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Ketosis often occurs during the postpartum transition period in dairy cows, leading to economic and
welfare problems. Previously, ketosis was reported to be associated with hematological and serum
biochemical parameters. However, the association between the parameters on the calving date and
ketosis during the postpartum transition period remains unclear. This study aimed to investigate this
association. Blood samples were collected from the jugular vein of Holstein cows on the calving date
and B-hydroxybutyrate was tested once every 3 days (8 times in 21 days). The cows were divided
into three groups: non-ketosis, subclinical ketosis, and clinical ketosis. The clinical ketosis group
significantly had the highest values of mean corpuscular volume, mean corpuscular hemoglobin,
B-hydroxybutyrate, non-esterified fatty acids, and total bilirubin, but the lowest values of red cell
distribution width, the counts of white blood cell, monocyte, and eosinophil, albumin, alanine
transaminase, lactate dehydrogenase, and amylase. In contrast, the non-ketosis group showed the
opposite results (p <0.05). In conclusion, these parameters are associated with the development and
severity of ketosis. Our findings suggest that these parameters on the calving date may be useful
indicators to identify dairy Holstein cow susceptible to ketosis during the transition period.

Ketosis, a phenomenon associated with negative energy balance (NEB), is classified into three types: type I
(spontaneous or underfeeding ketosis), type II (fatty liver), and butyric acid silage ketosis. Type II ketosis occurs
in the postpartum transition period"* All dairy cows experience NEB, since in early lactation there is a higher
energy requirement for milk production than the energy intake by feed**. However, NEB does not necessarily
lead to ketosis in all dairy cows. The occurrence of ketosis depends on whether cows overcome NEB through
metabolic adaptation.

Ketosis causes economic and animal welfare concerns in the dairy farm industry. Numerous studies have
reported factors associated with ketosis in dairy cows including body condition score, breed, age at first calving,
cow parity, calving season, dystocia, calving interval, dry period, prolonged previous lactation length, herd size,
increased colostral production, milk protein percentage and 305-day milk yield and milk fat yield in the previ-
ous lactation, metritis, milk fever, retained placenta, and calf sex’™'!. In addition, a previous study suggested that
breeding values could be used to predict which Holstein cows are susceptible to ketosis'2.

Hematological and serum biochemical parameters are widely used to evaluate and monitor health, and these
parameters have been demonstrated to be associated with ketosis. For example, cows with severe ketosis displayed
higher hematocrit and hemoglobin values, while mean corpuscular volume (MCV), mean corpuscular hemo-
globin (MCH), mean corpuscular hemoglobin concentration (MCHC), and red cell distribution width (RDW)
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NK SCK CK
Number 63 34 29
Cow parity 2.0+0.1 2.3+0.2 2.6+0.3
Age at calving, years 3.7+£0.2 4.6+0.4 5.5+0.5
Body condition score 3.00£0.05 |3.16+0.08 |3.36+0.08
Daily milk yield (Day 4-Day 21), L 28.6+0.5 31.3+0.6 30.9+0.7
Day 4-Day 6 23.0£09 |254%11 |27.4%09
Day 7-Day 9 266+1.0 |289+13 |31.3+1.7
Day 10-Day 12 28.8+1.1 31.7+14 30.8+1.8
Day 13-Day 15 304+1.1 |329+12 |322+17
Day 16-Day 18 30.6+1.1 33.6+1.2 | 31.2%17
Day 19-Day 21 31.8+1.1 |345+14 |33.0£19
Incidence of ketosis by monitoring day
Day 0
Day 3 3 2
Day 6 6 5
Day 9 8 10
Day 12 2 3
Day 15 5 5
Day 18 7 4
Day 21 3

Table 1. Descriptive statistics for the Holstein Friesian cows included in the study. Data are expressed as
mean + standard error of the means. NK, non-ketosis group; SCK, subclinical ketosis group; CK, clinical
ketosis group. mean * standard of error of the means.

did not differ between non-ketotic and ketotic cows'?; in addition, cows with ketosis had significantly lower
white blood cell (WBC), neutrophil, and eosinophil counts than those without ketosis'*, and impaired white
blood cell functions were associated with ketosis in dairy cows'®; moreover, cows with ketosis showed increased
non-esterified fatty acids (NEFA), aspartate aminotransferase, and total bilirubin (TB) and decreased levels of
glucose, blood urea nitrogen (BUN), total protein, albumin (ALB), and triglyceride (TG)*'¢"?}; furthermore, con-
centrations of minerals, such as calcium, phosphorus, copper, and zinc, were associated with ketosis as well?>-%.
However, to the best of our knowledge, no previous studies have reported the association of ketosis during the
postpartum transition period with hematological and serum biochemical parameters on the calving date.

We hypothesized that dairy Holstein cows show different levels of hematological and serum biochemical
parameters according to calving date before the incidence of ketosis. Accordingly, the objectives of this study
were (1) to identify which hematological and serum biochemical parameters are associated with ketosis and its
severity (non-ketosis, subclinical ketosis, and clinical ketosis), (2) to investigate how these parameters are associ-
ated with ketosis, and (3) ultimately, to offer the possibility to predict ketosis during the postpartum transition
period by using these parameters on the calving date. The present findings would help to identify dairy cows at
a high risk of ketosis and to establish a strategy to reduce ketosis damages.

Results

Descriptive statistics for the dairy cows by ketosis. According to the highest -hydroxybutyrate
(BHBA) concentration among eight measurements during the postpartum transition period, 126 Holstein Frie-
sian cows were divided into three groups: non-ketosis (NK), subclinical ketosis (SCK), and clinical ketosis (CK).
The NK group accounted for 50% (n=63) of the population, while 26.98% (n=34) and 23.02% (n=29) of cows
had SCK and CK, respectively. Both SCK and CK groups were most common on day 9. The parity, age, and body
condition score were the highest in the CK group, whereas the NK group had the lowest parity, age, and body
condition score. Moreover, the CK group produced the most milk, while the NK group produced the least milk
in the early transition period, even though the differences of daily milk yield during the entire transition period
were less than 10% (Table 1).

Association between ketosis and hematological parameters. We analyzed whether hematologi-
cal parameters on the calving date were associated with ketosis. Significant differences in red blood cell (RBC)
count, hemoglobin (Hb), MCV, MCH, MCHC, RDW, and WBC, lymphocyte, monocyte, and eosinophil counts
were found among the groups (Table 2). RBC, Hb, MCHC, and lymphocyte counts were not associated with the
severity of ketosis. However, the group with severe ketosis had significantly higher MCV and MCH and lower
RDW and WBC, monocyte, and eosinophil counts; NK had the lowest MCV and MCH, while CK had the high-
est values of MCV and MCH. NK displayed the highest values of RDW and WBC, monocyte, and eosinophil
counts, whereas CK exhibited the lowest values (Fig. 1).

Scientific Reports |

(2022) 12:853 | https://doi.org/10.1038/s41598-022-04893-w nature portfolio



www.nature.com/scientificreports/

[ NK SCK CK p value
Erythrocyte
RBC count, M/pL. | 6.42 (6.27-6.59) 6.43 (6.21-6.65) 6.01 (5.67-6.35) 0.023
HCT, % 33.33+£0.38 34.69+0.56 34.15+£0.93 0.076
Hb, g/dL 11.07+0.12 11.62+0.17 11.15+£0.27 0.042
MCV, fL 52.09 (50.97-53.21) | 54.19 (52.46-55.92) | 56.94 (55.30-58.59) <0.001
MCH, pg 17.29 (17.00-17.59) | 18.15(17.65-18.65) | 18.63 (18.23-19.04) <0.001
MCHGC, g/dL 33.24 (33.00-33.48) | 33.62(33.31-33.94) | 32.76 (32.35-33.16) 0.003
RDW, % 25.71 (25.05-26.37) | 25.20 (24.40-26.00) | 23.78 (23.02-24.54) 0.002
Reticulocyte, K/pL | 1.60 (1.27-1.92) 2.00 (1.42-2.58) 1.94 (1.41-2.47) 0.339
Leukocyte
WBC count, K/uL 13.20 (12.30-14.10) | 12.29 (11.13-13.44) |10.37 (8.74-11.99) 0.004
Neutrophil, K/uL 3.23+0.44 2.48+0.56 2.76+0.57 0.449
Lymphocyte, K/uL 7.55+0.49 7.79+0.59 5.94+0.76 0.013
Monocyte, K/uL 2.19 (2.00-2.37) 1.84 (1.60-2.08) 1.54 (1.32-1.76) <0.001
Eosinophil, K/uL 0.23+0.03 0.17£0.02 0.12£0.02 0.009
Basophil, K/pL 0.005+0.001 0.003+0.001 0.004£0.001 0.311
Platelet
PLT count, K/uL 329.24+11.38 328.39+12.13 302.18+14.87 0.286
MPV, {L 6.51+0.06 6.75+0.09 6.75+0.10 0.051
PDW, fL 7.84+0.12 8.08+0.12 8.00£0.15 0.214
PCT, % 0.21£0.01 0.22+0.01 0.20£0.01 0.250

Table 2. The complete blood count (CBC) test results of each group. Data obtained using one-way ANOVA
are expressed as mean (95% confidence interval), and data obtained using the Kruskal-Wallis test are
expressed as mean * standard error of the mean. RBC, red blood cell; HCT, hematocrit; Hb, hemoglobin; MCYV,
mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
concentration; RDW; red cell distribution width; WBC, white blood cell; PLT, platelet; MPV, mean platelet
volume; PDW, platelet distribution width; PCT, plateletcrit.

Association between ketosis and serum biochemistry. Serum biochemical and mineral parameters
on the calving date were analyzed to determine their association with ketosis. BHBA showed significant dif-
ferences among groups on the calving date despite the small gap of value. There were significant differences in
NEFA, total cholesterol (TC), TB, creatinine, alanine transaminase (ALT), lactate dehydrogenase (LDH), and
amylase among groups. TC and creatinine levels failed to demonstrate a relationship with the severity of ketosis,
but NEFA and TB had a positive relationship with the severity of ketosis. CK had the highest concentrations of
NEFA and TB, while NK had the lowest. However, ALT, LDH, and amylase had negative relationships with the
severity of ketosis; these parameters were higher in NK, SCK, and CK in this order. ALB exhibited a negative
relationship with the severity with weak significance (p=0.051), and the NK group had a significantly higher
ALB level than the CK group (Table 3 and Fig. 1).

Discussion

The present study aimed to predict whether Holstein Friesian cows are at risk of ketosis during the transition
period by analyzing hematological and serum biochemical parameters on the calving date. To the best of our
knowledge, this study is the first to identify the associations of hematological and serum biochemical param-
eters on the calving date with ketosis during the postpartum transition period. We observed that elevated MCYV,
MCH, NEFA and TB were positively associated with ketosis and its severity. Cows with higher RDW, WBC
count, monocyte count, eosinophil count, ALB, ALT, LDH, and amylase were at lower risk of ketosis and its
severity. MCV, MCHC, lymphocyte count, and eosinophil count were significantly different between subclinical
and clinical ketosis.

RBC indices are associated with body dysfunction. However, only a few previous studies investigated the
association between ketosis and RBC indices in cows showing no association between ketosis and MCV, MCH,
MCHC, and RDW"?; a finding is different from that in the current study. As shown in Table 1, the incidence of
ketosis varied during the transition period. The discrepancy between our findings and previous ones may stem
from differences in study design, such as monitoring frequency. In the present study, elevated MCV and MCH
were associated with ketosis. Humans with liver disease and deficiencies in vitamin B, or B,, showed elevated
MCV and MCH?*%. The liver is an organ closely related to ketosis. Dairy cows with elevated MCV and MCH
might have a less functional liver, which may lead to ketosis. RDW is known to be elevated in patients with liver
disease. Interestingly, the RDW findings in this study are inconsistent with those in previous studies on liver
diseases; the reason is unclear, but a previous study showed a similar though not significant association between
RDW and the severity of ketosis in sheep?. Our findings suggest that unlike cows with other liver diseases, those
with severer ketosis have lower RDW values.
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Figure 1. Hematological parameters including erythrocyte and leukocyte count and significant serum
biochemical parameters. The results are expressed as mean * standard error of the means. Statistical significance
was expressed in one of the following two ways: one-way ANOVA with post-hoc Tukey honestly significant
difference (*p <0.05; **p <0.01; ***p <0.001) or Kruskal-Wallis test and Mann-Whitney U test with Bonferroni’s
method (fp<0.017; *#*p<0.003). ALT, alanine transaminase; BHBA, p-hydroxybutyrate; CK, clinical ketosis; Hb,
hemoglobin; LDH, lactate dehydrogenase; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular
hemoglobin concentration; MCV, mean corpuscular volume; NEFA, non-esterified fatty acids; NK, non-ketosis;
RBC, red blood cell; RDW, red cell distribution width; SCK, subclinical ketosis; WBC, white blood cell.

Accumulating studies indicate that ketosis is associated with decreased WBC count, and that ketosis increases
the risk of diseases. Dairy cows with ketosis show decreased WBC count'»*. Human adults with ketogenic diets

show a significant decrease in WBC count™. Ketosis increases the risk of metritis and mastitis®. Consistently, the
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NK SCK CK p value
BHBA, mmol/L 0.50+0.02 0.62+0.04 0.68+0.06 0.009
Glucose, mg/dL 68.37+1.58 69.88+2.37 73.79+3.65 0.783
NEFA, uEq/L 452.08+23.38 621.85+53.28 902.31+87.87 <0.001
TG, U/L 3.87+0.25 3.35+0.27 2.93+0.16 0.100
TC, mg/dL 83.21+£2.05 83.26+3.19 74.21+3.15 0.037
TP, g/dL 6.74 (6.52-6.96) 6.83 (6.55-7.11) 6.85 (6.58-7.13) 0.787
Albumin, g/dL 3.84 (3.74-3.93) 3.74 (3.65-3.83) 3.66 (3.52-3.79) 0.051
Globulin, g/dL 2.90 (2.67-3.14) 3.09 (2.81-3.37) 3.20 (2.88-3.51) 0.277
TB, U/L 0.39+0.02 0.54+0.04 0.70+0.07 <0.001
BUN, mg/dL 16.06 (15.06-17.06) 15.81 (14.24-17.39) 15.87 (14.27-17.46) 0.955
Creatinine, mg/dL 1.44 (1.39-1.49) 1.56 (1.48-1.63) 1.53 (1.44-1.61) 0.031
ALT, U/L 19.92 (18.46-21.38) 17.06 (15.02-19.10) 14.79 (13.18-16.40) <0.001
AST, U/L 86.21+2.66 80.26+2.40 81.62+5.42 0.099
ALP, U/L 230.30 (209.62-250.97) | 207.06 (178.33-235.79) | 205.10 (177.76-232.44) 0.238
GGT, U/L 23.58 (21.07-26.09) 23.48 (20.48-26.49) 22.31 (20.08-24.54) 0.804
LDH, U/L 1030.44+19.34 976.56£28.35 926.79+26.84 0.002
Amylase, U/L 25.51 (22.57-28.45) 22.73 (19.40-26.07) 19.44 (15.36-23.53) 0.046
Lipase, U/L 83.17+6.84 70.16 £5.62 87.04+13.28 0.880
Calcium, mg/dL 8.10+0.14 7.83+0.27 7.86+0.24 0.449
Mg, mg/dL 2.33£0.05 2.49+0.07 2.53+0.10 0.092
P, mg/dL 5.09+0.12 5.02+0.29 4.62+0.29 0.187

Table 3. Serum biochemistry and mineral levels by each group. Data obtained using one-way ANOVA are
expressed as mean (95% confidence interval), and data obtained using the Kruskal-Wallis test are expressed
as mean * standard error of the mean. BHBA, B-hydroxybutyrate; NEFA, non-esterified fatty acids; TG,
triglyceride; TC, total cholesterol; TP, total protein; TB, total bilirubin; ALT, alanine transaminase; AST,
aspartate transaminase; ALP alkaline, phosphatase; GGT, y-glutamyl transferase; LDH, lactate dehydrogenase;
BUN, blood urea nitrogen; Mg, magnesium; P, inorganic phosphorus.

present study found lower WBC counts and severer ketosis during the transition period. The decrease in WBC
count in cows with ketosis might contribute to the susceptibility to infectious diseases. NK cows had extremely
significantly more monocytes than CK cows and significantly more monocytes than SCK cows. Both cows and
humans with hyperketonemia have lower monocyte counts***. Humans in the low-energy state have a reduced
number of circulating monocytes migrated from bone marrow as a result of signaling from hepatocyte®. The liver
might already play a role in recruiting a smaller population of monocytes from the bone marrow before ketosis
in the ketosis groups. In addition, NK cows showed very significantly more eosinophils than SCK cows, while
SCK cows had significantly more eosinophils than CK cows. Humans with ketosis also show lower eosinophil
counts®?*. It is speculated that eosinophil counts are lowered by oxidative stress, elevated apoptosis, and the
inhibition of cell proliferation®.

As for serum biochemistry, most of the parameters associated with ketosis (NEFA, ALB, TB, ALT, and amyl-
ase) are highly related to hepatic dysfunction. NEB in animals promotes lipolysis, which mobilizes NEFA from
the adipose tissue to most body tissues through the blood stream. The liver is the main organ to process NEFA
into three forms: ATP via complete oxidation, ketone synthesis via incomplete oxidation, or very low-density
lipoproteins via re-esterification®*. The liver of cows with ketosis may not be able to remove NEFA around
parturition even before ketosis onset, compared to non-ketosis. In addition, ALB and TB are commonly used to
indicate hepatic insufficiency, and our results on ALB and TB correspond with previous findings. Lower serum
ALB levels were found in CK, SCK, and NK in this order, indicating decreased liver function*"**. The level of TB
increases at ketosis, indicating liver insufficiency'®*. Increased TB levels at parturition also suggest decreased
liver function. Notably, in the current study CK cows had the lowest level of ALT while NK cows had the highest
on the calving day. Previous studies reported that ALT was insensitive in ruminants including cows?>***!. How-
ever, elevated hepatic apoptosis and a high ALT level were observed in dairy cows with ketosis*2. Our findings in
this study differ from the previous results. In dogs and cats, low ALT levels indicate hepatic atrophy, while high
ALT levels indicate hepatocellular injury or leakage®. Further studies are required to investigate the association
between serum ALT levels on the calving date and ketosis.

To the best of our knowledge, no study has reported an association between serum amylase and ketosis in
cattle. However, low concentrations of serum amylase are associated with the degree of liver dysfunction, such as
non-alcoholic fatty liver, metabolic syndrome, and insulin resistance***°. In human medicine, a previous study
revealed that low serum amylase levels were inversely related to serum ketone bodies*. Insulin resistance is
also associated with ketosis in dairy cows*. Our findings suggest that ketosis may be associated with low serum
amylase concentration.
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LDH is known to contribute to glycolysis, and elevated LDH levels are a marker of organ damage, including
muscles and liver damage*s. LDH was expectedly higher in cows with ketosis because other biomarkers indicated
obvious damage to the liver. However, we found that LDH had a negative relationship with the severity of keto-
sis. Information on the association between LDH and ketosis is limited. Energy production might presumably
be related to our unexpected findings that NK had the highest LDH level and CK had the lowest. Indeed, LDH
plays an important role in the regulation of glycolysis*’. Lower LDH levels in ketosis might indicate a decreased
ability to use glucose for energy, which might lead to fat mobilization.

This study has some limitations. First, it was conducted at only one farm. More dairy cows at different farms
in various regions should have been investigated. Furthermore, parity and season affect blood parameters in
cattle®>. The incidence of ketosis is associated with parity and season®!''. The number of dairy cows used in
the study was insufficient for statistical analysis by parity and season. Therefore, we could not investigate the
variations of blood parameters by parity and season, according to the incidence of ketosis. In addition, other
factors like biological variability might influence dairy cows even though we made efforts to exclude factors
irrelevant to ketosis. However, the current study demonstrated that the parameters of the complete blood count
(CBC) test and serum biochemistry on their own on the calving date were associated with ketosis and its sever-
ity. Our findings suggest that theses parameters may be predictive indicators for ketosis. Therefore, it may be
more helpful to predict Holstein cows susceptible to ketosis using these parameters along with other risk factors
previously reported.

In summary, the present study found that hematological and serum biochemical parameters on the calving
date were associated with ketosis and its severity during the postpartum transition period. Dairy Holstein cows
with clinical ketosis showed significantly the highest values of MCV, MCH, NEFA, and TB but significantly
lowest values of RDW; WBC, monocyte, and eosinophil counts; and ALB, ALT, LDH, and amylase levels. Dairy
Holstein cows with non-ketosis showed the opposite results. Our findings suggest that hematological and serum
biochemical parameters can help select dairy Holstein cows susceptible to ketosis. However, further studies are
required to elucidated the actual prognostic application using these parameters.

Materials and methods

Animals. A total of 126 Holstein Friesian cows were used in this study. The cows were raised and calved at
one farm of the National Institute of Animal Science, in Cheonan, Republic of Korea. The animals calved from
January 2018 to January 2021 and were normally milked during the transition period. The animals were fed the
same total mixed rations ad libitum, which were composed of concentrates, soybean meal, corn silage, alfalfa
hay, timothy hay, enzyme, minerals, and vitamin additives. They were milked twice a day in the morning and
evening. Dairy cows milked less than twice a day or receiving any medication or nutritional or microbial supple-
ment capsules and boluses after calving were excluded.

Blood sampling and case definition. Blood sampling was conducted once every 3 days (8 times in
21 days from the calving date) during the postpartum transition period. Blood was sampled once from the
jugular vein of the cows in 6-23 h postpartum on the calving date and seven times in the morning from day 3
postpartum when the cows began to be fed as soon as they finished milking. Blood was collected using ethylen-
ediaminetetraacetic acid (EDTA) and serum-separating tube (SST) tubes. BHBA was measured with electronic
handheld meters (FreeStyle Optium Neo, Abbott Diabetes Care Ltd., Witney, UK) and -ketone test strips (Free-
Style Optium H B-ketone, Abbott Diabetes Care Ltd., Witney, UK) like in previous studies®*->’, immediately after
blood sampling. For more accuracy, blood BHBA was randomly measured more than once, and the results were
either the same or differed by <0.1 mmol/L, and none of the cases belonged to another group. In addition, the
device (Freestyle Optium Neo) was changed monthly, and cross-checks were done with another handheld meter
(Optium Xceed, Abbott Diabetes Care Ltd., Witney, UK) weekly, which offered quality control strips.

The cows were divided into three groups according to the highest BHBA concentration in eight samples dur-
ing the post-calving transition period: a non-ketosis group (< 1.2 mmol/l, n=63), a subclinical ketosis group
(1.2<BHBA £2.9 mmol/], n=34), and a clinical ketosis group (= 3.0 mmol/l, n=29)!%¢,

Blood analyses and data collection. Blood analyses (hematology and serum biochemistry) were per-
formed at a laboratory of the National Institute of Animal Science, located close to the farm where blood sam-
pling was conducted. The CBC test was performed with a hematology analyzer (Procyte Dx hematology ana-
lyzer, IDEXX Laboratories, Westbrook, MA, USA) with blood collected in EDTA tubes within 1 h after blood
collection. Monthly quality control assessments were conducted for the hematology analyzer. The profiles of the
CBC test consisted of three types: erythrocytes, leukocytes, and platelets. The erythrocyte parameters included
RBC count, hematocrit (HCT), Hb, MCV, MCH, MCHC, RDW), and reticulocyte count. The leukocyte parame-
ters included WBC, neutrophil, lymphocyte, monocyte, eosinophil, and basophil counts. The platelet parameters
included platelet (PLT) count, mean platelet volume (MPV), platelet distribution width (PDW), and plateletcrit
(PCT).

Serum was harvested by centrifuging SST tubes at 3000 rpm for 10 min. Serum biochemistry and mineral
analyses were conducted using two biochemistry automatic analyzers (Catalyst™ Dx chemistry analyzer, IDEXX
Laboratories, Westbrook, MA, USA and Hitachi 7180, Hitachi Ltd., Tokyo, Japan). TB, amylase, and lipase
were analyzed immediately after the serum was harvested using a Catalyst™ Dx chemistry analyzer, which had
quality control assessments monthly. Glucose, NEFA, TG, TC, total protein (TP), ALB, BUN, creatinine, ALT,
aspartate transaminase (AST), alkaline phosphatase (ALP), gamma-glutamyl transferase (GGT), LDH, calcium,
magnesium, and inorganic phosphorus were measured using a Hitachi 7180 after calibration and quality control
assessments with commercial enzyme assay kits from Wako (Fujifilm Wako Pure Chemical Ltd., Osaka, Japan).
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Globulin was calculated by subtracting ALB from TP. The serum was frozen and stored at — 70 °C pending
analysis using a Hitachi 7180, and serum biochemical analysis was conducted alongside in a single day.

Statistical analyses. Statistical analyses were performed using SPSS software (version 26.0; IBM Corp.,
Armonk, NY, USA). The Shapiro-Wilk test and Levene’s test were used for normality analysis and equality of
variances for one-way analysis of variance (ANOVA). The Kruskal-Wallis test was used for parameters that did
not satisfy normality analysis nor equality of variances. The difference analysis among groups was conducted
with post-hoc Tukey honestly significant difference for One-way ANOVA and Mann-Whitney U test with Bon-
ferroni’s method for the Kruskal-Wallis test. One-way ANOVA was used to evaluate RBC count, MCV, MCH,
MCHC, RDW, reticulocyte count, WBC count, Monocyte count, TP, ALB, globulin, BUN, creatinine, ALT, ALP,
GGT, and amylase. The Kruskal-Wallis test was applied to analyze HCT, Hb, neutrophil count, lymphocyte
count, eosinophil count, basophil count, PLT count, MPV, PDW, PCT, BHBA, glucose, NEFA, TG, TC, TB, AST,
LDH, lipase, Ca, Mg, and P. Data obtained using one-way ANOVA are expressed as mean (95% confidence inter-
val), whereas data obtained using the Kruskal-Wallis test are expressed as mean + standard error of the mean.

Significance levels were interpreted based on P-values as follows: 0.01 < p <0.05, significant; 0.001 <p<0.01,
very significant; and p <0.001, extremely significant. Significance levels using Mann-Whitney U test with Bonfer-
roni’s test were divided into the following three categories: 0.003 < p <0.017, significant; 0.0003 < p <0.003, very
significant; and p <0.0003, extremely significant.

Ethical approval. This research was approved by the Institutional Animal Care and Use Committee
(TACUC) at the National Institute of Animal Science, the Republic of Korea (approved number: NIAS-2020127).
All experimental procedures involving animals were conducted in strict accordance with relevant guidelines and
regulations. All methods used for in vivo studies in cows were in accordance with ARRIVE guidelines.

Data availability

The dataset analyzed for the current study is available from the authors upon reasonable request.

Received: 9 June 2021; Accepted: 28 December 2021
Published online: 17 January 2022

References

1. Oetzel, G. R. Preconference Seminar C 67-91 (Citeseer).

2. Deli¢, B, Beli¢, B., Cincovi¢, M. R., Djokovic, R. & Laki¢, I. Metabolic adaptation in first week after calving and early prediction
of ketosis type I and II in dairy cows. Large Anim. Rev. 26, 51-55 (2020).

3. Drackley, J. K. Biology of dairy cows during the transition period: The final frontier?. J. Dairy Sci. 82, 2259-2273 (1999).

4. Herdt, T. H. Ruminant adaptation to negative energy balance: Influences on the etiology of ketosis and fatty liver. Vet. Clin. Food
Anim. Pract. 16, 215-230 (2000).

5. Rasmussent, L., Nielsen, B. L., Pryce, J., Mottram, T. & Veerkamp, R. Risk factors associated with the incidence of ketosis in dairy
cows. Anim. Sci. 68, 379-386 (1999).

6. Berge, A. C. & Vertenten, G. A field study to determine the prevalence, dairy herd management systems, and fresh cow clinical
conditions associated with ketosis in western European dairy herds. J. Dairy Sci. 97, 2145-2154 (2014).

7. Garro, C. ., Mian, L. & CobosRoldan, M. Subclinical ketosis in dairy cows: Prevalence and risk factors in grazing production
system. J. Anim. Physiol. Anim. Nutr. 98, 838-844 (2014).

8. Vanholder, T., Papen, J., Bemers, R., Vertenten, G. & Berge, A. Risk factors for subclinical and clinical ketosis and association with
production parameters in dairy cows in the Netherlands. J. Dairy Sci. 98, 880-888 (2015).

9. Tatone, E. H., Duffield, T. E, LeBlang, S. J., DeVries, T. J. & Gordon, J. L. Investigating the within-herd prevalence and risk factors
for ketosis in dairy cattle in Ontario as diagnosed by the test-day concentration of B-hydroxybutyrate in milk. J. Dairy Sci. 100,
1308-1318 (2017).

10. Mellado, M. et al. Risk factors for clinical ketosis and association with milk production and reproduction variables in dairy cows
in a hot environment. Trop. Anim. Health Prod. 50, 1611-1616 (2018).

11. Garzén-Audor, A. & Oliver-Espinosa, O. Incidence and risk factors for ketosis in grazing dairy cattle in the Cundi-Boyacencian
Andean plateau, Colombia. Trop. Anim. Health Prod. 51, 1481-1487 (2019).

12. Weigel, K. et al. Prediction of whole-genome risk for selection and management of hyperketonemia in Holstein dairy cattle. J.
Anim. Breed. Genet. 134, 275-285 (2017).

13. Marutsova, V., Binev, R. & Marutsov, P. Comparative clinical and haematological investigations in lactating cows with subclinical
and clinical ketosis. Macedonian Vet. Rev. 38, 159-166 (2015).

14. Kuzma, K., Kuzma, R. & Malinowski, E. Effect of subclinical ketosis on the number and activity of leukocytes in cows. Bull. Vet.
Inst. Pulawy 41, 55-60 (1997).

15. Mezzetti, M. et al. The role of altered immune function during the dry period in promoting the development of subclinical ketosis
in early lactation. J. Dairy Sci. 102, 9241-9258 (2019).

16. Cao, Y. et al. Predictive value of plasma parameters in the risk of postpartum ketosis in dairy cows. J. Vet. Res. 61, 91 (2017).

17. Gonzilez, F. D., Muifio, R., Pereira, V., Campos, R. & Benedito, J. L. Relationship among blood indicators of lipomobilization and
hepatic function during early lactation in high-yielding dairy cows. J. Vet. Sci. 12, 251 (2011).

18. Issi, M., Giil, Y. & Basbug, O. Evaluation of renal and hepatic functions in cattle with subclinical and clinical ketosis. Turk. J. Vet.
Anim. Sci. 40, 47-52 (2016).

19. Puppel, K. & Kuczynska, B. Metabolic profiles of cow’s blood; a review. J. Sci. Food Agric. 96, 4321-4328 (2016).

20. Shin, E.-K. et al. Relationships among ketosis, serum metabolites, body condition, and reproductive outcomes in dairy cows.
Theriogenology 84, 252-260 (2015).

21. Simonov, M. & Vlizlo, V. Some blood markers of the functional state of liver in dairy cows with clinical ketosis. Bulgarian J. Vet.
Med. 18, 74-82 (2015).

22. Zhang, Z. et al. Evaluation of the change of serum copper and zinc concentrations of dairy cows with subclinical ketosis. Biol.
Trace Elem. Res. 138, 8-12 (2010).

23. Zhang, Z. et al. Concentrations of sodium, potassium, magnesium, and iron in the serum of dairy cows with subclinical ketosis.
Biol. Trace Elem. Res. 144, 525-528 (2011).

Scientific Reports |

(2022) 12:853 | https://doi.org/10.1038/s41598-022-04893-w nature portfolio



www.nature.com/scientificreports/

24.
25.
26.
27.
28.
29.

30.
31.

32.

33.

39.

40.
41.

42.
43.

44.
45.

46.

50.

Karimi, N., Mohri, M., Azizzadeh, M., Seifi, H. A. & Heidarpour, M. Relationships between trace elements, oxidative stress and
subclinical ketosis during transition period in dairy cows. Iran. J. Vet. Sci. Technol. 7, 46-56 (2016).

Beli¢, B., Cincovi¢, M., Stojanovi¢, D., Kovacevi¢, Z. & Vidovi¢, B. Morphology of erythrocytes and ketosis in dairy cows with
different body condition. Contemp. Agric. 59, 306-311 (2010).

Sarma, P. R. Clinical Methods: The History, Physical, and Laboratory Examinations 3rd edn. (Butterworths, 1990).

Kaferle, J. & Strzoda, C. E. Evaluation of macrocytosis. Am. Fam. Physician 79, 203-208 (2009).

Marutsova, V. & Marutsov, P. Clinical and hematological studies in sheep with subclinical and clinical ketosis. Appl. Assist. Reprod.
Tech. Contemp. 2, 37-44 (2017).

Suriyasathaporn, W., Heuer, C., Noordhuizen-Stassen, E. N. & Schukken, Y. H. Hyperketonemia and the impairment of udder
defense: A review. Vet. Res. 31, 397-412 (2000).

Schreck, K. C. et al. Effect of ketogenic diets on leukocyte counts in patients with epilepsy. Nutr. Neurosci. 22, 522-527 (2019).
Suthar, V., Canelas-Raposo, J., Deniz, A. & Heuwieser, W. Prevalence of subclinical ketosis and relationships with postpartum
diseases in European dairy cows. J. Dairy Sci. 96, 2925-2938 (2013).

Jain, S. K., Kannan, K. & McVie, R. Effect of hyperketonemia on blood monocytes in type-I diabetic patients and apoptosis in
cultured U937 monocytes. Antioxid. Redox Signal. 1, 211-220 (1999).

Ohtsuka, H. et al. Effect of Escherichia coli and Staphylococcus aureus on the in vitro response of peripheral blood mononuclear
cells isolated from Holstein dairy cows had ketosis or milk fever of field cases. Int. J. Anim. Vet. Adv. 6,116-121 (2014).

. Jordan, S. et al. Dietary intake regulates the circulating inflammatory monocyte pool. Cell 178, 1102-1114.e1117 (2019).

. Xu, W. et al. Correlation between peripheral white blood cell counts and hyperglycemic emergencies. Int. J. Med. Sci. 10, 758 (2013).
. Li, J. et al. COVID-19 infection may cause ketosis and ketoacidosis. Diabetes Obes. Metab. 22, 1935-1941 (2020).

. Gordon, J. L., LeBlang, S. J. & Duffield, T. E. Ketosis treatment in lactating dairy cattle. Vet. Clin. N. Am. Food Anim. Pract. 29,

433-445 (2013).

. Farag, E. & Metwally, A. Markers used for prediction of ketosis and milk fever in dairy buffaloes at Kaliobeia governorate. Glob.

Vet. 9, 1-7 (2012).

Sun, Y. et al. Critical thresholds of liver function parameters for ketosis prediction in dairy cows using receiver operating charac-
teristic (ROC) analysis. Vet. Q. 35, 159-164 (2015).

Latimer, K. S. Duncan and Prasse’s Veterinary Laboratory Medicine: Clinical Pathology (Wiley, 2011).

Kozat, S. & Yiiksek, N. Evaluation of total antioxidant, total calcium, selenium, insulin, free triiodothyronine and free thyroxine
levels in cows with ketosis. Iran. J. Appl. Anim. Sci. 7, 393-399 (2017).

Du, X. et al. Elevated apoptosis in the liver of dairy cows with ketosis. Cell. Physiol. Biochem. 43, 568-578 (2017).

Vaden, S. L., Knoll, J. S., Smith, E W. Jr. & Tilley, L. P. Blackwell’s Five-Minute Veterinary Consult: Laboratory Tests and Diagnostic
Procedures: Canine and Feline (Wiley, 2011).

Bhutta, I. H. & Rahman, M. A. Serum amylase activity in liver disease. Clin. Chem. 17, 1147-1149 (1971).

Nakajima, K. Low serum amylase and obesity, diabetes and metabolic syndrome: A novel interpretation. World J. Diabetes 7,112
(2016).

Nakajima, K., Higuchi, R., Iwane, T. & lida, A. The association of low serum salivary and pancreatic amylases with the increased
use of lipids as an energy source in non-obese healthy women. BMC. Res. Notes 13, 1-6 (2020).

. Xu, C. et al. Investigation on the relationship of insulin resistance and ketosis in dairy cows. J. Vet. Sci. Technol. 5 (2014).
. Stockham, S. L. & Scott, M. A. Fundamentals of veterinary clinical pathology 653 (Wiley, 2013).
. Rogatzki, M. ], Ferguson, B. S., Goodwin, M. L. & Gladden, L. B. Lactate is always the end product of glycolysis. Front. Neurosci.

9,22 (2015).
Cerutti, R. D., Scaglione, M. C., Arfuso, E, Rizzo, M. & Piccione, G. Seasonal variations of some hematochemical parameters in
Holstein bovine under the same livestock conditions. Veterinarski arhiv 88, 309-321 (2018).

51. Cozzi, G. et al. Reference values for blood parameters in Holstein dairy cows: Effects of parity, stage of lactation, and season of
production. J. Dairy Sci. 94, 3895-3901 (2011).

52. Dar, A. H. et al. Seasonal variation in blood biochemical characteristics of Badri cattle. Pharma. Innov. 8, 147-150 (2019).

53. Mazzullo, G,, Rifici, C., Lombardo, S., Rizzo, M. & Piccione, G. Seasonal variations of some blood parameters in cow. Large Anim.
Rev. 20, 81-84 (2014).

54. Benas, C. Kexxtone'-léto atpalaidavimo priemonés poveikis pieniniy karviy sveikatingumui. (2021).

55. Faruk, M. S. et al. Comparative study on different field tests of ketosis using blood, milk, and urine in dairy cattle. Veterindrni
medicina 65, 199-206 (2020).

56. Jeong, J.-K. et al. Risk factors for ketosis in dairy cows and associations with some blood metabolite concentrations. J. Vet. Clin.
34, 255-260 (2017).

57. Schuermann, Y. et al. ERK1/2-dependent gene expression in the bovine ovulating follicle. Sci. Rep. 8, 1-16 (2018).

Acknowledgements

This work was supported by “The improvement of animal diseases control in National Institute of Animal Science
(Project No. PJ01567603)” project at National Institute of Animal Science, Rural Development Administration,
Republic of Korea. Furthermore, the authors would like to express our deepest gratitude to Choongkyeong Kim,
Youngso Hong, Hyunhoon Sung, and Jihyeon Lee for their technical support.

Author contributions

S.M.H. and J.H.P. conceptualized and designed the study; S.M.H., S.-1.0O., and S.H.K. analyzed the data; S.M.H.,
S.J.K, M.H.H.,, HJ.C, and ].H.P. interpreted the results; S.M.H. and ].H.L prepared the figures. S.M.H. and J.H.P.
drafted the manuscript; All authors have approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:853 | https://doi.org/10.1038/s41598-022-04893-w nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports | (2022) 12:853 | https://doi.org/10.1038/s41598-022-04893-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Predicting ketosis during the transition period in Holstein Friesian cows using hematological and serum biochemical parameters on the calving date
	Results
	Descriptive statistics for the dairy cows by ketosis. 
	Association between ketosis and hematological parameters. 
	Association between ketosis and serum biochemistry. 

	Discussion
	Materials and methods
	Animals. 
	Blood sampling and case definition. 
	Blood analyses and data collection. 
	Statistical analyses. 
	Ethical approval. 

	References
	Acknowledgements


