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Metabolomics reveals early 
pregnancy biomarkers in sows: a 
non-invasive diagnostic approach
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In an effort to enhance reproductive management and reduce non-
productive periods in swine breeding, this study presents a novel, non-invasive 
metabolomics approach for the identification of early pregnancy biomarkers in 
sows. Utilizing an untargeted metabolomics approach with mass spectrometry 
analysis, we examined saliva samples from pregnant (n  =  6) and non-pregnant 
control sows (n  =  6, artificially inseminated with non-viable sperm). Our 
analysis revealed 286 differentially expressed metabolites, with 152 being up-
regulated and 134 down-regulated in the pregnant group. Among these, three 
metabolites, namely Hyodeoxycholic acid, 2′-deoxyguanosine, and Thymidine, 
emerged as potential early pregnancy biomarkers. These biomarkers were 
further evaluated using targeted LC–MS/MS quantification and qualification, 
accompanied by ROC curve analysis. The study confirmed Hyodeoxycholic acid 
and 2′-deoxyguanosine as promising biomarkers for early pregnancy detection, 
offering potential for future implementation in swine production environments. 
This research establishes a robust theoretical foundation for the development 
of innovative molecular diagnostic techniques and explores new avenues for 
molecular genetic breeding and non-invasive diagnostics, ultimately enhancing 
fertility and productivity in sow herds.
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1 Introduction

The swine industry is intensifying and scaling, with a focus on reducing non-productive 
days for sows and minimizing breeding costs. Early gestational diagnosis is crucial for 
optimizing reproductive management, yet current techniques have limitations (1–3). However, 
finding an effective strategy to reduce interbirth intervals and decrease non-productive days 
remains a challenge for the industry (4–6). Early gestational diagnosis plays a crucial role in 
optimizing reproductive management for sows and contributes favorably to high-quality 
expansion of pig farming operations (7).

Currently available techniques for pregnancy diagnosis in sows have several limitations. 
For instance, ultrasound-based diagnosis is prone to user-dependent variability in accuracy 
and interpretation (8). Outward traits-focused methods, such as detecting abdomen and udder 
enlargement, often exhibit delayed diagnostic capabilities (9). Hormone-based identification 
methods can occasionally result in “false estrus” confusions in a small percentage of sows, 
leading to diagnostic errors (10). Additionally, relying on boar detection for return-to-estrus 
identification can inadvertently increase the risk of transmitting malignant diseases (11). 
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Currently, B-ultrasound is commonly used for sow pregnancy 
diagnosis, both domestically and internationally (11). However, this 
method is not effective in detecting pregnancy during the initial estrus 
cycle (21 days) after artificial insemination, leading to an increase in 
non-productive days (12).

In recent years, there has been a growing interest in utilizing 
salivary biomarkers as a diagnostic tool due to the advantages they 
offer over traditional methods (13). Saliva collection is non-invasive, 
easily accessible, and less stressful for animals compared to other 
sample collection methods such as blood or urine (14). Additionally, 
saliva contains a wide range of biomolecules, including metabolites, 
which can provide valuable information about the physiological and 
metabolic status of an individual (15).

The overarching aim of this research is to identify biomarkers for 
early pregnancy diagnosis in sows and to assess their applicability in 
production settings. This is with the expectation of significantly 
enhancing the efficiency of pregnancy detection in sows, addressing 
key challenges in production, and fostering the efficient and 
sustainable development of the swine breeding industry.

2 Materials and methods

All experiments involving animals were conducted under a 
protocol approved by the Medical Ethics Committee, First Affiliated 
Hospital, Medical College, Shihezi University (2014-073-01, 5 
March 2014).

2.1 Samples

2.1.1 Laboratory animal handling
Thirty Large White × Yorkshire Binary sows, matched for growth 

age, parity, body condition, and farrowing status, were enrolled in this 
study. All sows were in good health and had no genetic diseases. The 
breeding house temperature was maintained at 18–25°C, with 
humidity sustained at 50–55%. The production strategy employed an 
all-in, all-out system, and the sows were fed complete feed and 
managed daily according to industry regulations. In the experiment, 
12 sows were randomly assigned for non-targeted metabolomics 
research, with 6 designated as the experimental group and the 
remaining 6 as the control group. The other 18 sows served as a 
validation group for targeted metabolomics studies. After weaning, 
estrus identification was carried out twice daily, at 10:00 AM and 
4:00 PM, using boars for estrus stimulation. The standing reflex of the 
sows was used to determine their estrus status, and artificial 
insemination was performed on the day of estrus detection, defined 
as day 0 of gestation. Artificial insemination was conducted three 
times at 12-h intervals. In the experimental group, regular procedures 
were followed to introduce viable sperm, while in the control group, 
semen without viable sperm was used [The semen samples were 
treated by immersing the containers in a water bath maintained at 
95°C for 30 min to ensure spermatozoa inactivation. Post-treatment, 
microscopic analysis confirmed the absence of viable sperm, thereby 
guaranteeing the non-fertilizing capacity of the semen used in the 
control group (16)]. On the 18th day post-artificial insemination, 
boars were again used for estrus stimulation to determine if the sows 
returned to estrus. On the 25th and 35th day post-artificial 

insemination, pregnancy was confirmed in the sows using a veterinary 
B-ultrasound machine.

2.1.2 Sample collection process
Sterile-defatted gauze was utilized as a stimulus to induce chewing 

behavior in the sows. Subsequently, the thoroughly chewed gauze was 
collected and saliva was extracted by squeezing it into a centrifuge 
tube. The centrifuge tube had been pre-treated with high temperature 
and pressure and was sealed using a self-sealing bag. Once the sample 
was obtained, it was subjected to centrifugation at 3000 revolutions 
per minute for a duration of 10 min. After centrifugation, the 
supernatant, which represents the liquid portion above the sediment, 
was carefully transferred to a 5 mL cryopreservation tube. To prevent 
degradation, the cryopreservation tube was then placed in liquid 
nitrogen for preservation. The preserved samples were transported to 
the laboratory and stored at a temperature of −80°C until 
further analysis.

2.2 Non-targeted metabolomic analyses

2.2.1 Pre-treatment of non-targeted 
metabolomics experiments

The experimental procedure was carried out as follows: 1 mL of 
the sample was passed through a solid-phase extraction (SPE) column, 
and 3 mL of methanol eluate was collected. The eluate was then dried 
using a nitrogen blowing instrument. Subsequently, 300 μL of a 
methanol–water mixture (with a volume ratio of 4:1) containing 
L-2-chlorophenylalanine at a concentration of 4 μg/mL was added to 
the dried extract. The mixture was vortexed for 1 min and then 
subjected to ultrasonication in an ice-water bath for 10 min. The 
sample was then left undisturbed at −40°C for 30 min and 
subsequently centrifuged at 13,000 rpm for 10 min at 4°C. A total of 
150 μL of the supernatant from the third extraction was pipetted and 
passed through a 0.22 μm filter before being transferred to an LC 
injection vial. The vial was then stored in a refrigerator at −80°C for 
further analysis. The same process was repeated for the quality control 
samples, which were prepared by mixing equal volumes of sample 
extracts from the pregnancy group and the non-pregnancy group.

2.2.2 Non-targeted metabolomics liquid 
chromatography-mass spectrometry analysis 
conditions

Chromatographic conditions: ACQUITY UPLC HSS T3 was used 
with a column (100 mm × 2.1 mm, 1.8 um); the column temperature 
was maintained at 45°C; the mobile phases were A-water (containing 
0.1% formic acid) and B-acetonitrile; the flow rate was maintained at 
0.35 mL/min; the injection volume was 2 μL.

Mass spectrometry conditions: the ion source was ESI; positive 
and negative ion scanning modes were used for signal acquisition.

2.3 Targeted metabolomic profiling

2.3.1 Sample pre-treatment
After thawing the samples, they were vortexed for 10 s and 

thoroughly mixed. Then, 50 μL of the samples were transferred to 
numbered 1.5 mL centrifuge tubes and immediately stored at 
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−80°C. Subsequently, 250 μL of a 20% acetonitrile-methanol 
extraction solution was added to each tube. The samples were vortexed 
for 3 min and centrifuged at 12,000 r/min for 10 min at 4°C. The 
resulting supernatant was carefully aspirated and transferred to 
another numbered 1.5 mL centrifuge tube, which was then placed in 
a refrigerator at −20°C for 30 min. Following this, 250 μL of the 
supernatant was extracted into another centrifuge tube and further 
centrifuged for 30 min at −20°C, followed by an additional 
centrifugation at 12,000 r/min and 4°C for 10 min. From the resulting 
supernatant, 180 μL was passed through a protein precipitation plate 
for analysis, with the remaining supernatant stored at −20°C in 
the refrigerator.

2.3.2 Chromatography and mass spectrometry 
acquisition conditions

The data acquisition instrumentation consisted primarily of Ultra 
Performance Liquid Chromatography (UPLC) (ExionLC™ AD)1 and 
Tandem Mass Spectrometry (MS/MS) (QTRAP® 6,500+, see text 
footnote 1). The T3 method under liquid phase conditions mainly 
includes: Chromatographic column: Waters ACQUITY UPLC HSS 
T3 C18 column (1.8 μm, 100 mm × 2.1 mm i.d.); Mobile phase: A 
phase, ultrapure water (containing 0.05% formic acid); B phase, 
acetonitrile (containing 0.05% formic acid); Flow rate of 0.35 mL/min; 
column temperature of 40°C; injection volume of 2 μL; Gradient 
elution: 0 min A/B ratio of 95:5 (V/V), 8 min A/B ratio of 5:95 (V/V), 
9.5 min A/B ratio of 5:95 (V/V), 9.6 min A/B ratio of 95:5 (V/V), 
12 min A/B ratio of 95:5 (V/V).

The Amide method under liquid phase conditions mainly 
includes: Chromatographic column: ACQUITY UPLC BEH Amide 
column (1.7 μm, 100 mm × 2.1 mm i.d.); Mobile phase: A phase, 
ultrapure water (10 mM ammonium acetate, 0.3% ammonia); B phase, 
90% acetonitrile/water (V/V); Flow rate of 0.40 mL/min; column 
temperature of 40°C; injection volume of 2 μL; Gradient elution: 
0–1.2 min A/B ratio of 5:95 (V/V), 8 min A/B ratio of 30:70 (V/V), 
9.0–11 min A/B ratio of 50:50 (V/V), 11.1–15 min A/B ratio of 
5:95 (V/V).

The mass spectrometry conditions mainly include: Electrospray 
ionization (ESI) temperature of 550°C, mass spectrometry voltage of 
5,500 V in positive ion mode, mass spectrometry voltage of −4,500 V 
in negative ion mode, curtain gas (CUR) pressure of 35 psi. In the 
Q-Trap 6,500+, the ion pairs are scanned and detected based on the 
optimized declustering potential (DP) and collision energy (CE).

2.4 Statistical analysis

In this study, unsupervised Principal Component Analysis (PCA) 
was utilized to analyze the overall distribution and stability of the data 
in both the pregnancy and non-pregnancy groups. The primary 
parameter of the PCA model was R2X. The PCA score plot, with t [1] 
on the x-axis and t [2] on the y-axis, represents the projected scores of 
each sample onto the first two principal components, PC1 and PC2, 
respectively. This approach allows for a comprehensive assessment of 
the data without any prior assumptions or bias. After applying 

1 https://sciex.com.cn/

unsupervised PCA, candidate metabolites were selected based on their 
expression patterns and confidence. The Variable Important in 
Projection (VIP) values, which indicate the importance of each 
metabolite in the projection, were used as a measure of confidence. 
Metabolites with high VIP values were considered more reliable and 
were further analyzed in the subsequent steps. The differential 
metabolites identified in the analysis were then explored for their 
potential involvement in pathway and signaling analyses. This step 
provides insights into the underlying biological mechanisms 
associated with pregnancy and non-pregnancy.

To confirm the statistical significance of the observed differences 
between the pregnancy and non-pregnancy groups, t-tests were 
performed. The between-group variability, as revealed by the t-tests, 
supports the validity of the observed differences. A volcano plot was 
utilized for the visualization of p-values and fold change (FC) values. 
The x-axis represents the log2-transformed fold change (log2FC) 
values derived from the comparison between two groups, while the 
y-axis depicts the negative logarithm (base 10) of the p-values (−log10 
[p-value]). Data points colored in red indicate metabolites with a 
p-value less than 0.05 and an FC greater than 1, signifying statistically 
significant upregulation of these metabolites. Data points in blue 
denote metabolites with a p-value less than 0.05 and an FC less than 
1, indicating statistically significant downregulation. In order to assess 
the diagnostic performance of the identified metabolites and their 
combination as biomarkers, Receiver Operating Characteristic (ROC) 
analysis was conducted. ROC curves provide a graphical 
representation of the sensitivity and specificity of the diagnostic tests. 
The AUC, a summary measure of the overall diagnostic accuracy, was 
calculated from the ROC curve.

3 Results

Sows participating in the non-targeted metabolism study were 
evaluated using ultrasound on days 25 and 35 after breeding. In the 
normal insemination group, all sows were found to be pregnant, while 
in the control group, none of the sows were pregnant. In the targeted 
metabolism study, sows were examined by ultrasound on days 25 and 
35 after mating. Out of the sows examined, 5 were determined to 
be non-pregnant, while 12 were confirmed to be pregnant.

3.1 Based On LC–MS untargeted 
metabolomic results

3.1.1 Quality control analysis
To assess the stability of the mass spectrometry system, 

we employed the PCA method. The PCA model plots, derived from 
7-fold cross-validation, are presented in Figure 1A. The QC samples 
are observed to be tightly clustered in the PCA model, which is a 
strong indication of the instrumental detection’s consistency 
throughout the experimental process. This clustering pattern suggests 
that the mass spectrometry system maintained a high level of stability, 
which is crucial for obtaining accurate and reproducible results.

Furthermore, to elucidate the relationship between the QC samples 
and the remaining samples, as well as to reinforce the stability of the QC 
samples, a hierarchical cluster analysis was conducted on all metabolite 
expressions. The dendrogram resulting from this analysis is depicted in 

https://doi.org/10.3389/fvets.2024.1396492
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://sciex.com.cn/


Ren et al. 10.3389/fvets.2024.1396492

Frontiers in Veterinary Science 04 frontiersin.org

FIGURE 1

Sample quality control analyses. (A) Graph of PCA scores for pregnancy, non-pregnancy and quality control groups. (B) Heatmap of clustering of 
pregnancy, non-pregnancy and quality control groups.
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Figure 1B, where the QC samples are clearly shown to be consistent with 
each other, further validating their reliability.

3.1.2 Differential metabolite analysis
In order to quantify the number of differential metabolites in each 

comparison group, we counted the number of differential metabolites. 
A total of 286 differential metabolites were identified, of which 152 
were up-regulated and 134 were down-regulated compared to the 
control group. To visually analyze the metabolite p-values and 
FC-values obtained from mass spectrometry analysis, a volcano 
diagram was employed to screen the differential metabolites, as 
illustrated in Figure 2.

To delve deeper into the biological implications of the differential 
metabolites, we conducted a KEGG (Kyoto Encyclopedia of Genes 
and Genomes) pathway analysis, as illustrated in Figure  3A. The 
enrichment analysis highlighted that the differentially expressed 
metabolites were primarily associated with pathways such as the 
Sphingolipid signaling pathway, Sphingolipid metabolism, and 
Linoleic acid metabolism. By integrating the results of the enrichment 
analysis with the VIP values of the metabolites, we identified three 
potential biomarkers for sow pregnancy diagnosis: Hyodeoxycholic 
acid, 2′-deoxyguanosine, and Thymidine. These metabolites were 
chosen based on their significant expression levels and their potential 
roles in the biological processes related to pregnancy. To further 
investigate the expression levels of the identified biomarkers, 
we generated box plots for each, as shown in Figures 3B–D. Box plots 

provide a detailed view of the distribution of the metabolite levels, 
including the median, quartiles, and outliers, which is essential for 
evaluating the potential of these biomarkers for diagnostic purposes.

3.2 Based on LC–MS/MS targeted 
metabolomic results

3.2.1 Quality control analysis
The stability of the mass spectrometry signal was assessed by 

analyzing the total ion flow for metabolite detection. A high degree of 
curve overlap in the retention time and peak intensity indicates that 
the mass spectrometry system maintained good signal stability even 
when the same sample was detected at different time points. This 
consistency in signal detection is crucial for ensuring the reliability 
and reproducibility of the metabolite profiling, as depicted in 
Figure 4A.

The correlation scatter plot in the lower-left diagonal square of 
Figure 4B represents the metabolite content of each point, with the 
horizontal and vertical coordinates corresponding to the levels of 
metabolites detected in the QC samples. The close correlation between 
the metabolite contents across multiple runs indicates the precision 
and consistency of the mass spectrometry system in detecting and 
quantifying metabolites. The upper-right diagonal square in Figure 4B 
displays the correlation coefficient for the corresponding QC sample. 
A high correlation coefficient signifies a strong agreement between 

FIGURE 2

Volcano plot of differential metabolites.
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repeated measurements, further reinforcing the reliability of the mass 
spectrometry data.

3.2.2 Analysis of the diagnostic effectiveness of 
screening biomarkers

In this study, we evaluated the diagnostic effectiveness of three 
potential biomarkers, Hyodeoxycholic acid, 2′-deoxyguanosine, and 
Thymidine, for detecting pregnancy in sows. These biomarkers were 
quantitatively analyzed using a liquid chromatography–tandem mass 
spectrometry (LC–MS/MS) detection platform, and their 
concentrations in saliva samples from pregnant and non-pregnant 
sows were compared.

 (A) The boxplot in Figure  5A shows the concentrations of 
Hyodeoxycholic acid in saliva samples. A significant difference 
in the levels of this metabolite was observed between the 
pregnant and non-pregnant groups, with p-values less than 
0.05, indicating its potential as a diagnostic biomarker 
for pregnancy.

 (B) Similarly, Figure 5B presents the boxplot for 2′-deoxyguanosine 
concentrations. The analysis revealed a significant difference in 
the levels of this biomarker between the two groups, further 
supporting its potential role in pregnancy diagnosis.

 (C) The boxplot in Figure  5C illustrates the concentrations of 
Thymidine in saliva. A significant difference was also observed 
for this metabolite between pregnant and non-pregnant sows, 
suggesting its utility as a biomarker for detecting pregnancy.

To ensure the accuracy of the biomarker detection, standard curves 
were generated, and their linear equations are detailed in Table 1. These 
curves are essential for the quantification of the biomarkers and 
validation of the assay. The significant differences in the levels of these 
metabolites between the pregnant and non-pregnant groups, as 
confirmed by the t-test analysis, underscore the potential of 
Hyodeoxycholic acid, 2′-deoxyguanosine, and Thymidine as diagnostic 
biomarkers. The detailed standard curve data further validate the 
robustness of the LC–MS/MS detection platform used in this study.

3.3 Performance of the early pregnancy 
diagnosis model

The early pregnancy diagnosis model developed in this study was 
evaluated using Receiver Operating Characteristic (ROC) curves, a 
standard tool for assessing the diagnostic performance of biomarkers. 
The area under the curve (AUC) is a key metric for evaluating the 

FIGURE 3

(A) Metabolic pathway bubble chart. (B) Boxplot of Hyodeoxycholic acid expression in pregnant and non-pregnant sows. (C) Box line plot of 
2’-deoxyguanosine expression in pregnant and non-pregnant sows. (D) Boxplot of Thymidine expression in pregnant and non-pregnant sows. The 
data (n = 12) were analyzed by Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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diagnostic ability of the biomarkers, with higher AUC values 
indicating superior diagnostic performance.

Figure 6 presents the ROC curves for the screening biomarkers in 
this study. For Hyodeoxycholic acid, the AUC was determined to 

FIGURE 4

(A) Total Ion Chromatogram. (B) Quality Control (QC) sample correlation analysis.
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be 0.938, which is indicative of its strong diagnostic value and suggests 
a high potential for practical application in diagnostics and 
therapeutics. This high AUC value reflects the biomarker’s ability to 
accurately distinguish between pregnant and non-pregnant sows with 
a high degree of sensitivity and specificity. Similarly, 2′-deoxyguanosine 
exhibited an AUC of 0.823, which, although lower than 
Hyodeoxycholic acid, still indicates a significant diagnostic value. This 
value suggests that 2′-deoxyguanosine could be a useful biomarker for 
early pregnancy diagnosis, contributing to the development of 
diagnostic tools with good accuracy. However, Thymidine showed a 
lower diagnostic AUC of 0.654, which suggests that its diagnostic 
potential is less robust compared to the other two biomarkers. Despite 
this, it may still offer some value in combination with other biomarkers 

as part of a panel test for early pregnancy detection. In conclusion, the 
ROC curve analysis demonstrates the diagnostic potential of 
Hyodeoxycholic acid and 2′-deoxyguanosine as biomarkers for early 
pregnancy diagnosis in sows.

4 Discussion

The current study has successfully harnessed the non-invasive 
potential of salivary metabolomics to identify key biomarkers in 
early pregnant sows. Our approach has not only provided a novel 
perspective on swine reproductive management but also laid the 
groundwork for future molecular diagnostic techniques. The use 

FIGURE 5

(A) Boxplots of Hyodeoxycholic acid concentrations in the saliva of pregnant and non-pregnant sows. (B) Boxplots of 2’-deoxyguanosine concentrations in 
the saliva of pregnant and non-pregnant sows. (C) Boxplots of Thymidine concentrations in the saliva of pregnant and non-pregnant sows.

TABLE 1 Table of linear equations for standard curves for biomarker detection.

Index Class RT Equation r Weighting LLOQ ULOQ

Glycohyodeoxycholic-acid Bile acids 6.02 y = 11890.54193 x + 13559.86456 0.99438 1/x 2 500

Thymidine Nucleotide and its metabolomics 2.06 y = 310.19354 x + 23597.76294 0.99413 1/x 20 500

2′-deoxyguanosine Nucleotide and its metabolomics 2.29 y = 597.46303 x + 10553.98313 0.99197 1/x 100 1,000
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of saliva as a biological sample is advantageous due to its minimally 
invasive nature, ease of collection, and the comprehensive 
metabolic data it offers (17–20). The rich vascularization of salivary 
glands facilitates an efficient exchange of metabolites, making 
saliva an ideal matrix for reflecting systemic metabolic changes 
(19, 20).

Through our untargeted metabolomics analysis, we identified 
286 differentially expressed metabolites, with Hyodeoxycholic acid 
and 2′-deoxyguanosine showing significant differential expression 
and high diagnostic accuracy as potential biomarkers for early 
pregnancy. The validation of these biomarkers using LC–MS/MS 
confirmed their high diagnostic value, which is expected to 
contribute to a paradigm shift in the swine industry’s reproductive 
management strategies.

Our findings are in line with other studies that have utilized 
salivary metabolomics to detect changes in metabolic pathways 
associated with various physiological conditions (10, 21–23). In the 
context of swine reproduction, the development of early pregnancy 
biomarkers is of paramount importance. Traditional methods, such as 
real-time ultrasound (RTU) imaging, are limited by their timing 
constraints and the need for specialized equipment and expertise (7, 
24, 25). By contrast, our non-invasive metabolomic approach offers a 
promising alternative that can be implemented earlier in the gestation 
period, potentially reducing non-productive days and improving 
herd management.

The high AUC values for Hyodeoxycholic acid (0.938) and 
2′-deoxyguanosine (0.823) underscore their potential as robust 
biomarkers for early pregnancy detection. Hyodeoxycholic acid, in 
particular, has been recognized for its role in lipid metabolism, and its 
up-regulation may reflect the metabolic adjustments associated with 
early pregnancy (26, 27). In the context of early pregnancy diagnosis 
in sows, our study has identified elevated levels of Hyodeoxycholic 
acid in the saliva of pregnant animals, which presents a novel 
perspective for non-invasive diagnostic approaches. The up-regulation 
of 2′-deoxyguanosine during early pregnancy may reflect the increased 
demand for nucleotides required for the rapid cellular proliferation 

and growth that occurs in the early stages of embryonic development. 
2′-deoxyguanosine, a nucleoside analog, is known for its role in 
nucleic acid metabolism and has been implicated in various biological 
processes, including DNA replication and repair, which is integral to 
nucleic acid metabolism, suggests a connection between early 
gestational metabolic changes and nucleotide requirements for 
embryonic development (28–30). However, the precise mechanisms 
underlying the association between Hyodeoxycholic acid and 
2′-deoxyguanosine levels and early pregnancy in sows remain to 
be elucidated. Future research should focus on the functional analysis 
of this biomarker within the broader metabolic landscape, as well as 
the validation of its diagnostic efficacy across different breeds and 
under various environmental conditions. Additionally, the potential 
of Hyodeoxycholic acid and 2′-deoxyguanosine as a prognostic 
indicator for pregnancy outcomes, such as litter size and health, 
warrants further investigation.

Despite the promising results, there are limitations to our study 
that necessitate further research. Firstly, the sample size was relatively 
small, which may limit the generalizability of our findings. Future 
studies should include a larger number of sows to validate the 
identified biomarkers. Secondly, while saliva has been the focus of our 
study, it would be beneficial to explore other biological samples such 
as blood or urine to corroborate the reliability of these metabolites as 
pregnancy markers (31). Thirdly, the biological functions of these 
metabolites during pregnancy and their potential as prognostic 
indicators for pregnancy outcomes require further investigation, 
potentially incorporating gene expression and proteomics data 
(32, 33).

In conclusion, our study represents a significant step forward in 
the development of innovative, non-invasive diagnostic techniques for 
early pregnancy detection in sows. The identified biomarkers, 
Hyodeoxycholic acid and 2′-deoxyguanosine, hold promise for 
improving reproductive management practices, ultimately enhancing 
productivity and welfare in swine breeding operations. Future research 
should focus on validating these biomarkers in larger cohorts and 
exploring their functional roles in the context of pregnancy, paving 
the way for their practical application in the swine industry.

5 Conclusion

In this investigation, we have adeptly employed metabolomics to 
identify novel biomarkers for early pregnancy detection in sows, 
focusing on Hyodeoxycholic acid and 2′-deoxyguanosine. Leveraging 
saliva as a non-invasive substrate, we have unraveled a comprehensive 
metabolic profile, offering innovative insights into swine reproductive 
management. The prospective incorporation of these biomarkers into 
routine health assessments may instigate a transformative change in 
reproductive strategies. Such advancements have the potential to 
markedly augment productivity and confer substantial economic 
benefits to producers, aligning with the industry’s quest for 
sophisticated production optimization solutions.
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