA model D8 vs D15, D15 vsD22in ESI+ mode (A)552
and ESI- mode (B). The horizontal line corresponded to R2 and Q2 of the original553
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model, and the blue point and red point represented R2' and Q2' of the model after Y554
replacement, respectively. (A1S) D8 vs D15 in ESI+ mode, (B1S) D8 vs D15 in ESI-555
mode; (A2S) D15 vs D22 in ESI+ mode, (B2S) D15 vs D22 in ESI- mode.556

557

558

559

560

561

562

563

564



Figures

Figure 1

Total Ion Chromatogram of QC in ESI+ mode (A) and ESI -mode (B)

Figure 2

PCA score plots in the �ve groups in ESI+ mode (A) and ESI- mode (B).



Figure 3

OPLS-DA score plot of the four comparisons: (A1) D1 vs D8 in ESI+ mode, (B1) D1 vs D8 in ESI- mode;
(A2) D1 vs D15 in ESI+ mode, (B2) D1 vs D15 in ESI mode; (A3) D1 vs D22 in ESI+ mode, (B3) D1 vs D22
in ESI- mode; (A4) D1 vs D29 in ESI+ mode, (B4) D1 vs D29 in ESI- mode.



Figure 4

Validation plot of OPLS-DA model. The horizontal line corresponded to R2 and Q2 of the original model,
and the blue point and red point represented R2' and Q2' of the model after Y replacement, respectively.
(A1)D1 vs D8 in ESI+ mode, (B1) D1 vs D8 in ESI- mode; (A2) D1 vs D15 in ESI+ mode, (B2) D1 vs D15 in
ESI- mode; (A3) D1 vs D22 in ESI+ mode, (B3) D1 vs D22 in ESI- mode; (A4) D1 vs D29 in ESI+ mode, (B4)
D1 vs D29 in ESI- mode.



Figure 5

Volcano Plot with differential metabolites of the four comparison groups. Each point in the �gure
represents a metabolite, the abscissa represents the log2-fold change of the group compared to the
substance, and the ordinate represents the log10-P-value of the student's t-test. The scatter size
represents 536 the VIP value of the OPLS-DA model. Green dots represent signi�cantly down-regulated
metabolites, red dots represent signi�cantly up-regulated metabolites, and black dots represent
metabolites detected but not signi�cantly different. (A1) D1 vs D8 in ESI+ mode, (B1) D1 vs D8 in ESI-
mode; (A2) D1 vs D15 in ESI+ mode, (B2) D1 vs D15 in ESI mode; (A3) D1 vs D22 in ESI+ mode, (B3) D1
vs D22 in ESI- mode; (A4) D1 vsD29 in ESI+ mode, (B4) D1 vs D29 in ESI- mode.
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