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Metabolomic profiling of serum
alterations and biomarker
discovery in feline hepatic liposis

Xingbo Wang'2, Ruru Xu'-2, Weizhe Yan'-2, Kexin Wang?, Xichun Wang?, Shibin Feng! &
Chang Zhao'™*

Feline hepatic lipidosis (FHL) is a common liver dysfunction caused by metabolic disorders. The
objective was to evaluate the metabolic alteration in the cats of FHL and to identify biomarkers that
can serve as biomarker for FHL. Differential metabolites in the serum of spontaneous FHL cats (FS,
n=12) and healthy cats (CS group, n=12) were analyzed using GC/MS metabolomics. Differential
metabolites with diagnostic significance were identified through receiver operating characteristic
(ROC) curves. The expression level of the differential metabolite 2-hydroxybutyric acid (2-HB) was
detected in the serum of the FS and CS groups, and biomarker were established. The biomarker efficacy
of 2-HB for FHL was verified using serum samples from cats with FHL caused by different etiologies (F,
n=10) and healthy cats (C, n=50). There were 13 significantly different metabolites between the CS
and FS groups (VIP>1, P<0.05) with the area under the ROC curve (AUC) greater than 0.70. The AUC
for serum 2-HB was 0.90 (95% confidence interval 0.767-1.000, P <0.001), with an optimal critical value
of 564.8 ng/L. By randomly detecting serum 2-HB in groups F and C (the optimal cut-off value is 564.8
ng/L), the detection rate for FHL diagnosis was 100% and the false positive rate was 0%. In cats with
FHL, metabolic changes occur in amino acids, nucleotide sugars, glycerophospholipids, phenylalanine,
galactose, alpha-linolenic acid, and glycerides. A serum 2-HB level greater than 564.8 ng/L serves as a
biomarker for FHL.
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Cats are obligate carnivores that rely on nutrients found in animal tissues and have evolved unique characteristics
in protein and fat metabolism'. Cats maintain high levels of protein oxidation and gluconeogenesis, and are
unable to adapt to reduced protein intake, resulting in higher requirements for essential amino acids and fatty
acids. Unlike most other species, cats are unable to preserve certain amino acids, including methionine, cysteine,
taurine, and arginine. Therefore, cats require a higher dietary intake of protein and B vitamins, and are prone to
negative energy balance over time due to decreased food intake!. This unique dietary requirement makes cats
more susceptible to Hepatic Lipidosis. The characteristics of Feline Hepatic Lipidosis (FHL) include excessive
accumulation of triglycerides (TG) in liver cells, secondary damage to liver function and intrahepatic cholestasis,
fatty changes in liver cells, vacuolization, and infiltration of monocytes?. The etiology of FHL may be anorexia
caused by diseases or special conditions, with no preference for gender or breed, and occurring at different
ages, though most cases are seen in obese cats®. FHL typically presents with early clinical symptoms such as
drowsiness, decreased appetite, weight loss, and liver enlargement in the early stages. The response of cats to
anorexia is unique and severe, and the metabolic changes behind this disease are complex, with the pathogenesis
still unclear. However, in clinical, if FHL is detected early and treated appropriately, the prognosis is generally
positive; if not detected early, the prognosis may be more severe®. Therefore, understanding the metabolic
characteristics of FHL can help clarify its pathogenesis and facilitate the screening of diagnostic biomarker.
Metabolomics is a method for identifying and quantitatively detecting metabolites in the body, used to study
the dynamic metabolic processes of biological systems affected by genetic or disease factors®. Metabolomics
techniques have been widely applied in disease-related research, but little is known about the metabolic profile
of domestic cats®’. Currently, serum metabolomics analysis has been conducted on overweight and obese cats®.
The analysis shows that as cats lose weight, the metabolite profile constantly changes, and most lipid metabolites
decrease with weight loss. However, ketone bodies and small lipid particles increase with weight loss. Most
carbohydrate metabolites also decrease with weight loss, while the results for protein metabolites vary. It
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was found that the metabolic mediators of inflammation, oxidative stress, exogenous hormones, and insulin
resistance decrease with weight loss. This study identified biomarkers for reduced food intake and weight loss
in cats, including reduced inflammatory markers and changes in macronutrient metabolism?®. The identification
of biomarkers for cat weight loss is significance in improving metabolism and reducing clinical symptoms in
obese cats, and can to some extent prevent the occurrence of FHLS. The Pallotto team has provided a better
understanding of the metabolic patterns of feline animals. Based on this, the present study will analyze the
serum metabolomics of FHL, laying the foundation for identifying therapeutic targets and understanding its
pathogenesis. Additionally, ROC analysis will be used to screen for differential metabolites that can serve as
biomarker.

Materials and methods

Animals and ethics approval

This study was conducted in accordance with the ARRIVE guidelines (https://arriveguidelines.org) to ensure
rigorous standards in animal research reporting. All procedures were performed following relevant ethical
guidelines and regulations. The study was approved by the Animal Welfare and Research Ethics Committee
of Anhui Agricultural University, China (Approval Number: 2021012-1). All cats were clinical cases treated at
Anhui Agricultural University Teaching Animal Hospital, Daqing Renxin Pet Hospital, and Daqing Kang’an Pet
Hospital. Written, informed consent was obtained from all cat owners prior to study enrolment of their cats in
the study. When selecting the experimental animals, we excluded cats with other diseases and complications
arising from FHL through complete blood count, serum biochemical examinations, and B-ultrasounds. Based
on clinical symptoms, liver biopsy and ultrasound testing confirm FHL (FS group, n=12; the detection results
are shown in Supplementary Fig. 1). The healthy cats were identified through life history, serum biochemical
indicators, and ultrasound testing (CS group, n=12).

Sample collection

Venous blood was collected from the forelimbs of the fasting cats prior to feeding all experimental cats in the
morning. A fully automatic blood cell analyzer (for animal use) was used to measure various blood routine
indicators. Simultaneously, the venous blood was placed in centrifuge tubes without anticoagulants. The samples
were kept at 4 °C for 2 h and then centrifuged at 3000 r/min for 10 min. The serum samples were prepared from
the supernatant, and the biochemical indicators of the CS and FS groups were measured using a fully automatic
biochemical analyzer. The samples were stored at —80 °C for metabolomics detection.

For general anesthesia in cats, subcutaneous injection of atropine sulfate (0.02-0.04 mg/kg) and intravenous
injection of anesthetic propofol (6-8 mg/kg) were administered 15 min before surgery. A 16G, 20 centimeter
long biopsy needle (Pro MAG biopsy needle; Argon Medical Device) was used for percutaneous ultrasound-
guided liver biopsy under general anesthesia. Liver biopsy tissue were preserved using paraformaldehyde. All
experimental cats did not show any other complications after liver biopsy.

Complete blood count and serum biochemical indicators analysis

The Complete Blood Count (CBC) and blood biochemical indicators are measured using a fully automated blood
cell analyzer and a fully automated biochemical analyzer, both manufactured by Mindray in Shenzhen, China.
Complete blood count parameters including Red Blood Cell Count (RBC), Hemoglobin (HGB), Hematocrit
(HCT), Mean Corpuscular Volume (MCV), Mean Corpuscular Hemoglobin (MCH), Mean Corpuscular
Hemoglobin Concentration (MCHC), Red Blood Cell Distribution Width (RDW), White Blood Cell Count
(WBC), Lymphocyte (Lym), Monocytes (Mono), Neutrophil (NE), Lymphocyte Ratio (LYMPH%), Monocyte
Ratio (MONO%), Neutrophil Ratio (NEUT%), Eosinophils Ratio (Eo%), Platelet Count (PLT), Mean Platelet
Volume (MPV), Platelet Distribution Width (PDW), Plateletcrit (PCT), while serum biochemical parameters
including Alkaline Phosphatase (ALP), Alanine Transferase (ALT), Aspartate Aminotransferase (AST),
Total Cholesterol (TC), Triglycerides (TG), Creatine Kinase (CK), Serum Bilirubin (TBIL-V), Low-Density
Lipoprotein Cholesterol (LDL-C), Phosphorus (P), High-Density Lipoprotein Cholesterol (HDL-C), Gamma-
Glutamy Transferase (y-GGT), Total Protein (TP), Albumin (ALB), Globulin (GLB), Albumin/Globulin (A/G),
Blood Urea Nitrogen (UREA), Amylase (a-AMY), Calcium (Ca) and Creatinine (CREA-S) were measured using
commercial kits and instruments from our previous research’.

Non targeted metabolomics methods
The screening and analysis of metabolites were conducted by BIOTREE PROFILE Co. Ltd in Shanghai, China.
We will briefly describe the method.

Metabolite extraction

Add 400 pL of methanol (including internal standard ribose) to 100 uL of serum sample, vortex for 30 s, sonicate
at 4 °C for 10 min, centrifuge at 4 °C at 12,000 rpm (centrifugal force of 13800 (x g), radius of 8.6 cm) for 15 min.
Take the supernatant. Mix 80 pL of supernatant from each sample to create Quality Control samples, and dry
the extract in a vacuum concentrator. Add 30 uL of methoxamine salt reagent (methoxamine hydrochloride,
dissolved in pyridine 20 mg/mL) to the dried metabolite and incubate at 80 °C in an oven for 30 min. Add 40
pL (trimethylsilyl) trifluoroacetamide (containing 1% trimethylchlorosilane, v/v) to each sample and incubate
the mixture at 70 °C for 1.5 h; Cool to room temperature and add 5 pL of fatty acid methyl esters (dissolved in
chloroform) to the mixed sample. Samples were analyzed randomly.
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Metabolite identification

Agilent 7890 gas chromatography-time-of-flight mass spectrometer was used for metabolite identification
(Agilent DB-5MS capillary column, 30 m x 250 pm x 0.25 pm, J&W Scientific, Folsom, CA, USA). The specific
analysis conditions for GC/TOF/MS were as follows: Sample volume was 1 pL in splitless mode; front inlet
septum purge flow was 3 mL/min; carrier gas was helium with a column flow of 1 mL/min; Temperature Ramp is
50 °C, held for 1 min, ramped to 310 °C at a rate of 20 °C/min, and held for 6 min; front injection temperature was
280 °C; transfer line temperature was 280 °C; ion source temperature was 250 °C; electron energy was —70 eV;
mass range was 50-500 m/z; acquisition rate was 12.5 spectra per second; and solvent delay was 4.88 min.

Bioinformatics analysis of differential metabolites

Mass spectrometry data were processed using ChromaTOF software (V4.3x, LECO) for peak extraction, baseline
correction, deconvolution, peak integration, and alignment. Qualitative analysis of substances was conducted
using the LECO Fiehn Rtx5 database, which includes mass spectrometry and retention time index matching. The
raw data set comprises 4 quality control (QC) samples and 24 experimental samples, from which a total of 479
peaks were initially extracted. The preprocessing steps mainly involved filtering outlier values, handling missing
values through imputation, and standardizing the data. After completing these preprocessing steps, 336 peaks
were retained for further analysis'®!!. Peaks with detection rates below 50% or RSD >30% were removed from
QC samples. Using SIMCA software (V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden), Centralize
(CTR) formatting of data and subjected to automatic modeling and analysis. Use Principal Component Analysis
(PCA) to analyze and compare the overall distribution of samples, determine the differences between groups,
and determine the principal components. Using orthogonal partial least squares discriminant analysis (OPLS-
DA) statistical method to analyze the results, select orthogonal variables in metabolites that are not related to
categorical variables, and analyze non orthogonal variables and orthogonal variables separately. Combine the
results of unit variable and multivariate statistical analysis to screen for differential metabolites. The Variable
Importance for the Projection (VIP) obtained from the OPLS-DA model is usually considered to have a
significant contribution in model interpretation when the metabolite VIP > 1. This experiment used VIP>1
and P<0.05 as criteria to screen for significantly different metabolites. Calculate the Euclidean distance matrix
for quantitative values of differential metabolites clustered using complete linkage method. Using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathway Database (http://www.kegg.jp/kegg/pathway.html).
Based on the functional information of genes and genomes, and using metabolic reactions as clues, possible
metabolic pathways and regulatory proteins were linked to illustrate cellular physiological and biochemical
processes based on gene and genome functional information. The Rich Factor, calculated as the ratio of annotated
differential metabolites to all metabolites in a pathway, was derived from enrichment results in KEGG metabolic
pathways. Each distinct qualitative differential metabolite was analyzed with a ROC curve, calculating the area
under the curve (AUC) was calculated, along with the Youden index.

Validation of serum 2-HB for diagnosis of FHL

We randomly gathered clinical samples from cats diagnosed with feline hepatic lipidosis (FHL) at animal
hospitals located in Hefei, Anhui Province, and Daqing, Heilongjiang Province, forming the F group (n=10).
Concurrently, we randomly selected healthy cats without any known diseases to create Group C (n=50). Serum
samples were collected from all 60 cats. The samples were then randomized, and a blind test was conducted to
detect serum 2-HB levels in each sample. The presence of FHL was determined based on the 2-HB detection
results. Finally, the positive detection rate was calculated by dividing the number of positive samples by the total
number of samples tested.

Statistical analysis

Statistical analysis was performed using IBM SPSS 18.0. Student’s t-tests were utilized to compare differences in
baseline indicators between the two groups. Data were presented as mean + standard deviation as P> 0.05 as no
significant difference, P<0.05 indicates significant, and P<0.01 indicated high significance. Column charts and
ROC curves were generated using GraphPad Prism version 8.0 software to determine the optimal cutoff values
for biomarkers, and to calculate sensitivity and specificity.

Results

Complete blood count and serum biochemical indicators analysis

The results indicated that compared to the CS group, PLT in the FS group decreased (P<0.05, Supplementary
Fig. 1), while no significant differences were observed in other blood routine indicators (Supplementary Table
1). The results of biochemical indicators are shown in Fig. 1, revealing that compared with the CS group, the FS
group exhibited significantly elevated serum levels of ALP, ALT, AST, TC, TG, and CK (P<0.05). Additionally,
serum levels of TBIL-V and LDL-C were significantly increased (P<0.01), while levels of CREA-S, P, and HDL-C
were significantly decreased (P<0.05). No statistically significant changes were observed in other indicators
(Supplementary Table 2).

Multivariate statistical analysis of serum metabolism

PCA analysis was conducted on samples from the FS and CS groups, and the results are depicted in Fig. 2.
Both groups of samples were found to be predominantly within the 95% confidence interval. Utilizing OPLS-
DA analysis (Fig. 3a), a distinct separation trend was observed between the two groups, indicating significant
metabolic differences. The model underwent 200 permutation tests, with results for the permutation test of
the CS group on the FS group OPLS-DA model are shown in Fig. 3b, R?Y =0.38, Q2 = — 0.73, The permutation
retention was equal to 1, indicating an original model R*Y=0.661 and Q? = 0.407. As permutation retention
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Fig. 1. Serum biochemical parameter levels in CS and FS groups. Note: (a) is the contents of Alanine
aminotransferase (ALT) and Aspartate aminotransferase (AST) in the serum of the CS and FS groups. (b) Total
Cholesterol (TC) and Triglyceride (TG). (¢) High-density lipoprotein cholesterol (HDL-C) and Low-Density
Lipoprotein Cholesterol (LDL-C). (d) Alkaline phosphatase (ALP) and Creatine kinase (CK). (e)Total bilirubin
(TBIL-V). (f) Phosphorus (P). (g) creatinine (CREA-S). * represents a significant difference between groups
(P<0.05), ** represents a significant difference between groups (P<0.01), *** represents a significant difference
between groups (P<0.001).
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Fig. 2. Score scatter plot of PCA model for group CS versus FS.
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Fig. 3. Score scatter plot of OPLS-DA model for group CS versus FS. Note: (a) Score scatter plot of OPLS-
DA model, the permutation retention of group CS (red) versus group FS (blue) permutation test is shown by
abscission. (b) Permutation plot test of OPLS-DA model, the ordinate represents the value of R2Y or Q2, and
the two dashed lines represent the regression lines of R2Y and Q2 respectively.

decreased, both R%Y and Q? of the random model decreased progressively. The permutation test revealed that the
Q?value of the random model was smaller than that of the original model, and the intercept of the Q? regression
line was negative, indicating absence of overfitting in the original model, allowing for subsequent experiments.

Screening of differential metabolites

We applied VIP>1 and P<0.05 as criteria to identify significantly different metabolites. Thirteen metabolites
showed significant differences in serum between the CS and FS groups. The overall distribution was visualized
using a Volcano Plot, presented in Fig. 4. Specifically, 2-HB, N-Methyl-DL-alanine, ornithine 1, Tagatose 1,
Sedoheptulose and D-galacturonicacid 1 were upregulated, while Alpha-linolenic acid, D-(glycerol 1-phosphate),
4-aminophenol 2, Fluorene, 4-hydroxyphenylacetic acid, phthalic acid and alpha-D-glucosamine 1-phosphate
were downregulated. These differential metabolites were classified and detailed in Table 1.

Enrichment analysis of differential metabolite metabolic pathways

We mapped the identified differential metabolites onto the KEGG database and conducted an enrichment
analysis on the matched metabolic pathways. The results matched a total of 15 metabolic pathways, as shown in
Fig. 5. Pathway enrichment analysis indicated that significant pathways involved in serum metabolism changes
during the onset of FHL changes ABC transporters, choline metabolism in cancer, amino sugar and nucleotide
sugar metabolism, among others. These findings are visually represented in a bubble chart (Fig. 6), highlighting
enriched pathways such as glyceride metabolism, propionic acid metabolism, glutathione metabolism,
glycerophospholipid metabolism, tyrosine metabolism, arginine and proline metabolism, the biosynthesis of
unsaturated fatty acids, notably, alpha-linolenic acid metabolism was identified as a pivotal pathway strongly
correlated with the observed metabolite differences.

ROC curve of differential metabolites

ROC analysis was performed on serum differential metabolites, as shown in Fig. 7. alpha linolenic acid,
glycerophosphate, NG-methyl-L-arginine, L-ornithine, 4-aminophenol, fluorene, p-hydroxyphenylacetic acid,
phthalic acid, D-tagatose, Sedum [ketohexose] sugar, and D-glucosamine 1-phosphate exhibited AUC values
greater than 0.70, indicating diagnostic potential. Notably, galacturonic acid had an AUC value of 0.91, while
2-HB had an AUC value of 0.90, indicating high accuracy and strong diagnostic efficacy.

Changes in serum 2-HB levels in cats

As shown in Fig. 8a, the serum levels of 2-HB in the FS group were significantly higher than those in the CS
group (P<0.001, Fig. 8a). Furthermore, as illustrated in Fig. 8b, the ROC curve with an AUC of 0.90 (95% CI
0.767-1.000, P<0.001). According to the Youden index calculation, the optimal cutoff value for diagnosing FHL
is 564.8 ng/L, providing a sensitivity of 75% and specificity of 100%.

Validation of serum 2-HB as a biomarker for diagnosis of FHL

The results of the randomized sample test are summarized in Table 2. Using the optimal cutoff value of 564.8
ng/L for 2-HB, the diagnostic performance for FHL was evaluated, achieving a detection rate of 100% and a false
positive rate of 0%.
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Fig. 4. Volcano plot for group CS versus FS. Note: The difference metabolites of up-regulation are shown in
red, and the difference metabolites of downregulation are shown in blue.
NO. | Classify Name of metabolite VIP | Pvalue | RT(s) | Change
1 2-hydroxybutyric acid 1.99 | 0.016 586 |1
2 Lipids and lipid-like molecules | Alpha-linolenic acid 1.03 | 0.046 1231 ||
3 D-(glycerol 1-phosphate) 1.42 | 0.007 9.94 ||
4 N-Methyl-DL-alanine 2.02 | 0.033 6.19 |1
Organic acids and derivatives
5 Ornithine 1 193 [0.021 [1027 |1
6 4-aminophenol 2 1.49 | 0.017 9.10 ||
7 Fluorene 1.64 | 0.003 933 ||
Benzenoids
8 4-hydroxyphenylacetic acid 1.79 | 0.038 934 ||
9 Phthalic acid 177 |0.040 | 9.67 |
10 Tagatose 1 2.45 | 0.007 10.40 |1
Organic oxygen compounds
11 Sedoheptulose 2.12 | 0.037 1097 |1
12 D-galacturonic acid 1 2.21 | 0.014 10.86 |1
Other class
13 Alpha-D-glucosamine 1-phosphate | 1.13 | 0.035 1031 ||
Table 1. Gene-specific primers used in the present study. RT is the retention time of the metabolite on the
chromatography; The content of “1” group FS is higher than that of group CS, and “|” group FS is lower than
that of group CS.
Discussion
Serum biochemical indicators can reflect the lipid metabolism status in the liver, and FHL in cats can have
an impact on it. This study observed significantly increased serum levels of TC and TG, extremely increased
levels of LDL-C, and significantly reduced levels of HDL-C in the FS group. These findings are consistent with
previous research on lipoproteins in cats with FHL, suggesting abnormal lipid metabolism and excessive hepatic
accumulation in the liver®. Moreover, serum levels of ALT and AST were significantly elevated in the FS group,
with slightly elevated gamma-glutamyl transferase (GGT), indicating liver cell damage and disrupted lipid
metabolism. Further analysis underscores the intimate connection between lipid metabolism, liver pathology
and changes in serum biochemical. Using GC-MS metabolomics, this study analyzed serum from cats in the
Scientific Reports | (2025) 15:7891 | https://doi.org/10.1038/s41598-025-91770-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

KEGG Pathway

Glycerophospholipid metabolism =+ -~~~ -~~~ L Tt
Phenylalanine metabolism = ®
Galactose metabolism = ®
alpha—Linolenic acid metabolism = +--—-————-—-————-—-o—o-o B R Rttt
Py e taboli: ® p Value
ropanoate metabolism -
0.125
i
Metabolic pathways = ‘ 0.050
0.025
Diabetic cardiomyopathy = L J
Glutathione metabolism = ® Count
® 25
Glycerolipid metabolism = [ . 5 0

Biosynthesis of nucleotide sugars

Arginine biosynthesis = °
Insulin resistance =~~~ - - et Ml
Amino sugar and nucleotide sugar metabolism | O
Choline metabolism in cancer = L
ABC transporters =~~~ . —————————————————————————————————————————————————————————————————————————————
T T T T
0.000 0.025 0.050 0.075
Rich factor

Fig. 5. KEGG enrichment map of differential metabolites between CS group and FS group. Note: The larger the
value of the Rich Factor on the horizontal axis, the greater the degree of enrichment, and the size of the dots
indicates the number of differential metabolites enriched in the pathway; The color represents the size of the
P-value, and the smaller the P-value, the redder the color, indicating a more significant degree of enrichment.

control (CS) and FHL groups to explore metabolic alterations following FHL. Significant changes in certain
serum metabolites in cats with FHL were identified, reflecting metabolic disorders closely associated with the
onset and progression of FHL. These changes in lipids and lipid-like molecules may stem from disturbances in
hepatic lipid synthesis and breakdown!2. Factors such as impaired liver function and reduced protein synthesis
may lead to alterations in organic acids and derivatives'®. An in-depth study found significant metabolite changes,
especially in 2-HB, ALA, and D-glyceraldehyde-3-phosphate, crucial for FHL cat serum lipid metabolism.
Research indicates that human serum levels of 2-HB increase significantly with prolonged fasting; after 36 h
of fasting, plasma 2-HB levels rise by 5.4 times'%. During fasting, the beta-oxidation rate of free fatty acids
(FFA) exceeds the capacity of acetyl CoA utilization in the tricarboxylic acid (TCA) cycle, leading to increased
ketone production and subsequent changes in acid-base balance. a-Ketobutyric acid (a-KB) is converted to
2-HB catalyzed by lactate dehydrogenase (LDH)'#-!°. Structurally similar to pyruvate, a-KB competes with it
as a substrate for pyruvate dehydrogenase (PDH), potentially interfering with glucose metabolism!'*-'>. a-KB
also inhibits pyruvate transport into mitochondria, reducing acetyl CoA synthesis and gluconeogenesis in
rat liver cells'®!”. In patients with liver cirrhosis, saliva often shows elevated 2-HB levels, reflecting decreased
mitochondrial metabolism!”. Similarly, increased serum 2-HB during FHL may indicate reduced mitochondrial
metabolic capacity in cats. 2-HB regulates body lipid metabolism by inhibiting de novo fatty acid synthesis,
enhancing mitochondrial function, and promoting lipid hydrolysis'®. According to this study, the optimal
diagnostic cutoff for FHL using 2-HB is 564.8 ng/L. Levels exceeding this threshold may indicate enzyme activity
damage or inhibition of mitochondrial enzyme expression, leading to reduced cell viability and proliferation'.
Additionally, elevated 2-HB promotes mitochondrial division and cytochrome C release, triggering programmed
cell death and exacerbating FHL progression. This correlates with increased serum TG levels and metabolic
dysfunction in FHL cats'*?. Low doses of 2-HB can enhance intracellular TG hydrolysis and reduce lipid
accumulation by upregulating lipolytic protein expression in adipocytes'®-*’. Higher serum 2-HB levels
correlate with reduced cell viability, protein levels, and TNF-a, indicating liver cell damage and compromised
cell membrane integrity, resulting in transaminase release into the bloodstream and elevated TG levels!®-22,
Excessive lipid presence promotes inflammation, further exacerbating lipid accumulation; conversely, 2-HB
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Fig. 6. Bubble map of metabolic pathway analysis results. Note: Each bubble in the figure represents a
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factor. (a) Alpha linolenic acid metabolism; (b) Glycerol ester metabolism; (¢) Propionic acid metabolism;

(d) Glutathione metabolism; (e) Glycerophospholipid metabolism; (f) Tyrosine metabolism; (g) Arginine and
proline metabolism; (h) The biosynthesis of unsaturated fatty acids.

moderates inflammatory factors while reducing TG levels. In summary, decreased feline food intake accelerates
B-oxidation rates beyond acetyl CoA utilization, increasing protein hydrolysis and prolonging fasting-induced
serum 2-HB elevation®?>24,

Our study conducted KEGG analysis on differential metabolites, identifying 15 matched metabolic pathways.
Pathway enrichment analysis highlighted key pathways affected during FHL, including ABC transporters,
choline metabolism in cancer, and amino sugar and nucleotide sugar metabolism. Among these, ALA
metabolism emerged as the pathway most significantly correlated with metabolite variations. Notably, ALA
levels were significantly reduced in the serum of cats with FHL?>. ALA, an essential free fatty acid in mammals,
cannot be synthesized endogenously and must be obtained through dietary sources®*?*?’. ALA is pivotal in
inhibiting adipocyte differentiation and proliferation, reducing fat synthesis, and alleviating the impact of
chronic inflammation on metabolic disorders related to lipid accumulation through its anti-inflammatory
effects?®. Furthermore, it may aid in weight management by enhancing satiety, decreasing high-calorie food
intake, and optimizing energy balance. Research also suggests that ALA boosts carnitine palmitoyltransferase
activity, thereby facilitating fatty acid oxidation?. Supplementation with fish oil, rich in ALA, has been shown to
inhibit fatty acid synthase and acetyl CoA carboxylase activity, lowering serum TG, TC, and LDL-C levels, while
elevating HDL-C levels in animals®*-32. In FHL, low dietary intake causes ALA deficiency, which affects beta-
oxidation and fat metabolism, and reduces cholesterol and bile acid excretion. This leads to increased hepatic
fatty acid synthesis and lower decreased lipoprotein lipase(LPL)expression and activity, resulting in higher
plasma TG and low-density lipoprotein: VLDL levels, and impacting liver cholesterol metabolism?!-33. This
study underscores that during FHL, decreased dietary ALA intake exacerbates increases in serum TG, TC, and
LDL-C levels, alongside decreased HDL-C levels. Introducing appropriate ALA supplementation in the diet may
potentially aid in FHL recovery, though further clinical trials are necessary to validate this hypothesis.

Conclusion
Thirteen significantly differentially expressed metabolites in cat serum are implicated in the onset of FHL. Pathway
enrichment analysis revealed their involvement in key metabolic pathways such as ABC transporters, choline
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Fig. 7. ROC curve of differentally expressed metabolites. Note: (a) is the ROC curve of 2-hydroxybutyric acid.
(b) 4-aminophenol 2. (¢) 4-hydroxyphenylacetic acid. (d) alpha-D-glucosamine 1-phosphate. (e) D-(glycerol
1-phosphate). (f) D-galacturonic acid 1. (g) Fluorene. (h) linolenic acid. (i) N-Methyl-DL-alanine. (j) ornithine
1. (k) phthalic acid. (1) Sedoheptulose. (m) Tagatose 1. Area Under the Curve (AUC) is the area under the ROC

curve.

metabolism in cancer, amino acid and nucleotide sugar metabolism. Additionally, enriched metabolic pathways
include glyceride metabolism, propionic acid metabolism, glutathione metabolism, glycerophospholipid
metabolism, tyrosine metabolism, arginine and proline metabolism. Among these metabolites, serum 2-HB
levels serve as a risk indicator for FHL, exhibiting an area under the curve (AUC) of 0.90.The identified warning
threshold for 2-HB is 564.8 ng/L, demonstrating a sensitivity of 75%, and specificity of 100%.
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Fig. 8. 2-HB as a diagnostic biomarker for FHL. Note: (a) Levels of 2-HB in serum in Group CS and Group FS,
*** represents a significant difference between groups (P <0.001). (b) The ROC analysis results of serum 2-HB

on FHL.
FHL(+) | FHL(-) | Total
Diagnosis results of liver biopsy 10 50 60
Diagnosis of serum 2-HB cutoff value (> 564.8 ng/L) | 10 50 60
Detection rate 100%
False positive rate 0%

Table 2. The diagnostic accuracy of optimal thresholds of 2-HB for FHL after ROC curve evaluation. FHL is
Feline Hepatic Lipidosis, FHL (+) indicates the number of cats with feline hepatic steatosis, whereas FHL (-)
indicates the number of cats without feline hepatic steatosis.
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