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Abstract

Background Dairy cows commonly experience a negative energy balance (NEB) during early lactation as energy
demands for maintenance and milk production exceed intake. Although most cows metabolically adapt to NEB

and avoid ketosis, those that fail to adapt develop ketosis, which disrupts metabolism and reduces productivity.
Haematological and serum biochemical parameters are crucial for understanding these metabolic disruptions. How-
ever, limited research has examined how these parameters change from calving to ketosis onset. This study aimed

to investigate these changes, identify parameters associated with ketosis classification, and evaluate their implications
for dairy cow health. Blood samples were collected from the jugular vein of Holstein cows and -hydroxybutyrate
(BHBA) was tested once every three days during the postpartum period (8 times in 21 days).

Results Cows were categorised into three groups based on their highest BHBA concentration: non-ketosis (NK;
BHBA < 1.2 mmol/L; n=75), subclinical ketosis (SCK; BHBA> 1.2 mmol/L and < 3.0 mmol/L; n=46), and clinical ketosis
(CK; BHBA > 3.0 mmol/L; n=35). The NK group had the highest red blood cell and monocyte counts, red cell distribu-
tion width, and alanine transaminase (ALT) concentrations. However, this group had the lowest mean corpuscular vol-
ume, mean corpuscular haemoglobin, non-esterified fatty acid (NEFA), and total bilirubin concentrations on the day
of calving and at ketosis onset, followed by the SCK and CK groups (p < 0.05). In the NK group, counts of neutro-
phils, monocytes, and eosinophils, along with NEFA and lactate dehydrogenase (LDH) concentrations, decreased
from the day of calving to ketosis onset. Conversely, ALT, aspartate transaminase (AST), and magnesium concentra-
tions increased in the SCK and CK groups (p <0.05). The NK group had the most pronounced changes in glucose,
triglyceride, and magnesium and the lowest BHBA, LDH, and AST concentrations, followed by the SCK and CK groups
(p<0.05).

Conclusions This study identified key haematological and serum biochemical changes associated with ketosis clas-
sification in dairy cows, highlighting metabolic adaptations in the NK group that mitigate ketosis risk and metabolic
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dysfunctions in the SCK and CK groups that develop ketosis. These findings provide practical markers for early detec-
tion and management of ketosis, supporting improved dairy cow health and productivity.

Keywords Dairy cows, Metabolic adaptation, Postpartum period, Haematological parameters, Serum biochemical

parameters

Background
A negative energy balance, which is generally associ-
ated with ketosis, develops in most dairy cows during
early lactation, as their energy expenditure—such as
for maintenance, milk production, and immune system
activity—exceeds their energy intake [1-4]. Dairy cows
experiencing negative energy balance typically undergo
metabolic adaptations to this physiological state; how-
ever, failure to adapt adequately can result in ketosis
[4]. This maladaptation is caused by abnormal changes
in interactions between energy use sites (e.g., mammary
gland, skeletal muscle, and other tissues), energy storage
sites (adipose tissue), and the energy source processing
site (liver) [4]. In dairy cows, the mammary tissues uti-
lise 60—85% of all available glucose to synthesise milk
and its components (i.e., lactose and adenosine triphos-
phate) [5, 6]. The development of ketosis is associated
with increased yield of colostrum and milk during early
lactation in the transition period [7, 8]. To meet the
heightened energy requirements for lactation, inten-
sive lipolysis occurs in the adipose tissue, leading to an
increase in non-esterified fatty acids (NEFAs) in the
blood [9]. However, impaired regulation of this meta-
bolic process can cause excessive NEFA release, which
is closely associated with the development of ketosis [10,
11]. NEFAs are processed via three pathways in the liver:
complete oxidation through the tricarboxylic acid (TCA)
cycle to produce energy, H,O, and CO,; incomplete oxi-
dation through ketogenesis, which produces less energy
and ketone bodies, such as B-hydroxybutyrate (BHBA),
acetoacetate, acetone; and re-esterification resulting in
triglycerides (TGs) production [12]. TGs are exported
from the liver as very low-density lipoproteins or stored
in the hepatocytes [13]. The TCA cycle provides energy
and intermediates essential for gluconeogenesis. Fur-
thermore, substrates such as propionate derived from
ruminal fermentation, lactate, L-alanine, and glycerol
contribute carbon skeletons required for gluconeogenesis
[14]. However, excessive hepatic TG accumulation causes
fatty liver, which in turn impairs liver functions, includ-
ing gluconeogenesis [15]. Bovine ketosis develops when
the hepatic capacity for complete oxidation is limited,
and the export rate of very low-density lipoproteins from
the liver is suppressed [14].

The increasing serum concentrations of NEFAs,
along with their processing, lead to the development of

oxidative stress [16, 17]. Oxidative stress is involved in
the induction of insulin resistance, [18] and dairy cows
generally experience increased oxidative stress associ-
ated with high serum concentrations of NEFA during the
post-transition period [19]. Moreover, cows with ketosis
have been reported to experience severe hepatic oxida-
tive stress due to reduced hepatic activities of antioxidant
enzymes, hepatic apoptosis, and insulin resistance [14,
20-23].

Based on the results of the haematological and serum
biochemical analyses in our previous study, we indicated
that dairy cows with severe oxidative stress and hepatic
dysfunction on the day of calving could develop postpar-
tum ketosis [24]. However, the study did not investigate
haematological and serum biochemical parameters at
ketosis onset. Understanding these parameters is essen-
tial for elucidating the pathophysiology of postpartum
ketosis. To the best of our knowledge, no studies have
simultaneously examined haematological and serum bio-
chemical parameters both on the day of calving and at
ketosis onset. Hence, we aimed to (1) investigate changes
in the haematological and serum biochemical parameters
from the calving date to ketosis onset, (2) identify the
parameters associated with ketosis classification, and (3)
determine the health implications of ketosis.

Methods

Experimental cows

The study was conducted on Holstein cows raised and
calved on a farm at the National Institute of Animal Sci-
ence, Cheonan, Republic of Korea. To ensure homogene-
ity, cows were included if they calved a Holstein calf at
least once between January 2018 and March 2022, were
milked twice daily during the first 21 days postpartum,
and were free from any health conditions or interven-
tions that could affect the study outcomes. Specifically,
cows were excluded if they calved twins, experienced
an abortion (dead calf more than 10 days before the due
date) [25, 26], had a premature birth (live calf more than
10 days before the due date) [25, 26], were milked less
than twice daily due to debilitated conditions, or had con-
ditions such as mastitis, agalactia, theileriosis, milk fever,
acidosis, or abomasal ulcer. Additionally, cows on medi-
cation or those receiving nutritional or microbial supple-
ments (capsules or boluses) after calving were excluded.
Ultimately, 156 Holstein cows met these criteria and were
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enrolled in the study. All cows had ad libitum access to
the same total mixed ration consisting of concentrates,
soybean meal, corn silage, alfalfa hay, timothy hay,
enzymes, minerals, and vitamin additives.

Blood sampling and case definitions

Blood samples were collected from the jugular vein of
cows every three days during the postpartum period,
totaling eight collections over the 21 days following calv-
ing (Fig. 1) [2]. The first sample was obtained between
6 and 23 h postpartum on the calving date. Subsequent
samples were collected at three-day intervals (seven
times), immediately after milking and coinciding with
the commencement of feeding. Blood samples were col-
lected in ethylenediaminetetraacetic acid (EDTA) tubes
(BD Vacutainer K2 EDTA, BD, Franklin Lakes, NJ, USA)
and serum-separating tubes (SSTs; BD Vacutainer SST
II Advance, BD, Franklin Lakes, NJ, USA). BHBA con-
centration was determined immediately after blood
sampling using an electronic handheld meter (FreeStyle
Optium Neo, Abbott Diabetes Care Ltd., Witney, UK)
and P-ketone test strips (FreeStyle Optium H [-Ketone,
Abbott Diabetes Care Ltd., Witney, UK).

The cows were categorised into three groups accord-
ing to the highest BHBA concentration in any of the
eight postpartum samples as follows: the non-ketosis
group [NK (BHBA<1.2 mmol/L; n=75)], subclinical
ketosis [SCK (BHBA>1.2 mmol/L and<3.0 mmol/L;
n=46)], and clinical ketosis [CK (BHBA >3.0 mmol/L;
n=35)] groups. The CK cows were treated as previ-
ously described [27]. Briefly, all cows were administered
glycerin, and additional treatments included carnitine,
vitamin B complex, vitamin E, and selenium, either indi-
vidually or in combination.

Blood analyses and data collection

Haematology and serum biochemistry analyses were
performed at the National Institute of Animal Science
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laboratory located on the farm. The complete blood
count (CBC) test was performed using a haematology
analyser (Procyte Dx® haematology analyser, IDEXX
Laboratories, Westbrook, MA, USA) with blood sam-
ples collected in EDTA tubes. The CBC was composed
of erythrocyte, leukocyte, and platelet parameters. The
erythrocyte parameters included red blood cell (RBC)
count, haematocrit (Hct), haemoglobin (Hb), mean cor-
puscular volume (MCV), mean corpuscular haemoglobin
(MCH), mean corpuscular haemoglobin concentration
(MCHCQ), red cell distribution width (RDW), and reticu-
locyte count. The leukocyte parameters included white
blood cell (WBC), neutrophil, lymphocyte, monocyte,
eosinophil, and basophil counts. The platelet parameters
included platelet count, mean platelet volume, platelet
distribution width, and platelet crit.

The serum was separated by centrifuging SSTs at
3,000 rpm (2,600 g) for ten min, frozen, and stored at
—70 °C pending analysis. Serum biochemical parameters
were analysed in a single day using a biochemistry auto-
matic analyser (Hitachi 7180, Hitachi Ltd., Tokyo, Japan).
Glucose, NEFA, TG, total cholesterol (TC), total protein
(TP), albumin, total bilirubin (TB), blood urea nitrogen
(BUN), creatinine, alanine transaminase (ALT), aspartate
transaminase (AST), alkaline phosphatase, y-glutamyl
transferase, lactate dehydrogenase (LDH), creatine
kinase, calcium, magnesium, and inorganic phosphorus
concentrations were measured using Hitachi 7180 after
calibration and quality control assessments with com-
mercial enzyme assay kits from Wako (Fujifilm Wako
Pure Chemical Ltd., Osaka, Japan). Globulin concentra-
tion was calculated by subtracting albumin concentration
from TP concentration. To determine the extent of the
changes, we subtracted the values on the day of calving
from those after ketosis onset.

Body condition scores (BCS) of dairy cows were
assessed immediately following BHBA analysis of blood
samples during the postpartum period, using the 5-point
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Fig. 1 Study timeline: blood sampling and measurement of blood 3-hydroxybutyrate concentration and milk yield. Blood sampling
and measurement of blood B-hydroxybutyrate concentrations are performed eight times in the 21 days from the calving date (day 0). Milk yield

is measured daily, starting 4 days after the calving date (day 4)
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scale body condition scoring system [28]. The birth
weight of neonatal calves was recorded immediately after
parturition.

Daily milk yield was recorded from day four post-
partum using an electronic milk meter (Alpro system,
DeLaval, Tumba, Sweden). Milk production data from
the first three days postpartum were not included in the
analysis because, on this farm, colostrum was harvested
in quantities sufficient only to feed the newborn calf
rather than the full yield being collected (Fig. 1). The daily
milk yield denotes the average of values for the previous
three days.

The ketosis onset day was expressed relative to the
day of calving, which was designated as day 0. For the
NK group, it was defined as the day with the highest
BHBA concentration. In the SCK group, it was defined
as the first day when the BHBA concentration exceeded
1.2 mmol/L, and in the CK group, as the first day when
the BHBA concentration exceeded 3.0 mmol/L.

Statistical methods

Statistical analyses were performed using IBM SPSS Sta-
tistics for Windows, version 27.0 (IBM Corp., Armonk,
NY, USA). The Shapiro—Wilk test and Levene test were
used for normality analysis and equality of variances,
respectively. For between-group comparisons, one-way
analysis of variance (ANOVA) was applied to variables
satisfying normality and equality of variances, with post-
hoc comparisons conducted using the Bonferroni test.
The Kruskal-Wallis test was used for variables that did
not meet these assumptions, and post-hoc comparisons
were performed using the Mann—-Whitney U test with
Bonferroni’s method, setting statistical significance at
p<0.017 (0.05/3) for three-group comparisons (NK-SCK,
NK-CK, and SCK-CK). For within-group comparisons,
paired ¢-tests were used for normally distributed vari-
ables, while the Wilcoxon signed-rank test was applied
to non-normally distributed variables to assess changes
from the calving date to the onset of ketosis. Data are
expressed as mean +standard deviation, with statistical
significance set at p<0.05 unless otherwise adjusted for
multiple comparisons.

Results

Descriptive statistics for the Holstein cows by ketosis
classification

The NK group had the lowest concentration of BHBA
(0.51+0.15 mmol/L) on the calving date, followed by the
SCK (0.64+0.23 mmol/L) and CK (0.74+0.33 mmol/L)
groups (p<0.001; Fig. 1). All groups showed an increase
in BHBA concentrations from the calving date to the
day of ketosis onset; the increase in BHBA was lowest
in the NK group (0.29+0.18 mmol/L), followed by the
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SCK (0.81+0.42 mmol/L) and CK (3.14+0.80 mmol/L)
groups (p<0.001). At ketosis onset, the CK group had
the highest BHBA concentration (3.88+0.85 mmol/L),
followed by the SCK (1.45+0.31 mmol/L) and NK
(0.80£0.18 mmol/L) groups (p<0.001). Ketosis onset
occurred at 10.8 £5.3 days postpartum in the SCK group
and at 11.0+4.4 days postpartum in the CK group. At
11.0+5.8 days postpartum, the NK group exhibited the
highest BHBA concentration. The average age, birth
weight of calves, BCS on the calving date, and milk
yield from days 4 to 9 postpartum were highest in the
CK group, followed by the SCK and NK groups, respec-
tively (p<0.05; Table 1). However, parity, the difference
between the calving date and estimated due date, daily
milk yield from days 10 to 21 postpartum, and the day
of ketosis onset did not differ between the groups. BCS
decreased from the calving date to the day of ketosis
onset in all groups (by 0.08, 0.17, and 0.23 in the NK,
SCK, and CK groups, respectively). The SCK group had
the lowest BCS (2.90+0.25) on the day of ketosis onset,
followed by the NK (2.95+0.25) and CK (3.10+0.34)
groups (p<0.05).

Association between ketosis and haematological
parameters on the calving date and the day of ketosis
onset

Regarding haematological parameters, the NK group had
the highest RBC (6.41+0.69 M/uL), WBC (12.9+3.6 K/
puL), monocyte (2.08+0.73 K/pL), and eosinophil
(0.23+0.21 K/pL) counts and RDW (25.3+2.7%), and
the lowest MCV (52.9+4.3 fL) and MCH (17.5+1.1 pg)
concentrations, followed by the SCK (6.30+0.71 M/
uL, 12.2+34 K/pL, 1.78+0.71 K/pL, 0.17+0.13 K/
puL, 25.0+2.1%, 53.9+4.6 fL, and 18.1+1.3 pg, respec-
tively) and CK (5.95+0.89 M/pL, 10.8+4.3 K/uL,
1.58+0.59 K/pL, 0.11+0.12 K/pL, 23.8+2.1%, 57.1+4.3
fl, and 18.7+1.1 pg, respectively) groups (p<0.05;
Fig. 2). All groups showed decreased RBC and WBC
counts, Het, Hb concentrations, MCV, MCH, and RDW,
but increased MCHCs from the calving date to the
onset of ketosis (p<0.05). However, neutrophil, mono-
cyte, and eosinophil counts decreased in the NK group
from the calving date to the onset of ketosis (p<0.05);
conversely, these parameters did not differ in the SCK
and CK groups. At the onset of ketosis, the NK group
maintained the highest values of RBC (5.51+0.75 M/
pL) and monocyte (1.80+0.67 K/puL) counts and RDW
(24.5+2.5%) and the lowest MCV (51.5+4.7 fL) and
MCH (17.4+ 1.2 pg) concentrations, followed by the SCK
(5.38+0.86 M/pL, 1.57 +0.83 K/puL, 24.1 £2.1%, 52.7 +4.7
fL, and 17.9+ 1.3 pg, respectively) and CK (5.08 + 0.84 M/
puL, 1.39+0.53 K/pL, 23.0+2.1%, 55.4+4.2 fL, and
18.5+1.1 pg, respectively) groups (p<0.05). Meanwhile,
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Table 1 Characteristics of the Holstein cows included the study
Variable NK SCK CK p-value
Number 75 46 35
Age at calving, years 4204179 4734177 580+ 2.56° 0.003
Parity 208+1.18 2394122 269+1.59 0111
Difference between calving date and due date, —1.43+5.02 -1.80+6.39 -2.00+3.83 0.671
days
Calf Birth Weight, kg 410+55°¢ 420+44% 437+53¢ 0.037
Body Condition Score
Calving date 3.04+027° 3.07+£030° 333+034° <0.001
Onset day 295+025°% 29040252 3.10+034° 0.024
Daily milk yield
(Days 4 — 21 postpartum), kg/day
Day 4 — Day 6 postpartum 232+7.1°¢ 259+6.8 282+414 0.005
Day 7 — Day 9 postpartum 275+72°¢ 29.8+6.5 31.8+7.1¢ 0.035
Day 10 — Day 12 postpartum 299+79 321£72 31.0£73 0.366
Day 13 — Day 15 postpartum 316+82 333+64 326+7.2 0.550
Day 16 — Day 18 postpartum 31.8+8.8 347+7.3 31.8+6.8 0.179
Day 19 — Day 21 postpartum 33.0£83 350+79 332+74 0455
Onset day 11.0+5.8 10.8+5.3 11.0+44 0.924
Number of cows
Day of ketosis onset
Day 0 (the day of calving)
Day 3 postpartum 7 3 2
Day 6 postpartum 21 13 6
Day 9 postpartum 12 10 10
Day 12 postpartum 12 6 6
Day 15 postpartum 6 3 6
Day 18 postpartum 7 9 5
Day 21 postpartum 10 2

The onset day signifies the day with the highest B-hydroxybutyrate concentration (in the NK group) or the day of ketosis onset (in the SCK and CK groups)

Data are expressed as the mean * standard deviation values

NK non-ketosis group; SCK subclinical ketosis group; CK clinical ketosis group

2b Different letters in the same row indicate significant differences (p <0.017, Mann-Whitney U test with Bonferroni’s method)

<4 Different letters in the same row indicate significant differences (p <0.05, Bonferroni's test)

none of the groups showed differences in Hct and Hb
concentrations on the calving date or the day of ketosis
onset.

Association between ketosis and serum biochemical
parameters on the calving date and the day of ketosis
onset

On the calving date, the glucose concentration appeared
numerically lower in the NK group compared to the SCK
and CK groups; however, these differences were not sta-
tistically significant (p>0.05; Fig. 3). The decrease in
the glucose concentration from the calving date to the
day of ketosis onset was the smallest in the NK group
(10.5+11.0 mg/dL), followed by the SCK (18.4+14.9 mg/
dL) and CK (36.9+18.2 mg/dL) groups (p<0.001; Fig. 4).

On the day of ketosis onset, the NK group showed the
highest concentration of glucose, followed by the SCK
and CK groups (p <0.001).

Regarding the lipid-related parameters, the NEFA con-
centration on the calving date was the lowest in the NK
group, followed by the SCK and CK groups (p<0.001;
Fig. 3). The NEFA concentrations in the NK group
decreased from the calving date to the onset of ketosis
(p<0.01), whereas those in the SCK and CK groups did
not differ. The concentrations of TG and TC increased in
all the groups from the calving date to the onset of ketosis
(p<0.05); however, the TG concentration increased the
most in the NK group (2.73 +£2.92 U/L), followed by those
in the SCK (1.61+2.44 U/L) and CK (0.94+1.66 U/L)
groups (Figs. 3 and 4). At the onset of ketosis, the CK
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Fig. 2 B-hydroxybutyrate concentration and haematological parameter values on the calving date and the day of ketosis onset according
to ketosis classification. Results are expressed as mean + standard deviation values. Error bars represent the standard deviation. The blue
and red dots represent the values on the calving date and on the day of ketosis onset, respectively. Note: Onset signifies the day on which
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group showed the highest NEFA and lowest TG concen-
trations, followed by the SCK and NK groups (p <0.001).

Regarding the parameters related to enzymes and
proteins, the NK group had the highest concentrations
of ALT and LDH and the lowest TB concentration and
AST/ALT ratio on the calving date, followed by the SCK
and CK groups (p<0.01; Fig. 3). Although AST did not
differ between the groups on the calving date and ketosis
onset, ALT and AST concentrations increased in the SCK
and CK groups from the calving date to ketosis onset
(p<0.05), whereas those in the NK group did not differ
(Figs. 3 and 4). In contrast to the results of ALT and AST,
the NK group showed decreased LDH concentrations
from the calving date to the onset of ketosis, whereas the
SCK and CK groups showed no changes in LDH concen-
trations. The NK group maintained the highest ALT con-
centration and lowest TB concentration and AST/ALT
ratio on the day of ketosis onset, followed by the SCK
and CK groups (p <0.01). The changes in BUN and creati-
nine concentrations between the calving date and ketosis
onset did not differ between the groups (Fig. 4).

From the calving date to the onset of ketosis, the
concentration of magnesium decreased in the SCK
(=0.15+0.39 mg/dL) and CK (—0.24+0.37 mg/dL)
groups (p<0.01); the change in magnesium concentra-
tion was greatest in the CK group, followed by the SCK
and NK groups (p=0.004; Figs. 3 and 4). Calcium con-
centrations did not differ between the groups on the calv-
ing date. However, the concentrations increased from
the calving date to the onset of ketosis. Calcium concen-
trations did not differ between the NK and SCK groups
at the onset of ketosis, which were higher than the CK
group (p <0.002).

Discussion

In this study, we investigated the associations between
ketosis classification and blood parameters on the calv-
ing date and on the day of ketosis onset by categorising
cows into the NK, SCK, and CK groups. On the calv-
ing date, ketosis classification was associated with RBC
count, MCV, MCH, RDW, WBC count, monocyte count,
eosinophil count, as well as the concentrations of BHBA,
NEFA, ALT, LDH, TB, and AST-to-ALT ratio. Neutro-
phil, monocyte, and eosinophil counts, as well as NEFA
and LDH concentrations, decreased in the NK group

(See figure on next page.)
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from the calving date to the day of ketosis onset, whereas
ALT and AST concentrations increased and magnesium
concentrations decreased in the SCK and CK groups. The
changes in RBC count and Hct, Hb, BUN, and creatinine
concentrations did not differ between the groups from
the calving date to the onset of ketosis, whereas changes
in BHBA, glucose, TG, AST, LDH, and magnesium con-
centrations were associated with ketosis classification.
Once ketosis set in, its classification was associated with
the RBC, monocyte, and eosinophil counts, MCV, MCH,
RDW, concentrations of glucose, NEFA, TG, ALT, and
TB, and AST-to-ALT ratio.

Polycythemia (elevated RBC count and Hct and Hb
concentrations) and increased concentrations of BUN
and creatinine indicate dehydration [29], and cows with
ketosis are known to show signs of dehydration [30-32].
In this study, the Hct, Hb, and BUN concentrations were
similar between the groups on the calving date and the
onset of ketosis. Additionally, the changes in the extent
of RBC count, Hct, Hb, BUN, and creatinine concentra-
tions from the calving date to the onset of ketosis were
similar. Based on the findings of this study, these results
suggest that the dehydration observed as a clinical sign
in previous studies is not associated with the progression
of ketosis. Alternatively, dehydration might be a second-
ary consequence of advanced ketosis, occurring after its
onset rather than contributing to its development.

Neutrophils, macrophages differentiated from mono-
cytes, and eosinophils are involved in innate immunity
[33]. These cells migrate from the bloodstream into tis-
sues as part of the body’s immune response to infection
and tissue damage. The innate immune system, includ-
ing neutrophils and macrophages, responds to patho-
gens that cause mastitis and metritis, which frequently
occur during the transition period [34-36]. Ketosis
increases the risk of mastitis and metritis postpartum
[37, 38]. Eosinophils, known to be involved in anti-
parasitic responses and allergic reactions, dominate in
bovine adipose tissue [39] and contribute to maintain-
ing adipose tissue homeostasis [40]. In this study, cows
with other diseases were excluded. In the NK group,
neutrophil, monocyte, and eosinophil counts decreased
from the calving date to ketosis onset, whereas no signifi-
cant changes were observed in the SCK and CK groups.
These differences in leukocyte changes may suggest a link

Fig. 3 Serum biochemical parameter concentrations on the calving date and the day of ketosis onset according to ketosis classification. Results
are expressed as mean =+ standard deviation values. Error bars represent the standard deviation. The blue and red dots represent the values

on the calving date and on the day of ketosis onset, respectively. Note: Onset signifies the day on which the 3-hydroxybutyrate concentration

is the highest (in the NK group) or the day of ketosis onset (in the SCK and CK groups). Abbreviations: NK, non-ketosis group; SCK, subclinical ketosis
group; CK, clinical ketosis group. ‘p<0.05; "p<0.01; "p<0.001; *p<0.017; #p < 0.003; #¥p < 0.0003
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between ketosis, susceptibility to other diseases, and adi-
pose tissue homeostasis.

Ketosis is associated with insulin resistance, also
known as impaired insulin sensitivity, in dairy cows [41].
Animals with insulin resistance fail to respond effectively
to insulin and, consequently, exhibit elevated blood glu-
cose concentrations [42]. Insulin resistance might explain
the higher glucose concentrations observed on the calv-
ing date in cows with ketosis compared to those without
ketosis. In cows, glucose obtained via a continuous and
high rate of gluconeogenesis in the liver is utilised in the
mammary glands to produce milk [43]. In this study,
the CK group produced the most milk from days 4 to 9
postpartum, followed by the SCK and NK groups, which
might be associated with a considerable decrease in glu-
cose concentrations from the calving date to the onset of
ketosis.

Insulin resistance also results in increased NEFA con-
centrations via tissue lipolysis [44]. The finding that the
CK group had the highest NEFA concentrations on the
calving date, followed by the SCK and NK groups, sug-
gests that cows with ketosis might have experienced insu-
lin resistance prior to its development. Under normal
circumstances, the liver processes fatty acids by oxidation
within the cell or secretion into the blood [45]. Although
this mechanism is well-documented in general mam-
malian physiology, it is also applicable to cows. From
the time of calving, cows with ketosis maintained NEFA
concentrations higher than those in cows without keto-
sis, while NEFA concentrations in cows without ketosis
decreased as lactation progressed. Considering that most
dairy cows experience a negative energy balance [4] and
that, in this study, all groups, regardless of their ketosis
status, showed a decrease in BCS, these conditions indi-
cate an increased mobilisation of NEFA from adipose tis-
sue. The liver’s ability to process this NEFA load is critical
to maintaining metabolic balance [2, 4]. The observation
that some cows did not develop ketosis despite experi-
encing NEB and BCS loss suggests that ketone synthesis
via incomplete oxidation of NEFA may be less prominent
compared to complete oxidation and re-esterification in
cows without ketosis. The result related to TG supports
this suggestion, as cows with severe ketosis had very low
serum TG concentrations.

In this study, ALT and AST concentrations increased
in the ketosis (SCK and CK) groups, and the AST-to-
ALT ratio was associated with ketosis at its onset.
Although specific studies on AST and ALT in cows
are lacking, findings from other species, including
humans, provide valuable insights. AST and ALT are
highly concentrated in hepatic cells and are involved
in gluconeogenesis and the metabolism of amino acids
and glucose [46]. Moreover, the relative AST-to-ALT
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ratio helps in the differential diagnosis of hepatic dis-
eases [47]. Accelerated fatty acid oxidation results in
the synthesis of enzymes involved in gluconeogenesis,
including AST and ALT [48]. A high AST-to-ALT ratio
tends to be associated with the utilisation of glucose as
an energy source via glycolysis [49]. Furthermore, vita-
min By deficiency decreases serum ALT concentrations
and increases the AST-to-ALT ratio [47]. Based on
these findings, the observed increases in ALT and AST
concentrations, as well as the association of the AST-
to-ALT ratio with ketosis, could indicate that ketosis
in cows is linked to alterations in glucose metabolism
or vitamin By deficiency. These conclusions, though
derived from studies in other species, provide a plau-
sible explanation for the observed biochemical changes
in bovine ketosis.

Low serum magnesium concentration is associated
with ketosis in cows [50]. Similarly, in humans, low
serum magnesium concentration is linked to several
liver diseases, and hepatic function can be improved by
magnesium supplementation in some of these condi-
tions [51]. Furthermore, in rats, magnesium decreases
the effect of glucagon involved in hepatic glucose pro-
duction, fatty acid oxidation, and lipolysis [52]. In this
study, cows with ketosis exhibited a significant reduc-
tion in serum magnesium concentrations, while non-
ketotic cows showed no notable changes. Notably, cows
with more severe ketosis displayed an even greater
decrease in serum magnesium concentrations. These
findings suggest that magnesium may have a role in
fatty acid oxidation as part of the metabolic adapta-
tions to compensate for decreasing blood glucose con-
centrations, with the extent of magnesium utilisation
appearing to increase in line with ketosis classification.
However, further studies are needed to confirm the
specific mechanisms involved in magnesium utilisation
during ketosis.

We described the association between ketosis and
blood parameters by examining their changes from
the calving date to the onset of ketosis and proposed
potential mechanisms involved in its development.
However, a limitation of our study is that, although
certain blood parameters have been identified as being
associated with ketosis, their precise roles in the mech-
anisms underlying ketosis development remain unclear.
Given the limited studies in dairy cows, we relied on
findings from other species to support our interpreta-
tions, leading to speculative explanations. Therefore,
further studies are needed to identify additional fac-
tors, including hormonal regulators, liver function,
and lipid metabolism, and to clarify their specific roles
in the mechanisms underlying ketosis development in
Holstein cows.
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Conclusions

In this study, ketosis was associated with the values of
RBC, monocyte, and eosinophil counts; MCV, MCH,
and RDW,; the concentrations of BHBA, NEFA, ALT,
and TB both on the calving date and at the onset of
ketosis during the postpartum period. Furthermore,
neutrophil, monocyte, and eosinophil counts, as well
as NEFA and LDH concentrations, did not decrease in
ketotic cows from the calving date to the day of ketosis
onset, unlike in healthy cows. In contrast, BHBA, ALT,
and AST concentrations increased in ketotic cows,
while glucose, TG, and magnesium concentrations
decreased during this period. To the best of our knowl-
edge, this study is the first to examine haematological
and serum biochemical parameters on both the calv-
ing date and the onset of ketosis. Key findings include
variations in immune cell dynamics and metabolic
markers, which might highlight metabolic adaptations
in healthy cows that mitigate ketosis risk and dysfunc-
tions in ketotic cows that might exacerbate the condi-
tion. These findings might provide veterinarians with
practical markers for early detection and intervention,
while guiding researchers to explore mechanisms link-
ing immune and metabolic dysfunctions to develop tar-
geted therapies and nutritional strategies for improved
dairy cow health and productivity.
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