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Precision nutrition, a discipline once limited to human personalized health, has rapidly emerged as a transformative
paradigm in companion animal science. Recent advances in metabolomics, microbiome analysis, multi-omics integration,
and artificial intelligence (Al) have created unprecedented opportunities to formulate diets tailored to an individual animal’s
metabolic profile rather than relying solely on population-level nutrient requirements. This review summarizes the most recent
(2020-2025) developments in pet metabolomics, including blood, urine, fecal, salivary, hair, and skin metabolic biomarker
discovery; their association with health outcomes; and their relevance in designing biomarker-driven diets for dogs and cats.
The integration of metabolomics with microbiome sequencing, wearable biosensors, dietary response prediction algorithms,
machine learning-based disease risk scoring, and emerging commercial tools in personalized pet nutrition is also examined.
The review concludes with research gaps, regulatory implications, and future directions, including metabolomic passports,
dynamic diet optimization, precision amino-acid balancing, microbiome-modulatory formulations, and Al-driven
individualized feeding systems. Precision metabolomics is poised to redefine the scientific and commercial landscape of pet
nutrition over the next decade.
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JKEKEJIEHJIIPLITEH METABOJIOMUKA YKOHE BUOMAPKEPJIEPTE HET'I3JIEJITEH YI
KAHYAPJIAPBIHBIH TAMAKTAHYBI: )KAHA 3EPTTEYJIEPT'E KEIHEHAI INOJIY
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(Mau1 mapyamsuUIbIFbI 6HIMAEP TexHOIOrusichl Kadeapacsl, BeTepuHapusi FRUIBIMIAPHI sKIHE
MaJl apyambLIbIFbI Kosutemxi, DUVASU, Marxypa-281001, YHaicTan)
ABTOP-KOPPECTIOHICHTTIH 3JIeKTPOHIBIK TorTack!: rishavwet42@gmail.com*

Kexkenenoipineen mamaxmany, OYpoln meK adamuvly OepoecmeHOIpiizen OeHCAYbIbIMEH WIeKMeNin KeizeH
bazelm, yil Hcanyapaapol bUTLIMbIHOA HCHUIOAM OAMbBIN Kelle HCAmKAH MPAaHcopmMayuanbvl napaouzmaza aiHaaobl.
Memabonomura, MUKPOOUOMOBL MANOAy, MYTbIMUOMUKATILIK OepeKmepoi Gipikmipy jcane dcacanovl unmennexkm (KH)
cananapulnoazel Kazipei HcemicHiKmep caHyapowlyy MemadonuKkaislk, Oeilinine Oeilivdenzen payuoHOapowvl xcacayea
OYPbIH-COHOBL OoNmazan MymKiHOikmep awimul. Byn macin 0acmypni nonynayuansiK Hopmanapea 2aHa cyiienoeil, ap
HCAHYAPOBIH, HeeKe KaxcemminiKmepin eckepyze MyMKIHOIK 0epedi. Byn wionyoa 2020-2025 »xcvindap apanvizvinoazel yii
JHCAHYapIapbl MEMapoIOMUKACHIHbIH, €H HCAHA HeemiCIiKmepi Kapacmuipbliaobl. Aman aiimrkanoa, KaH, Hecen, HAIICIC,
cinekeil, HCyH JcaHe mepioeH AIbIHAMbIH MemadoIummiK ouomapkepnepoi anvikmay, onapobly HCaHyap OeHCaybizbl
KepcemKiuimepimeHn 0ailIaAHBICHL HCIHE UMMEP MeH MbICHIKIAP2A APHANZAH ODUOMAPKep-He2i30i payuoHOapobl a3ipieyoezi
Manpi3bl manoanaost. Conblmen Kamap MemaoonoMUKAHbIH, MUKPOOUOM CeKGEHUPIEYMEH, MA2AMblH OUOCEHCOPIapMeEH,
OUEmAaNbIK, HCayanmol 60HCAy anzopummoepimet, aypy Kaynin MauiuHa bl OKplmy apKolibl 6azandy dycyiienepimeH Heane
YUl dicanyapnapeing apraiean HeeKkeneHoipiize mamakmanyobly; Heana KOMMEPUUAILIK KYpaioapbiMeH UHIMePayuschl
Kapacmuiponiowt. Illony 3epmmey onKpLIbIKINGPL, pemMmeywiiiiK maianmap JHeaHe 601aMaK 6AZbIMMAPMEH AAKMANAObL.
Onapoviyy  KamMapvlHOA MemadoNOMUKAILIK, — NACHOPMMApP, PAUUOHOAPOLIY, — OUHAMUKAIBLIK — OHMAIIAHOBIPBLIY b,
AMUHKIUKBUIOADBIHBIY, 0271  MeHzepimi, MUKPOOUOMObL MOOyIAuUANAimbIH  hopmynanap xncone KH apxpuiv
backapouiamein  OepdecmeHOipineen  azviKmauovlpy dcyitenepi oap. Kekenewoipincen memadonomuka anoazvl
OHJICBLINOBIKING Vil JHCAHYAPNAPLIHBIY, MAMAKMAHYLIHA KAMBICHbL bUILIMU  JCIHE KOMMEPYUANLIK NaHOmadmnu
mybezeiini e32epmyee OailblH.

Herisri cesmep: yi JkaHyapiapblHa ApHAJFaH a3bIK, TAMAaKTaHy, MYJbTHOMHKa, Omomapkep,
MeTab0JI0MHUKA.

37


mailto:rishavvet42@gmail.com*
https://orcid.org/0009-0008-8206-8143

AJMAaTBI TeXHOJOTUSIJIBIK YHUBePCHTeTiHiH Xxabapmbichl. 2025. Ne4,

HNEPCOHAJIM3UPOBAHHASI METABOJIOMUKA U IIMTAHUE, OCHOBAHHOE HA
BHOMAPKEPAX, Y TOMAIIHUX ’)KUBOTHBIX: KOIYIH.J]EKCHI)IIX
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Ilepconanusuposannoe numanue, pamnee o0zpaHuvyeHHoe chepoii NEPCOHANUIUPOBAHHOZO 300P06bA  UelN06eKd,
cImpemumensho pazeusaemcs Kaxk mpancopwupylowas napaouema 6 Hayke o oomawinux dycueomnsix. Cospemennvle
docmudiceHUs 8 MemadonioMuKe, aHaIUze MUKPOOUOMA, UHMEZPAUUU MYTbIMUOMUKC-OAHHBIX U UCKYCCHBEHHOM
unmennexkme (UH) coz0anu 6ecnpeuedenmusle 603MONCHOCU O PA3PAOOMKU PAUUOHO8, AOANMUDPOCAHHBIX K
UHOUBUOYATLHOMY MEMADOIUYECKOMY RPOPUII0 HCUBOMHO20, A HEe OCHOBAHHBIX UCKIIOYUMENbHO HA HONYIAUUOHHBIX
HOpMax nOmMpeoOHOCmU 6 NUMAMETbHLIX eéeujecmeax. B oannom o0030pe npeocmaenenwvt Hogeimue (2020-2025 22.)
oocmudIceHUs 6 0ONacmu MemadonIoOMUKy OOMAUIHUX HCUBONHBIX, 6KIOUAS 6bIAGICHUE MEMADOIUYECKUX DUOMAPKEPOs
Kposu, mouu, (hexanuii, cioHbl, WEPCMU U KOMHCU; UX C6A3b C HOKAZAMETAMU 300P08bs; a4 MAKice UX 3HavyeHue Ois
paspadomku payuonos, OCHOBAHHBIX HA Ouomapkepax, 0ns covak u xowek. Taxoice Gvina paccmompena unmezpayus
MemaponomMuKU ¢ CeK6eHUPOBAHUEM MUKPOOUOMA, HOCUMBIMU DUOCEHCOPAMU, ATIZ0PUMMAMYU BPOCHOZUPOBAHUA RULAECEHIX
PeaKuuil, MAwUHHbIM 00yUeHueM OnA OUeHKU DPUCKA 3a0011€6AHUIl U HOGLIMU KOMMEPYECKUMU UHCIMpYMeHmamu
REPCOHANUUPOCAHHOZ0 NUMAHUA OOMAUIHUX JHcuomHublx. Q030D 3a6epuiaemca aHWIU30M UCCIe008AMETbCKUX HPODE0s,
HOPMAMUGHBIX ACHEKMO8 U (OYOyuwiux HANpaAeieHuil, GKIIOYAs MemapoiomudecKue RACROpma, OUHAMUYECKYIO
ONMUMUAUUIO PAUUOHOS, NPEUUUOHHBII OAIAHC AMUHOKUCIOM, (Hopmyisl, Mmodynupyiouiue muxpoouom, u HH-
ynpagnsemsle UHOUGUOYANUZUPOBAHHbBIE cucmembl Kopwienus. Ilepconanusuposannas memaboromurka 20moea
nepeonpedenums HAYYHLLL U KOMMEPYeCKUll JTaHOWIA(m RUMAHUA OOMAUWIHUX JHCUGOMHBIX 6 MeueHue Cedylouiezo
decamunemus.

KioueBble cjloBa: KOpMa UIsi JOMAIIHHUX >KMBOTHBIX, NUTAHHE, MYJILTHOMHKA, OHOMAapKep,
MeTa00JI0MHKA.

Introduction absorption, metabolism, and systemic utilization.

Precision nutrition has emerged as one of the Consequently, two animals consuming identical diets
most rapidly expanding frontiers in companion animal may exhibit dramatically different metabolic responses,
science, fueled by transformative advances in growth trajectories, and long-term health outcomes,
metabolomics, multi-omics technologies, and artificial highlighting the limitations of “one-size-fits-all”
intelligence  (Al)-driven data analysis [1,2] . feeding strategies [5,6,7].
Historically, canine and feline diets have been The recognition of this individual variation has
developed using population-based nutrient guidelines catalyzed a paradigm shift in pet nutrition toward
provided by organizations such as the Association of personalized or precision feeding, an approach in
American Feed Control Officials (AAFCO), the which dietary composition is tailored to the unique
European Pet Food Industry Federation (FEDIAF), and biological and metabolic characteristics of each animal.
the National Research Council (NRC). These Precision nutrition seeks to move beyond generalized
guidelines assume that animals of similar species, age, nutrient requirements by integrating measurable
and physiological stage require broadly similar nutrient biomarkers of metabolism, organ function, gut health,
intakes to maintain health, growth, and reproductive and immune status to optimize health outcomes,
capacity [3,4]. While these frameworks have improve longevity, and prevent diet-related diseases
successfully ensured baseline nutrient adequacy, they [10]. At the heart of this transformation is
fail to account for the substantial metabolic, genetic, metabolomics, the comprehensive analysis of small-
and physiological heterogeneity that exists among molecule metabolites produced during cellular
individual pets. Emerging evidence indicates that metabolism. Unlike genomics, which provides a static
factors such as breed-specific metabolic traits, genetic blueprint of genetic potential, or proteomics, which
polymorphisms, variations in gut microbiome measures relatively slower changes in protein
composition, age, hormonal status, immune function, expression, metabolomics offers a dynamic snapshot of
chronic or subclinical disease states, and lifestyle an organism’s current physiological and nutritional
parameters, including activity level and environmental state. It allows researchers and clinicians to monitor
stressors, profoundly influence nutrient digestion, real-time biochemical responses to diet, detect subtle
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metabolic imbalances, identify early markers of
disease, and evaluate interactions between diet, gut
microbiota, and systemic metabolism [11,12].

Recent studies have demonstrated that
metabolomic profiling in dogs and cats can reveal
individual differences in amino acid utilization, lipid
metabolism, carbohydrate processing, micronutrient
status, and oxidative stress, all of which may influence
disease risk and overall health. For instance, breed-
specific susceptibilities to taurine deficiency, obesity,
diabetes, and chronic inflammation are increasingly
linked to identifiable metabolomic signatures that can
be used to guide tailored dietary interventions.
Furthermore, the integration of metabolomics with
other omics approaches, such as metagenomics of the
gut microbiome, transcriptomics, and epigenomics,
provides a multidimensional view of an animal’s
metabolic network, highlighting the complex interplay
between diet, host metabolism, microbial metabolism,
and environmental influences. Advanced
computational modeling and Al algorithms now enable
the analysis of these vast datasets, allowing researchers
to generate predictive models of dietary response and
to design individualized feeding strategies that
optimize health outcomes for each pet [13,14].

The implications of this paradigm shift are
profound. Precision nutrition has the potential to
improve the management of chronic diseases such as
obesity, diabetes, inflammatory bowel disease,
dermatologic disorders, and renal insufficiency by
enabling earlier detection of metabolic disturbances
and more targeted dietary interventions. It also allows
for the optimization of growth, reproduction, and
longevity by accounting for breed- or individual-
specific metabolic needs that may deviate from
standardized recommendations [15,16,17]. From a
commercial perspective, this approach is driving
innovation in the pet food industry, with the
development of customized diets, functional foods,
nutraceuticals, and adaptive feeding platforms that
respond to ongoing metabolomic monitoring. In
essence, the adoption of metabolomics and
biomarker-driven feeding strategies marks the
beginning of a new era in companion animal
nutrition, one that combines cutting-edge science with
practical applications to enhance the health,
wellbeing, and lifespan of pets while addressing the
limitations of traditional, population-based dietary
formulations [18].

Materials and methods

A comprehensive literature search was
conducted to identify peer-reviewed publications,
conference proceedings, and relevant scientific
reports on precision nutrition, metabolomics, and
biomarker-based dietary strategies in companion
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animals. The search covered the period from 2020 to
2025.

Results and discussion

1. Overview of Metabolomics in Companion
Animal Science

1.1 Definition and Importance

Metabolomics is the comprehensive analysis of
small-molecule metabolites produced through cellular
metabolic processes. These metabolites include amino
acids, fatty acids, organic acids, nucleosides, bile acids,
vitamins, and microbial-derived compounds. Unlike
genomic or proteomic data, which reflect potential or
slowly changing biological states, metabolomic
profiles provide an immediate snapshot of metabolic
activity and change dynamically in response to diet,
exercise, stress, environmental exposures, and disease
[19,20]. This makes metabolomics exceptionally
valuable in nutritional research, as it allows scientists to
monitor how diets influence metabolism in real time,
detect early metabolic stress, and identify biomarkers
predictive of disease risk or nutrient insufficiency. In
companion animals, metabolomics has been used to
investigate obesity, metabolic syndrome, renal and
hepatic ~ disorders,  inflammatory  conditions,
gastrointestinal health, and micronutrient deficiencies.
By capturing the metabolic fingerprint of an individual
pet,  metabolomics  facilitates  evidence-based
interventions that improve health outcomes, prevent
disease, and optimize long-term wellbeing [21].

1.2 Biological Matrices for Metabolomic
Analysis

Metabolomic data can be collected from
multiple biological matrices, each providing unique
information. Blood plasma or serum is the most
commonly used matrix and provides systemic insight
into nutrient status, energy metabolism, inflammatory
markers, amino acid balance, and lipid profiles. Urine
allows the evaluation of renal function, detoxification
efficiency, hydration status, and accumulation of
metabolic by-products. Fecal samples are critical for
assessing gut microbial activity, revealing the
production of short-chain fatty acids, bile acids, and
proteolytic metabolites, which influence nutrient
absorption, immune modulation, and gastrointestinal
health. Saliva offers a non-invasive option to monitor
stress-related metabolites, cortisol derivatives, and
oral microbiota by-products, particularly useful in
behavioral or stress-related nutrition studies. Hair and
tissue samples can provide long-term insights into
nutrient status, exposure to environmental toxins, and
chronic metabolic trends. Together, these matrices
enable a comprehensive and multidimensional
understanding of a pet’s metabolic health [22,23,24].

2. Key Metabolic Pathways Relevant to Pet
Nutrition
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2.1 Amino Acid Metabolism

Amino acid metabolomics allows for the
assessment of protein adequacy, digestibility, and
utilization in companion animals. Disruptions in
branched-chain amino acids (BCAAs), tryptophan
catabolism, and methionine-cycle intermediates
are  associated  with  metabolic  stress,
inflammation, and obesity [25,26]. Elevated
kynurenine levels, resulting from inflammation-
driven tryptophan metabolism, have been linked
to immune dysregulation and mood-related
behaviors.  Taurine deficiency  metabolites,
especially relevant in cats and certain dog breeds,
are early indicators of cardiomyopathy risk and
retinal  dysfunction. By monitoring these
metabolites, veterinarians and nutritionists can
formulate protein sources and amino acid profiles
that optimize muscle maintenance, immune
function, and overall metabolic health.

2.2 Lipid and Fatty Acid Metabolism

Lipidomic provides crucial insights into energy
metabolism, inflammation, skin and coat condition,
and immune function. The balance of omega-3 and
omega-6 fatty acids directly influences eicosanoid
production, which regulates inflammatory responses.
Breed-specific lipid metabolic patterns, dietary fat
sources, and gut microbiome interactions all
contribute to variations in lipid metabolites [26]. For
example, prostaglandins and leukotrienes serve as
indicators of inflammatory states and can guide
omega-3 supplementation strategies to reduce
inflammation and improve dermatologic health.

2.3 Energy and Carbohydrate Metabolism

Metabolites associated with glycolysis, the
tricarboxylic acid (TCA) cycle, and mitochondrial
oxidative pathways provide information on energy
metabolism and metabolic flexibility. Elevated lactate
levels, or disruptions in citrate, succinate, or malate,
may indicate mitochondrial dysfunction or poor
adaptation to carbohydrate-rich diets [27]. Such
insights enable precision adjustment of macronutrient
ratios in pets prone to obesity, insulin resistance, or
reduced exercise tolerance.

2.4 Gut Microbial Metabolites

Fecal metabolomics has revealed that gut
microbial metabolites, including short-chain fatty
acids (SCFAs), indoles, phenols, and secondary bile
acids, play central roles in gastrointestinal health,
immune modulation, and systemic metabolic stability.
Recent studies highlight that fecal metabolite patterns
vary by breed and health status, correlating with
obesity, inflammatory bowel disease, allergies, and
nutrient  malabsorption.  Understanding  these
microbial metabolites informs the development of
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individualized gut-modulating diets to optimize
nutrient absorption and prevent dysbiosis [28].

3. Integration of Metabolomics and the Gut
Microbiome

3.1 Microbiome—Metabolome Interactions

The gut microbiome generates hundreds of
metabolites that influence host physiology. Recent
research emphasizes that microbial metabolic output,
rather than species composition alone, drives many
health outcomes. Pets with dysbiosis often exhibit
altered SCFA profiles, increased proteolytic by-
products, and impaired bile acid metabolism, all of
which can compromise nutrient absorption, immune
function, and gut integrity. Integrating metabolomic
and microbiome data allows identification of
metabolic imbalances that are not detectable through
microbial sequencing alone [29].

3.2 Dietary Modulation of Microbial
Metabolites

Diet composition—including fiber type,
prebiotics, probiotics, postbiotics, and protein

digestibility—profoundly affects microbial metabolite
production. Diets high in fermentable fiber increase
SCFA levels, enhancing gut barrier integrity,
modulating immune response, and supporting healthy
weight [30]. Conversely, high-protein diets with low
digestibility can elevate harmful metabolites, such as
ammonia, p-cresol, and indole derivatives, detectable
through metabolomics before clinical consequences

emerge.
4. \Wearable Technologies and Digital
Phenotyping

4.1 Role in Precision Nutrition

Wearable devices for pets—such as collars and
harnesses equipped with activity sensors, heart rate
monitors, and stress indicators—provide continuous
physiological and behavioral data [31]. When
combined with metabolomic biomarkers, these
devices offer a comprehensive view of how diet
affects metabolism, energy expenditure, and stress.

4.2 Data Integration and Predictive Modeling

Machine learning algorithms integrate
wearable-derived physiological data  with
metabolomic profiles to generate predictive models of
dietary response [32]. For example, a decrease in
activity alongside elevated inflammatory metabolites
may trigger dietary adjustments, such as targeted
supplementation with antioxidants, omega-3 fatty
acids, or amino acids, optimizing health outcomes in
real time.

5. Biomarker-Driven Diet Formulation

5.1 Early Disease Detection and Targeted
Nutrition

Metabolomics enables detection of early
biomarkers of kidney disease, liver dysfunction,
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obesity, inflammation, and metabolic disorders,
allowing dietary interventions before clinical signs
appear. Early detection through metabolites such as
creatinine precursors, uremic toxins, or lipid
peroxidation markers allows precise formulation of
diets to support organ function and prevent disease
progression [33,38].

52  Personalized
Micronutrient Balancing

Individual metabolic responses to proteins,
fats, and  carbohydrates vary  widely.
Metabolomics identifies these differences,
facilitating the creation of macronutrient ratios
tailored to each pet. Similarly, micronutrient
deficiencies, including taurine, choline, carnitine,
and B-vitamins—can be detected early, enabling
correction through diet or supplementation [34].

5.3 Precision Fiber and Prebiotic Blending

Fecal metabolomics informs the selection of
dietary fibers and prebiotics to optimize SCFA
production, minimize proteolytic fermentation,
improve stool quality, and enhance gut immunity.
This approach supports gastrointestinal health while
reducing inflammation and metabolic stress [35].

6. Challenges and Limitations

Despite its potential, precision metabolomics
faces several challenges. Analytical methods are
costly, require specialized expertise, and standardized
reference ranges for dogs and cats remain limited.
Inter-laboratory ~ variation ~ complicates  data
interpretation, and  integrating  metabolomic,
microbiome, and wearable data requires sophisticated
computational models still under development [36].
Regulatory frameworks have not yet adapted to
individualized diets, creating uncertainty in labeling,
safety claims, and commercial implementation.

7. Future Directions

The future of precision nutrition in companion
animals is promising. Innovations such as metabolomic
passports, longitudinal metabolic monitoring, Al-
driven diet optimization, and 3D-printed or micro-
extruded customized foods may allow truly
individualized nutrition. Integration of microbiome
engineering, postbiotic therapies, and continuous
monitoring could further refine metabolic balance and
disease prevention, making biomarker-driven feeding a
central element of veterinary care and commercial pet
food development in the next decade [37].

Conclusion

Precision metabolomics and biomarker-driven
nutrition represent a paradigm shift in companion
animal health. By providing real-time insights into
metabolic function, nutrient utilization, and disease
risk, metabolomics enables individualized dietary
strategies that go beyond population-based

Macronutrient and
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recommendations. Coupled with microbiome science,
wearable technologies, and Al-based modeling,
precision nutrition promises to improve health
outcomes, prevent disease, and transform both
veterinary care and the pet food industry. This
approach marks the beginning of a new era in pet
health management, driven by scientific precision,
personalization, and continuous monitoring.
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