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Early diagnosis of metabolic syndrome in cats with liver diseases is of critical importance for the timely implementation of
therapeutic and preventive measures, prevention of disease progression, and avoidance of irreversible morphofunctional changes.
The article presents the results of a comprehensive assessment of hematological and biochemical blood parameters, as well as
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key integrative organ of metabolic, endocrine, and detoxification processes. In cats with hepatic insufficiency, hematological
changes were characterized by the development of an anemic syndrome, with a decrease in hemoglobin content by 49.3%, eryth-
rocyte count by 1.9 times, and hematocrit by 63.2%. In cholangiohepatitis, leukocytosis with neutrophilia (17.2 + 1.10 10%L) was
observed, whereas in hepatic lipidosis, hematological disorders were manifested by moderate anemia. The biochemical profile of
affected cats was characterized by a combination of hepatocellular, cholestatic, and metabolic components of liver injury. In
particular, in cholangiohepatitis, an increase in alanine aminotransferase activity by 4.2 times, aspartate aminotransferase by 3.8
times, gamma-glutamy! transpeptidase by 7.7 times, glutamate dehydrogenase by 3.4 times, and ammonia concentration by 3.2
times was observed, along with a decrease in total protein by 10.6%. In hepatic insufficiency, a decrease in total protein by 11.4%
and hypoalbuminemia in 34.7% of cats were detected, with a maximum reduction in albumin concentration of 32.1%. In hepatic
lipidosis, increased levels of cholesterol (2.9-fold), triglycerides (3.9-fold), fructosamine (1.8-fold), and phospholipids (2.9-fold),
as well as an increase in fibroblast growth factor 21 (FGF21) concentration by 4.7 times were recorded. Urinalysis revealed pro-
teinuria in 48.2% of affected cats, bilirubinuria in 42.6%, decreased urine specific gravity in 35.4%, and cylindruria in 28.4% of
animals. In hepatic lipidosis, glucosuria (23.8%) and ketonuria (18.9%) were observed. The detected changes in urinary parame-
ters indicate renal involvement in systemic metabolic and detoxification disorders associated with metabolic syndrome in cats.
The obtained results confirm the feasibility of the integrated use of hematological and biochemical blood parameters, along with
urinalysis, for the early detection of metabolic syndrome in cats with liver diseases and timely correction of the identified disor-

ders.
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Introduction

Metabolic syndrome is a complex regulatory disorder characteri-
zed by a combination of metabolic, endocrine, and chronic inflamma-
tory alterations, in which the liver plays a key role as an organ coordi-
nating systemic energy, carbohydrate, and lipid metabolism (Zoran,
2010). Liver diseases in cats occupy a leading position in the structure
of internal pathologies of small companion animals and are characte-
rized by a wide variety of clinical forms, specific disease progression
patterns, and challenges in early diagnosis (Lokes-Krupka, 2014; Lof-
tus & Wakshlag, 2014; Rowe et al., 2015; Saavedra et al., 2024; Mos-
pan & Shcherbatyi, 2025). An important aspect of their pathogenesis
is the relationship with systemic metabolic disorders, which are incre-
asingly considered within the framework of the metabolic syndrome
concept (Verbrugghe et al., 2009; Mizorogi et al., 2020).

Despite the lack of a unified definition of metabolic syndrome in
veterinary medicine, in cats it is typically characterized by a combina-
tion of obesity, insulin resistance, chronic low-grade inflammation,
and lipid metabolism disturbances, all of which directly affect liver
function (Hoenig et al., 2006; Lokes-Krupka & Tsvilikhovskyi, 2014;
Valtolina & Favier, 2017). The liver plays a central role in the regula-
tion of carbohydrate, lipid, and protein metabolism; therefore, under
conditions of metabolic imbalance, it acts both as a target organ and
as an active participant in pathogenetic processes (Hudyma & Slivin-
ska, 2014; Arena et al., 2021). In cats with obesity and metabolic dis-
orders, decreased tissue sensitivity to insulin, excessive influx of free
fatty acids into hepatocytes, activation of lipogenesis, and impairment
of B-oxidation create conditions for the development of hepatic lipido-
sis, cholangiohepatitis, and progressive hepatic dysfunction (German,
2006; Teng et al., 2020; Martins et al., 2023; Jargensen et al., 2025).

Moreover, liver dysfunction further exacerbates systemic metabolic
disturbances, thereby promoting disease progression (Backus et al.,
2007).

Early diagnosis of metabolic syndrome in cats with liver diseases
is crucial for timely therapeutic intervention and prevention of irre-
versible morphofunctional changes (Okada et al., 2019). However, in
the early stages of the pathological process, clinical signs are often
nonspecific or mildly expressed, necessitating the use of sensitive
clinical and biochemical markers (Wall et al., 2019; Godfrey et al.,
2024). Modern diagnostic approaches are based not only on the as-
sessment of body condition score and standard biochemical indicators
of liver function but also on the evaluation of lipid and carbohydrate
metabolism parameters, as well as adipokines such as leptin and adi-
ponectin, which reflect adipose tissue function and the degree of insulin
resistance (Xenoulis & Steiner, 2010; Martins et al., 2023; Godfrey
etal., 2024). In addition, markers of systemic inflammation, including
serum amyloid A and C-reactive protein, play an important role, as
their levels correlate with inflammatory activity and the severity of me-
tabolic disturbances (Shoveller et al., 2014; Mizorogi et al., 2020).

Metabolic syndrome in cats is considered a key pathogenetic factor
which, when combined with liver diseases, is associated with a more
severe clinical course, a guarded prognosis, and reduced treatment effi-
cacy. Therefore, an in-depth study of clinical and biochemical markers
of metabolic syndrome, their pathogenetic significance, and diagnostic
value in cats with liver diseases represents an important task in modem
small animal veterinary medicine. The aim of this study was to deter-
mine the regulatory mechanisms of metabolic syndrome in cats with
hepatic insufficiency, cholangiohepatitis, and hepatic lipidosis by ana-
lyzing hematological and biochemical parameters, as well as changes in
urinalysis indicators, and to evaluate their diagnostic significance.
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Materials and methods

All the procedures with the animals were conducted according to
the European Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes (Strasbourg, 1986)
and the General Ethic Principles of Experiments on Animals, adopted
by the First National Congress of Bioethics (Kyiv, 2001). The experi-
ments were performed with adherence to the principles of humanity,
outlined in the Directive of the European Community (Directive
2010/63/EU, 2010).

In the clinic, patients underwent clinical examination and blood
sampling for laboratory analyses. The study material consisted of 164
cats of various breeds, ages, and sexes diagnosed with metabolic syn-
drome. According to the study results, hepatic insufficiency was diag-
nosed in 95 cats, cholangiohepatitis in 48 cats, and hepatic lipidosis in
21 cats. Clinical and biochemical parameters were evaluated in gro-
ups of cats with hepatic insufficiency, cholangiohepatitis, and hepatic
lipidosis (n = 10 in each group). The control group consisted of 10
clinically healthy cats selected to match the patients in terms of age
and breed. The clinically healthy group was formed from animals
undergoing routine outpatient examinations.

Blood samples were collected from the lateral saphenous vein of
the forelimb using a 21G needle (40 mm length, 0.8 mm diameter;
Alexpharm, China). For whole blood and plasma analysis, samples
were collected into tubes containing ethylenediaminetetraacetic acid
(EDTA) (Vacusel tubes with purple caps, Turkey). Serum was obtai-
ned by collecting blood into VVacusel tubes with yellow caps (Turkey)
containing a coagulation activator and gel separator. Blood (plasma
and serum) samples were analyzed on the day of admission.

Whole blood was analyzed using a Heka Element HT5+ hemato-
logy analyzer (Heska Corporation, USA, 2021). The following para-
meters were determined: erythrocyte and leukocyte counts, hemoglo-
bin concentration, hematocrit, and red blood cell indices. Leukocyte
differentiation (leukogram) was performed by preparing blood sme-
ars, staining them following Pappenheim’s method, and counting
cells in a specialized chamber under a microscope.

Biochemical analysis of blood serum was performed using an au-
tomatic analyzer Fujifilm NX600 (Fujifilm Holdings Corporation, Ja-
pan, 2021). The following parameters were measured in serum: alanine
aminotransferase (ALT), aspartate aminotransferase (AST), gamma-

Table 1
Hematological parameters of cats (x = SD, n = 10)

glutamyl transpeptidase (GGT), glutamate dehydrogenase (GLDH),
alkaline phosphatase (ALP), ammonia, total protein, albumin, and
cholesterol.

Triglyceride and phospholipid levels were determined using en-
zymatic colorimetric methods, fructosamine by a colorimetric method
using nitroblue tetrazolium (NBT), and fibroblast growth factor 21
(FGF-21) concentration by enzyme-linked immunosorbent assay
(sandwich ELISA).

Urinalysis was performed using a URYXXON Relax Vet ana-
lyzer with Medi-Test Combi 10 Vet test strips. Physical and chemical
parameters of urine, as well as sediment microscopy, were evaluated
on the day of sample collection, no later than 24 hours after sampling.

The blood parameters were statistically analyzed using Statistica
7 (StatSoft Inc., USA). The graphs were developed in Statistica 7
using the generally accepted algorithms. The article presents the mean
arithmetic values and standard deviation x + SD (mean + standard
deviation), as shown in in the figures. To compare the differences bet-
ween the mean parameters of the clinically healthy and ill animals, we
used the Tukey Test, where the differences were considered statisti-
cally significant at P < 0.05.

Results

The analysis of hematological parameters demonstrated that ani-
mals with hepatic insufficiency developed anemia, characterized by a
decrease in hemoglobin concentration by 49.3% (P < 0.001), erythro-
cyte count by 1.9-fold (P < 0.001), and hematocrit by 63.2% (P <
0.001) compared to clinically healthy cats. These findings indicate the
development of an anemic syndrome associated with chronic hepatic
dysfunction. In cats with cholangiohepatitis, leukocytosis with neutro-
philia (17.2 + 1.1 x 10%L) was diagnosed, reflecting the presence of
systemic inflammation or secondary complications. In hepatic lipido-
sis, hematological changes were less pronounced; however, moderate
anemia was observed in some animals (Table 1).

Biochemical analysis of blood in animals with different forms of
hepatic pathology revealed specific features of metabolic disturban-
ces. In cats with hepatic lipidosis, the most pronounced alterations in
lipid metabolism were observed, with cholesterol levels increasing on
average by 2.9-fold compared to the control group (P < 0.001) and
triglycerides by 3.9-fold (P < 0.001, Fig. 1a, 1b).

Parameter Clinically healthy Cholangiohepatitis Hepatic lipidosis Hepatic insufficiency
Hemoglobin, g/L 1320+£2.9° 100.2 + 3.4% 108.6 +2.8° 88.4+3.1°
Hematocrit, L/L 0.38+0.01° 0.27+0.01° 0.29+0.09 0.23+0.01*
Erythrocytes, x10%2/L 81+0.2° 51+02® 57+0.1° 43+0.2
Leukocytes, x10%L 82+0.6° 172+11° 10.1+0.7° 153+1.0°
MCV, fL 470+1.3% 473+1.2% 504+1.3° 456+1.1°
MCH, pg 14.8 +0.4® 151 +£0.4® 16.2+05° 140+0.4%
MCHC, g/L 3350+ 7.0° 3254 +8.0% 3404 +7.0° 300.2+9.0*

Note: values with different superscript letters @, ®, <, 9) differ significantly (P < 0.05).

An increase in fructosamine levels in 76.2% of cats reflected
chronic hyperglycemia and disturbances in carbohydrate metabolism
associated with liver damage (Fig. 1c). The highest values were rec-
orded in hepatic lipidosis, where fructosamine concentration was
1.8 times higher than in clinically healthy animals.

Phospholipids are important regulators of lipid metabolism and
membrane stability in hepatocytes, and disturbances in their metabo-
lism are considered one of the key mechanisms in the development of
hepatic dysfunction. In cats with liver pathology, a significant in-
crease in serum phospholipid levels was observed compared to
healthy animals (Fig. 1d). In particular, in hepatic insufficiency, phos-
pholipid levels were 1.9-fold higher, in cholangiohepatitis — 2.2-fold
higher, whereas in hepatic lipidosis the maximum increase was recor-
ded at 2.9-fold. This pattern indicates disruption of hepatocyte mem-
brane homeostasis and increased strain on lipid metabolism mecha-
nisms with increasing severity of liver pathology.

Cholangiohepatitis was characterized by the most pronounced in-
flammatory damage of the hepatobiliary system, accompanied by sig-
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nificant induction of cytolytic and cholestatic liver enzymes. Alanine
aminotransferase (ALT) activity exceeded that of clinically healthy
cats by an average of 4.2-fold (P < 0.001), aspartate aminotransferase
(AST) by 3.8-fold (P < 0.001), and alkaline phosphatase (ALP) by
3.1-fold (P < 0.001, Fig. 2).

Gamma-glutamyl transpeptidase (GGT) is a marker of the chole-
static component of liver injury. In cats with metabolic syndrome, its
activity was increased in 40% of cases, particularly in animals with
jaundice and ascites (Fig. 2d). Elevated GGT activity reflects im-
paired bile transport, bilirubin accumulation, and the development of
cholestasis, which often accompanies hepatic steatosis associated with
obesity and diabetes mellitus.

In cats with hepatic lipidosis, GGT activity was 2.7-fold higher
(P < 0.001), in hepatic insufficiency 3.7-fold higher (P < 0.001), and
in cholangiohepatitis 7.7-fold higher (P < 0.001) compared to healthy
animals, reflecting the cholestatic component of liver damage.

Glutamate dehydrogenase (GLDH) activity was increased in cats
with liver diseases compared to clinically healthy animals (1.91 U/L).
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The most pronounced increase was observed in cholangiohepatitis,
where GLDH activity exceeded control values by 3.4-fold (P < 0.001)
(Fig. 2c). Such hyperenzymemia reflects hepatocellular damage in-
volving the mitochondrial apparatus of hepatocytes.

The most pronounced decrease in total protein levels was obser-
ved in cats with cholangiohepatitis and hepatic insufficiency (Fig. 3a).
Specifically, in cholangiohepatitis, total protein concentration was
10.6% lower (P < 0.05), and in hepatic insufficiency 11.4% lower
compared to clinically healthy animals (72.9 g/L), indicating signifi-
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Fig. 1. Biochemical markers of lipid and carbohydrate homeostasis in cats: a — serum cholesterol concentration (mol/L); b —serum triglyceride
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Albumin concentration was decreased (<20 g/L) in 34.7% of dis-
eased cats, indicating impaired protein-synthesizing function of the li-
ver (Fig. 3b). The most pronounced decrease was observed in cholan-
giohepatitis, where albumin levels were 32.1% lower (P < 0.001)
compared to clinically healthy animals (44.40 g/L). In hepatic lipido-
sis, albumin decreased by 30.3% (P < 0.001), whereas in hepatic in-
sufficiency it decreased by 26.6% (P < 0.01), reflecting varying de-
grees of suppression of hepatocellular protein synthesis. Another im-
portant marker is fibroblast growth factor (FGF), particularly FGF21,
which plays a role in the regulation of glucose and lipid metabolism
and overall energy balance. In healthy cats, its mean concentration
was 92.9 pg/mL, whereas in cats with hepatic insufficiency it increa-
sed 2.3-fold, in cholangiohepatitis 2.7-fold, and in hepatic lipidosis
4.7-fold (Fig. 3d).

Urinalysis in diseased cats revealed that the most pronounced ab-
normalities were observed in cholangiohepatitis. Specifically, protein-

uria was detected in 48.2% of animals, an increased protein/creatinine
ratio in 37.8%, decreased urine specific gravity in 35.4%, bilirubin-
uria in 42.6%, and cylindruria along with increased epithelial cell co-
unts in 28.4% of cats. These findings indicate the development of
cholestasis, endogenous intoxication, and renal involvement in the pa-
thological process.

In contrast, hepatic lipidosis was characterized by metabolic dis-
turbances, including glucosuria (23.8% of animals) and ketonuria
(18.9%), reflecting impaired carbohydrate—lipid metabolism and a ne-
gative energy balance. The observed changes in urinary parameters
indicate renal involvement in systemic metabolic and detoxification
disorders associated with metabolic syndrome in cats.

Thus, the analysis of laboratory parameters in cats with metabolic
syndrome revealed a combination of hepatocellular and cholestatic li-
ver injury (GLDH, GGT), as well as adaptive metabolic changes
(FGF21). These markers not only reflect the severity of liver damage
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but may also be used to evaluate the effectiveness of therapeutic in-
terventions and to predict the course of metabolic syndrome.

Different forms of liver damage in cats with metabolic syndrome
may reflect distinct regulatory mechanisms. In particular, hepatic lipi-
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The obtained results confirm the polyetiological nature of meta-
bolic syndrome in cats and the need for a comprehensive diagnostic
approach that takes into account breed, age, and seasonal characteris-
tics of disease occurrence. The combined use of hematological and
biochemical blood parameters along with urinalysis allows early

detection of metabolic syndrome in cats with liver pathology and
timely correction of identified disorders. Overall, metabolic syndrome
in cats should be considered a multisystem regulatory disorder in
which the liver acts as a central integrative organ, and its dysfunction
reflects systemic disturbances in metabolic and endocrine regulation.
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Discussion

Metabolic syndrome in cats should be considered a multisystem
regulatory disorder in which disturbances in metabolic, endocrine,
inflammatory, and detoxification mechanisms form a unified patho-
genetically interconnected process, with the liver acting as the central
integrative organ (Hoenig et al., 2006; Verbrugghe et al., 2009; Mar-
tins et al., 2023). The obtained results indicate that the combination of
metabolic syndrome with liver diseases leads to the formation of cha-
racteristic complexes of laboratory changes reflecting the strain and
decompensation of key regulatory mechanisms of the organism.

The hematological abnormalities identified in diseased cats have
not only diagnostic but also regulatory significance, as they reflect
systemic shifts in metabolism and inflammatory responses. The de-
velopment of an anemic syndrome in hepatic insufficiency may result
from suppression of erythropoiesis, impaired iron metabolism, and re-
duced synthetic liver function, which is typical of chronic hepatic in-
sufficiency and corresponds to the stage of exhaustion of compensa-
tory mechanisms (Teng et al., 2017; Martins et al., 2023).

In contrast, leukocytosis with neutrophilia observed in cholangio-
hepatitis reflects activation of immuno-inflammatory regulatory path-
ways, consistent with the concept of immunometabolic interaction in
metabolic syndrome (Mizorogi et al., 2020; Sierawska & Niedzwied-
zka-Rystwej, 2022).

The biochemical profile of cats with different forms of liver pa-
thology indicates a combination of hepatocellular, cholestatic, and
metabolic injury, reflecting multilevel regulatory dysfunction (Arena

et al.,, 2021; Vlizlo et al., 2023). Increased activity of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl
transpeptidase (GGT), and glutamate dehydrogenase (GLDH) indicates
disruption of hepatocyte membrane integrity and mitochondrial func-
tion, which is a typical feature of alterations in intracellular regulatory
mechanisms of energy and protein metabolism (Arena et al., 2021).

Elevated ammonia concentrations in most diseased cats indicate
reduced hepatic detoxification capacity and impaired regulation of
nitrogen metabolism, contributing to the aggravation of systemic me-
tabolic disturbances (Backus et al., 2007; Okada et al., 2019).

The most pronounced disturbances in lipid metabolism were ob-
served in cats with hepatic lipidosis, as evidenced by significant incre-
ases in cholesterol, triglycerides, and phospholipids. These findings
are consistent with current concepts of hepatic lipidosis pathogenesis
in cats under conditions of insulin resistance, negative energy balance,
and impaired B-oxidation of fatty acids (German, 2006; Xenoulis &
Steiner, 2010; Valtolina & Favier, 2017).

Increased fructosamine levels in the majority of diseased cats re-
flect chronic hyperglycemia as a stable component of impaired car-
bohydrate regulation, which is a key feature of metabolic syndrome
(Hoenig et al., 2006; Godfrey et al., 2024).

Particular attention should be given to the increase in fibroblast
growth factor 21 (FGF21), which is considered not as a marker of da-
mage but as an endocrine regulator of adaptation to metabolic stress.
The most pronounced elevation of FGF21 levels in hepatic lipidosis
likely reflects the activation of compensatory endocrine mechanisms
aimed at stimulating fatty acid oxidation, reducing lipotoxicity, and
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restoring energy homeostasis under conditions of metabolic stress
(Hoenig et al., 2006; Martins et al., 2023). Thus, FGF21 may be re-
garded as an integral marker of metabolic regulatory stress in cats
with metabolic syndrome.

From the perspective of systemic regulation, the observed chan-
ges can be interpreted as disturbances in three interrelated regulatory
systems: metabolic-endocrine, immuno-inflammatory, and detoxifi-
cation-excretory. The metabolic—endocrine system was manifested by
alterations in lipid and carbohydrate metabolism, including hypertri-
glyceridemia, hypercholesterolemia, and increased fructosamine le-
vels, reflecting persistent insulin resistance and disruption of energy
homeostasis (Hoenig et al., 2006; Xenoulis & Steiner, 2010; Godfrey
etal., 2024).

Immuno-inflammatory regulatory mechanisms were most pro-
nounced in cholangiohepatitis, as evidenced by leukocytosis with
neutrophilia and significant induction of cytolytic and cholestatic en-
zymes. These findings are consistent with current concepts of immu-
nometabolic interaction, in which the inflammatory response is not
only a consequence of metabolic imbalance but also a factor contribu-
ting to its progression through impairment of insulin-dependent regu-
latory mechanisms and hepatocellular function (Mizorogi et al., 2020;
Sierawska & Niedzwiedzka-Rystwej, 2022; Araujo et al., 2024).

The obtained results support the consideration of metabolic syn-
drome in cats not as a set of isolated clinical signs, but as a dynamic
regulatory process in which different forms of liver damage reflect
stages of compensation, strain, and decompensation of homeostatic
mechanisms. Changes in urinary parameters, including proteinuria,
bilirubinuria, decreased specific gravity, and the presence of casts, in-
dicate renal involvement in systemic metabolic and detoxification dis-
turbances, further confirming the multisystem nature of metabolic
syndrome (Ostrovskyi & Slivinska, 2023).

The detection of glucosuria and ketonuria in hepatic lipidosis re-
flects disturbances in energy regulation and a negative energy balance
(Valtolina & Favier, 2017).

Summarizing the obtained results, different forms of liver dam-
age in cats with metabolic syndrome can be considered as distinct re-
gulatory phenotypes. In particular, hepatic lipidosis corresponds to a
phenotype of impaired metabolic—endocrine regulation, cholangiohe-
patitis represents an immuno-inflammatory regulatory phenotype,
whereas hepatic insufficiency reflects the stage of exhaustion of com-
pensatory regulatory mechanisms.

Such an approach expands the understanding of the pathogenesis
of metabolic syndrome in cats and substantiates the feasibility of a
comprehensive interpretation of laboratory markers within the frame-
work of systemic regulation of homeostasis.

Conclusions

In cats with hepatic insufficiency, a pronounced anemic syndro-
me was observed, characterized by a decrease in hemoglobin concen-
tration by 49.3%, erythrocyte count by 1.9-fold, and hematocrit by
63.2% (P < 0.001). In contrast, cholangiohepatitis was predominantly
associated with leukocytosis accompanied by neutrophilia (17.2 +
1.1 x 10%L), reflecting the presence of an active systemic inflammato-
ry process, whereas in hepatic lipidosis, hematological alterations
were less pronounced and manifested as moderate anemia. The bio-
chemical profile of diseased cats was characterized by a combination
of hepatocellular, cholestatic, and metabolic liver injury, as evidenced
by increased activity of gamma-glutamyl transpeptidase (GGT) by
7.7-fold, glutamate dehydrogenase (GLDH) by 3.4-fold, alanine ami-
notransferase (ALT) by 4.2-fold, and aspartate aminotransferase
(AST) by 3.8-fold. Additionally, ammonia concentration was eleva-
ted in 89.5% of animals (up to 3.2-fold in cholangiohepatitis), while
fructosamine levels were increased in 76.2% of cats and FGF21 lev-
els increased up to 4.7-fold in hepatic lipidosis. In cholangiohepatitis,
proteinuria (48.2%), bilirubinuria (42.6%), decreased urine specific
gravity (35.4%), and cylindruria (28.4%) were detected, indicating
impaired hepatic detoxification function and renal involvement in the
pathological process. In contrast, hepatic lipidosis was characterized
by glucosuria (23.8%) and ketonuria (18.9%), reflecting metabolic

6

imbalance. The identified biomarkers reflect systemic regulatory dis-
turbances linking metabolic syndrome with liver pathology in cats.
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