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Abstract

Background Fatty liver in dairy cows is a common metabolic disease defined by triglyceride (TG) buildup

in the hepatocyte. Clinical diagnosis of fatty liver is usually done by liver biopsy, causing considerable economic losses
in the dairy industry owing to the lack of more effective diagnostic methods. Therefore, this study aimed to investi-
gate the potential utility of blood biomarkers for the diagnosis and early warning of fatty liver in dairy cows.

Results A total of twenty-four lactating cows within 28 days after parturition were randomly selected as experi-
mental animals and divided into healthy cows (liver biopsy tested, n=12) and cows with fatty liver (liver biopsy
tested, n=12). Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the macroelements
and microelements in the serum of two groups of cows. Compared to healthy cows (C), concentrations of calcium
(Ca), potassium (K), magnesium (Mg), strontium (Sr), selenium (Se), manganese (Mn), boron (B) and molybdenum (Mo)
were lower and copper (Cu) was higher in fatty liver cows (F). Meanwhile, the observed differences in macroelements
and microelements were related to delivery time, with the greatest major disparity between C and F occurring 7 days
after delivery. Multivariable analysis was used to test the correlation between nine serum macroelements, microele-
ments and fatty liver. Based on variable importance projection and receiver operating characteristic (ROC) curve
analysis, minerals Ca, Se, K, B and Mo were screened as the best diagnostic indicators of fatty liver in postpartum cows.

Conclusions Our data suggested that serum levels of Ca, K, Mg, Se, B, Mo, Mn, and Sr were lower in F than in C. The
most suitable period for an early-warning identification of fatty liver in cows was 7 days after delivery, and Ca, Se, K, B
and Mo were the best diagnostic indicators of fatty liver in postpartum cows.
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Introduction

Fatty liver is a common nutritional metabolic disease,
which is mainly characterized by an excessive accumula-
tion of lipids in the hepatocytes, and the diagnosis of the
disease can currently only be confirmed by liver biopsy
[1, 2]. Fatty liver mainly occurs in the first 4 weeks after
calving, which is closely related to the negative energy
balance of cows in early lactation [3]. Due to negative
nutrient balance, numerous fatty acids are produced
from adipose tissue to provide the body with energy,
which causes an excessive buildup of lipids in the liver
[4—6]. These fatty acids have been demonstrated in stud-
ies to have negative impact on antioxidant capacity [7].
Meanwhile, numerous macroelements and microele-
ments have been associated with the antioxidant defense
system, and a deficiency in any of these nutrients may
increase the risk of oxidative stress and metabolic prob-
lems in cows [8, 9].

Essential macroelements and microelements have
important roles in a variety of physiological processes,
particularly energy metabolism and antioxidant defense
in cows [10, 11]. For instance, the deprivation of dietary
calcium (Ca) eliminated the increase of gluconeogenesis
[12]. Magnesium (Mg) is known to be an important mac-
roelements in the homeostatic pathway for regulating
blood Ca based on work conducted in cows [13]. Feeding
of higher concentrations of dietary Mg can help prevent
hypocalcaemia and decreases in plasma free fatty acids
concentrations in parturient cows [14, 15]. Meanwhile,
potassium (K), Mg, and Ca deficiency have been proven
to suppress feed intake and decrease rumen peristalsis
[16, 17], aggravating the negative energy balance of cows.
However, supplementing with boron (B) decreases lipoly-
sis, and lowers non-esterified fatty acid (NEFA) concen-
trations [18]. In addition, selenium (Se) consumption can
affect lipid metabolism and accumulation in cows [19]
and improve oxidative stress and immunity in transition
cows [8, 20]. Therefore, timely monitoring of macroele-
ments and microelements deficiencies is required to pre-
vent fatty liver in dairy cows.

Due to the importance of macroelements and micro-
elements in glucolipid metabolism, dynamic monitoring
of the content of nine macroelements and microelements
in serum in healthy and fatty liver cows after parturition
was done using inductively coupled plasma mass spec-
trometry. This research aimed to ascertain the condition
of the metabolism of macroelements and microelements
in cows with fatty liver at various time points and deter-
mine the most effective macroelements and microele-
ments as diagnostic markers for postpartum fatty liver in
dairy cows using statistical analysis, intended to provide
some scientific support for clinical prevention and treat-
ment of postpartum fatty liver in cows.
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Results

Serum parameters and hepatic TG content

Serum glucose (GLU) levels were considerably lower in
fatty liver cows than in healthy cows (Fig. 1A, P<0.05).
Instead, aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), y-glutamyl transpeptidase (GGT),
and non-esterified fatty acid (NEFA) levels were sig-
nificantly higher in fatty liver cows than in healthy cows
(Fig. 1 B, C, D, E, P<0.05). Meanwhile, fatty liver cows
had significantly higher hepatic triglyceride (TG) levels
than healthy cows (Fig. 1 F, P<0.01).

Serum macroelements and microelements content

The serum analysis findings showed that the levels of
macroelements and microelements had significant effects
on cows with fatty liver (Table 1). Particularly, the serum
levels of molybdenum (Mo), B, Se, manganese (Mn),
strontium (Sr), Mg, K, and Ca in cows with fatty liver
were 42%, 27%, 24%, 20%, 15%, 15%, 9%, and 8% respec-
tively, lower than those in healthy cows. Additionally,
serum copper (Cu) levels in fatty liver cows were signifi-
cantly increased by 20%.

Fluctuations in serum macroelements and microelements
levels

The relationship between the observed variations in the
amounts of macroelements and microelements and the
time of lactation in both healthy and cows with fatty liver
was shown in Fig. 2. We found that the serum levels of
Ca, K, Mg, Sr, Se, Mn, B, and Mo notably fluctuated dur-
ing lactation in both healthy and cows with fatty liver.
Especially on day 7 after calving, significant changes in
macroelements and microelements were observed.

Correlation analysis

To investigate the dependency of the components in the
serum, Pearson’s correlation analysis was used. The dis-
coveries of the correlation matrix are shown in Fig. 3.
According to Pearson’s correlation coefficient, an abso-
lute value > 0.5 showed a good or strong correlation, and
an absolute value < 0.5 indicated a weak correlation. Most
minerals had significant positive correlations with each
other while having a negative correlation in Cu (Fig. 3).
The correlations among Ca-Mg, Ca-K, Ca-Se, Ca-B,
Ca-Mo, Mg-K, Mg-Se, Mg-Sr, Mg-B, Mg-Mo, K-Se,
K-Mo, Se-B, Mo-B, Cu-Ca, and Cu-Se were stronger
(P<0.05).

Multivariate analysis

The data of the study sample were subjected to principal
component analysis (PCA) to improve the visualization
of the intrinsic differences between the two groups. The
following minerals are used by the resulting groupings
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Fig. 1 Blood parameters and the indexes of liver tissue. A GLU, (B) AST, (C) ALT, (D) GGT, (E) NEFA, (F) TG in healthy cows (n=12) and fatty liver cows
(n=12). Significant differences were shown as *(P < 0.05), **(P < 0.01). Values were presented as means+SEM

Table 1 Serum macroelements and microelements content and
comparison between healthy cows and cows with fatty liver

Group Control (Mean + SEM) Fatty liver Pvalue
(Mean + SEM)

Ca(mag/L) 95.13+0.50 87.65+1.16 <0.001
Mg(mg/L) 23.99+0.45 20.43+0.78 0.001
K(ma/L) 178.50+1.88 163.08+2.43 <0.001
Sr(ug/L) 127.52+4.84 108.53+4.14 0.007
Se(ug/L) 94.52+2.74 71.5243.65 <0.001
Mn(ug/L) 45.97£2.10 36.67+2.93 0.017
B(ug/L) 238.27+11.05 173.08+9.62 <0.001
Cu(ug/L) 661.62+17.32 826.25+35.17 0.001
Mo(ug/L) 9.90+0.76 5.70+0.52 <0.001

as predictors: Ca, Mg, K, Se, Sr, Mn, B, Mo, and Cu. A
distinct tendency of separation between healthy cows
and fatty liver cows was seen in the score plot results
(Fig. 4A). In particular, the first two principal compo-
nents (PC1 and PC2) accounted for 66.6% of the total
variance, with PC1 contributing 54.7% and PC2 contrib-
uting 11.9%. The principal component analysis’s depicted
loading plot of the investigated traits revealed that asso-
ciated features were positioned on the plot with close

distances, which was consistent with correlation analysis
(Fig. 4B). For instance, only Cu was found on the right
side of the plot, whereas factors like Ca, K, Mo, Se, B, Mg,
Mn, and Sr that had a negative impact on the health of
cattle were found on the left.

The researched characteristics were divided in a man-
ner similar to the PCA plot depending on the resulting
dendrogram using clustering analysis (Fig. 5), with Ca,
Mg, K, Se, Sr, Mn, B, and Mo clustered together, while
Cu was classified separately. The result could further sub-
stantiate the classification of samples by the PCA model.

The predictors utilized were the same as those in the
final PCA model. The orthogonal partial least squares
discriminant analysis (OPLS-DA) figure showed dis-
tinct divisions between healthy (red) cows and fatty liver
(green) cows (Fig. 6A). In addition, variable importance
values were indicated in Fig. 6B, with six variables (Ca,
Mg, Se, K, B, and Mo) having higher variable importance
for projection (VIP) values (>1.0). It indicated that these
variables were important indicators to distinguish fatty
liver cows.

ROC curve analysis
The ROC curve analysis was used to determine the poten-
tial value of various macroelements and microelements
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Fig. 2 Serum macroelements and microelements content dynamics in cows after parturition. A Ca, (B) K, (C) Mg, (D) Se, (E) Sr, (F) Mn, (G) B, (H) Cu,
(1) Mo. Significant differences were shown as *(P < 0.05), **(P < 0.01). Values were presented as means+SEM

for fatty liver disease (Fig. 7). Macroelements and micro-
elements with AUC values approaching 1 had a signifi-
cantly improved predictive power as biomarkers. The
experimental results revealed that five minerals (Ca, K,
Se, B and Mo) had an area under the curve (AUC) of>0.9
(Fig. 7). The sensitivity, specificity, and AUC values for
the serum calcium levels predictive capacity were 0.92,
1.00, and 0.96 respectively. Furthermore, the AUC of
0.92 with a sensitivity of 1.00 and specificity of 0.67 was
obtained for the serum Se. Meanwhile, the serum levels
of K showed a sensitivity of 1.00, specificity of 0.75, and
the AUC of 0.92. Moreover, the AUC of 0.91 was calcu-
lated for serum B levels with a sensitivity of 1.000 and
specificity of 0.67. Finally, the serum levels of Mo showed
a sensitivity of 0.92, specificity of 0.75, and the AUC of
0.90 (Table 2).

Discussion

Fatty liver is a prevalent disease in dairy cows during
lactation. In order to minimize the influence of other
variables on clinical laboratory markers, cows with
comparable parity, body condition scores, and ages

were selected for the experiment. We first analyzed the
amount of macroelements and microelements in the
serum by ICP-MS and found that the concentrations of
Ca, K, Mg, Sr, Se, Mn, B, and Mo were considerably lower
than in healthy cows, although the amounts of Cu were
significantly higher. Meanwhile, the concentrations of the
above macroelements and microelements fluctuated sig-
nificantly from delivery to 28 days. In addition, after visu-
alization of the collected data using PCA and OPLS-DA
algorithm, the trend of separation between groups was
found to be obvious. Simultaneously, there were strong
connections between the elements Ca, K, Mg, Sr, Se,
Mn, B, and Mo. Through ROC curve analysis and vari-
able importance values, the results further revealed the
biological importance of Ca, Se, K, B and Mo elements in
the diagnosis of fatty liver in cows.

Both group comparisons and multiple regression anal-
ysis demonstrated that the occurrence of fatty liver in
cows may be associated with the deficiency of Ca, K, Mg,
Mo, B, Se, Sr, and Mn. In agreement with Patel et al. and
Fiore et al,, our data obtained showed that cows with fatty
livers had elevated serum levels of NEFA and GGT and
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and microelements of healthy cows and cows with fatty liver. B The principal components analysis's loading plot of the investigated variables

decreased blood GLU, and the changes may have led to
disturbed glucolipid metabolism and oxidative stress in
cows [2, 21, 22]. Disorders of glucolipid metabolism were
linked to aberrant macroelements and microelements

metabolism, according to studies done on people and
animals [23, 24]. There was still a lack of clarity regard-
ing the molecular processes of Mn in the etiology of fatty
liver. However, a cohort research found that having high
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blood Mn levels may serve as a potential defense against
fatty liver [25, 26]. In addition, increased triglyceride
levels were associated with lower blood Ca and Mg con-
centrations [27-29]. Supplementing with B and Mo had
been shown to lessen the amount of fat that build up in
the liver and lowered the risk of fatty liver [30—32]. Dairy
cows in the transition period usually had negative energy
balance, which was influenced by the amount of intake
the cow received [33]. It was worth noting that blood Ca
and K concentrations in feed can affect the dry matter
intake of cows, and supplementation with Ca and K can
alleviate the extent of negative energy balance in cows
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Table 2 The sensitivity and specificity of macroelements and

microelements in dairy cows

Parameters Sensitivity Specificity PValue
Ca 0.92 1.00 <0.01
Se 1.00 0.67 <0.01
K 1.00 0.75 <0.01
B 1.00 0.67 <0.01
Mo 0.92 0.75 <0.01

[34-36]. So far, no uniform conclusion has been reached
on the relationship between macroelements and microe-
lements content and fatty liver, but our experimental data
and the above report suggested that changes in macroele-
ments and microelements content may have contributed
at least to some extent to the development of fatty liver in
dairy cows.

Fatty acids increased sharply in the serum and liver of
cows after parturition and were metabolized to provide
energy. However, high concentrations of fatty acids also
showed lipotoxicity in liver tissue. Fatty acid-induced
hepatic lipotoxicity was reduced by improving mito-
chondrial function, lowering reactive oxygen species
(ROS) levels and increasing fatty acid oxidation [37].
As macroelements and microelements are the basis
for mitochondrial function and lipid metabolism [38,
39]. Macroelements and microelements deficiencies
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Fig. 6 Orthogonal partial least squares discriminant analysis (OPLS-DA). A OPLS-DA score graph. The red triangle represents the healthy group
and the green cross represents the fatty liver group. B The VIP score graph of OPLS-DA
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can lead to mitochondrial dysfunction and oxidative
stress. Previous studies had demonstrated the exist-
ence of mitochondrial dysfunction in cattle with fatty
liver [40]. However, studies in the metabolism of mac-
roelements and microelements in the serum of dairy
cows with fatty liver were relatively limited. Data from
mice have demonstrated that deep seawater containing
Mg, Ca and K can enhance the antioxidant system and
inhibit fatty acid biosynthesis in mice, with the strong-
est preventive effect on fatty liver [41]. Meanwhile, it
has been demonstrated that the addition of macroe-
lements and microelements to the diet can improve
cows’ antioxidant status [42, 43]. Specifically, Se and
B supplementation can increase the levels of antioxi-
dant enzymes, reducing the incidence of fatty liver and
other metabolic diseases [44, 45]. Moreover, Mn and
Cu are also necessary parts of the superoxide dismutase
(MnSOD, Cu/Zn SOD), and supplement of the above
minerals can decrease mitochondrial oxidative stress
and improve the capacity of ROS to be scavenged [46,
47]. Meanwhile, Cu also promotes mitochondrial bio-
genesis and fatty acid oxidation through the regulation
of AMP-activated protein kinase activity, improving the
development of fatty liver [48]. In our study, serum cop-
per levels were significantly higher in cows with fatty
liver than in healthy cows, which may be related to the
mobilisation of copper by the organism in response to
oxidative damage. Furthermore, Cu metabolism levels
in cows were highly susceptible to Mo levels [49]. Mo
deficiency promoted the absorption of Cu, which may
also lead to elevated levels of Cu. Moreover, fatty acid
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Table 3 Nutritional composition of the diet of dairy cows

Components Percentage (%)
Silage 403

Mixes ' 235

Soybean cake 12.5

Clover 10.1

Tablet corn 5.1

Cottonseed 34

Molasses 2.7

Beet pulp 2.2

Fat powder 0.2

Mixes': corn 50%, DDGS 12%, bran 8%, soybean meal 19.7%, rooibos 5%, baking
soda 3%, magnesium chloride 1%, probiotics 1%, calcium 0.3%

overload and intrahepatic lipid accumulation induced
endoplasmic reticulum stress, which was associated
with reduced Sr levels [50]. Sr deficiency was observed
in cows with fatty liver in the present study.

In summary, macroelements and microelements are
critical for lipid oxidation and oxidative stress resistance.
Oxidative stress and disturbed lipid metabolism are pre-
sent in cows with fatty liver and play a key role in hepatic
lipid accumulation currently confirmed by in vivo studies
[40]. Therefore, we suggest that deficiency of Ca, K, Mg,
Se, B, Mo, Mn, and Sr may contribute to the occurrence
of fatty liver in cows.

Conclusion

This study found that Ca, K, Se, B, Mo, Mn, Mg, and
Sr were severely lacking in postpartum fatty liver cows,
but Cu content was dramatically raised. The differences
between healthy and fatty liver cows were most pro-
nounced at 7 days after parturition. In conclusion, mac-
roelements and microelements imbalances may be one of
the key factors in fatty liver disease.

Materials and methods

Experimental animals

The present study protocol was approved by the Eth-
ics Committee on the Care and Use of Laboratory Ani-
mals at Shandong Agricultural University (Tai’an, China)
(Number: SDAUA-2019-057). The third edition of the
"Guide for the Care and Use of Agricultural Animals in
Research and Teaching" contained the fundamentals
and recommendations for providing humane care to the
animals [51]. The cows used in this study were selected
from a dairy farm in Zaozhuang, Shandong, China.
All cows were housed in freestalls, milked twice daily,
and with ad libitum access to tap water. Every cow was
fed the same way and with the same fundamental diet
formula (Table 3). We randomly selected postpartum
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Table 4 Description of basic information of fatty liver cows
(n=12) and healthy cows (n=12)

Variables Control (Mean + SEM) Fatty liver
(Mean +
SEM)
Fetuses 2,67 £040 242 +034
Age (mon) 50.00 +£4.82 5033 +£5.83
Physical condition 3.09+0.12 3.04 +£0.08

Holstein cows for a basic body condition examination
and excluded the effects of other major diseases (such as
ulcer hoof disease, afterbirth retention and mastitis). TG
level in the liver was a common standard for diagnosing
fatty liver in cows. Healthy cows had TG concentration
of below one percent of the wet weight of the liver tissue;
fatty liver cows were seen in those whose TG amount was
greater than 1% of the wet weight of the liver tissue [52].
Healthy cows (n=12) and cows with fatty liver (n=12)
were selected for the experimental study. Table 4 dis-
played the basic body features of healthy cows and cows
with fatty liver.

Sample collection

Blood samples were collected from the caudal vein within
1 h of the morning feeding on days 7, 14, 21, and 28 after
partutition. The serum was subsequently prepared via
centrifugation (2500 r/min) and stored at -80 °C.

Hepatic tissue samples were removed from the right
side of the cow between the 11-12 ribs within 14 d after
parturition with a liver biopsy needle. Briefly, then the
hair between the ribs was removed with a razor, and the
skin of the puncture area was disinfected with 75% alco-
hol and povidone-iodine. After that, local anesthesia was
performed with 5% lidocaine hydrochloride by subcuta-
neous injection, then a stabbing incision of about 1 cm
was made on the skin with a 22# scalpel, and the liver tis-
sue was removed through the puncture device, washed
with 0.9% saline, and stored frozen in a liquid nitrogen
tank.

Determination of blood biomarkers

An automatic biochemical analytical system (Hitachi
7020, Tokyo, Japan) was used to measure the concentra-
tions of the biochemical indexes for GLU, AST, and ALT
in serum (GLU: GL3815; AST: AS3804; ALT: AL3801,
Randox Laboratories, Crumlin, UK). The serum levels of
NEFA and GGT in liver tissues were measured with rea-
gent kits (NEFA: A042-2-1; GGT: C017-2-1, NanJingJi-
anCheng, Nanjing, China).
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Determination of TG content

TG reagent kit was used for the determination of TG
(TG: A110-1-1, NanJingJianCheng, Nanjing, China). The
liver tissue samples and saline (0.9%) were mixed with a
weight (g): volume (mL) ratio of 1:9. The liver tissue solu-
tion was mechanically homogenized for 10 min (2500 r/
min), and the supernatant was collected for TG analy-
sis. Total protein concentration was determined by BCA
method (A045-4, NanJingJianCheng, Nanjing, China).
Cows were designated fatty liver (m=12) or healthy
(n=12) according to the criteria for determining fatty
liver.

Evaluation of serum macroelements and microelements
Levels

5 mL of nitric acid was added to the serum for sample
digestion using the microwave digestion method. The
contents of Ca, K, Mg, B, Se, Sr, Mo, Cu, and Mn in
serum samples were analyzed by Agilent 7800 ICP-MS
(Agilent Technologies, Tokyo, Japan). Diluted calibra-
tion solution was prepared with calibration standards.
Specific concentrations of Sc, Ge, Rh, In, Bi were added
to all calibration solutions and samples as internal stand-
ards. The basic validation of the parameters included the
recognition of recovery, ranging from 90 to 110%. The
ICP-MS system summary operating characteristics were
in Table 5.

Statistical analysis

SPSS software (SPSS 13.0 software, SPSS Inc., Chicago,
IL) was used to analyze the data, and the results were
expressed as the means+SEM. The Shapiro—Wilk test
was used to measure the distribution of the variables
under study, and additional statistical analyses were per-
formed based on the results. The student’s t-test and the

Table 5 Characteristics of ICP-MS system operation

Name of the parameter Parameters
RF Power 1500W
Plasma gas flow rate 15 L/min
Carrier gas flow rate 0.80L/min
Auxiliary airflow 0.40L/min
Helium flow rate 4-5mbL/min
Nebulization room temperature 2°C

Sample lift speed 0.3r1/s

Atomization High Salinity/Concentric Nebulizer

Sampling cone/Interception Nickel/Platinum Cone
Sampling depth 8-10mm
Measurement points per peak 1-3

Number of repetitions 2-3
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Wilcoxon test were used for statistical evaluation of nor-
mally and non-normally distributed variables, respec-
tively. The correlation between the nine macroelements
and microelements (Ca, K, Mg, Se, B, Mo, Mn, Sr, and
Cu) was evaluated using Pearson correlation analy-
sis. The MetaboAnalyst 5.0 online software was used to
perform PCA, OPLS-DA, and HCA. P values of 0.05 or
below were regarded as statistically significant. Finally,
ROC curve analyses were drawn using GraphPad Prism
(GraphPad 8.0 Software, San Diego, CA, USA) to assess
the best diagnostic markers for fatty liver in dairy cows.

Abbreviations

ALT Alanine aminotransferase
AST Aspartate aminotransferase
B Boron

Ca Calcium

Cu Copper

GGT y-Glutamyl transpeptidase
GLU Glucose

HCA Hierarchical cluster analysis
ICP-MS Inductively coupled plasma mass spectrometry
K Potassium

Mg Magnesium

Mn Manganese

Mo Molybdenum

NEFA Non-esterified fatty acid

OPLS-DA  Orthogonal partial least squares-discriminant analysis
PCA Principal component analysis

ROC Receiver operating characteristic

Se Selenium

Sr Strontium

Acknowledgements

The authors thank the reviewers for their valuable suggestions. We are thank-
ful to the College of Veterinary Medicine of Shandong Agricultural University
for providing partial experimental equipment. We thank Shandong Xianghe
Dairy for providing experimental samples. Thanks to Ruifeng Fan and Zhengui
Yan for their guidance on this study.

Authors’ contributions

ZK, RF.andY.Z conceived and designed the studies. J.S. and Z K. performed
the experiments. ZK, L.K, L.Z, LM. and L.X. analyzed the data. ZK, L. K,
RF.andY.Z wrote the manuscript text. All authors critically reviewed and
approved the manuscript.

Funding
None declared.

Availability of data and materials
The data used to support the findings of this study are available from the cor-
responding author upon request.

Declarations

Ethics approval and consent to participate

The present study protocol was approved by the Ethics Committee on the
Care and Use of Laboratory Animals at Shandong Agricultural University
(Tai'an, China) (Number: SDAUA-2019-057). The Guiding Principles for the
Care and Use of Research Animals and Animal Research: Reporting In Vivo
Experiments (ARRIVE guidelines) were followed in all animal experimentation
methods. The owners of the involved animals provided us with their informed
written consent. All methods and procedures described in this paper were
carried out in accordance with European Union Directive 2010/63/EU.

Page 9 of 11

Consent for publication
Not applicable.

Competing interests
The authors declare no real or perceived conflicts of interest.

Author details

'College of Veterinary Medicine, Shandong Agricultural University, 61 Daizong
Street, Tai'an City, Shandong Province 271018, China. *Shandong Provincial
Key Laboratory of Animal Biotechnology and Disease Control and Prevention,
Shandong Agricultural University, 61 Daizong Street, Tai'an City, Shandong
Province 271018, China. *Shandong Provincial Engineering Technology
Research Center of Animal Disease Control and Prevention, Shandong Agri-
cultural University, 61 Daizong Street, Tai'an City, Shandong Province 271018,
China.

Received: 20 November 2023 Accepted: 9 June 2024
Published online: 06 July 2024

References

1. Giannuzzi D, Tessari R, Pegolo S, Fiore E, Gianesella M, Trevisi E, et al.
Associations between ultrasound measurements and hemato-
chemical parameters for the assessment of liver metabolic status in
Holstein-Friesian cows. Sci Rep. 2021;11:16314. https://doi.org/10.1038/
$41598-021-95538-x.

2. Patel NR, Suthar A, Prajapati AS, Sarma D, Nair A, Raval SH, et al. Hemato-
biochemical and ultrasonographic evaluation of hepatic lipidosis in dairy
buffaloes. Trop Anim Health Prod. 2022;54:329. https://doi.org/10.1007/
$11250-022-03322-4.

3. Grummer RR. Etiology of lipid-related metabolic disorders in periparturi-
ent dairy cows. J Dairy Sci. 1993;76:3882-96. https://doi.org/10.3168/jds.
S0022-0302(93)77729-2.

4. Fang Z Liu G, Zhu M, Wang S, Jiang Q, Loor JJ, et al. Low abundance of
mitophagy markers is associated with reactive oxygen species over-
production in cows with fatty liver and causes reactive oxygen species
overproduction and lipid accumulation in calf hepatocytes. J Dairy Sci.
2022;105:7829-41. https://doi.org/10.3168/jds.2021-21774.

5. DongJ, Loor JJ, Zuo R, Chen X, Liang Y, Wang Y, et al. Low abundance
of mitofusin 2 in dairy cows with moderate fatty liver is associated with
alterations in hepatic lipid metabolism. J Dairy Sci. 2019;102:7536-47.
https://doi.org/10.3168/jds.2019-16544.

6. ShenY, Chen L, Yang W, Wang Z. Exploration of serum sensitive biomark-
ers of fatty liver in dairy cows. Sci Rep. 2018;8:13574. https://doi.org/10.
1038/541598-018-31845-0.

7. Zhang C, Shao Q, Liu M, Wang X, Loor JJ, Jiang Q, et al. Liver fibrosis is a
common pathological change in the liver of dairy cows with fatty liver. J
Dairy Sci. 2023;106:2700-15. https://doi.org/10.3168/jds.2022-22021.

8. Somagond YM, Alhussien MN, Dang AK. Repeated injection of multivita-
mins and multiminerals during the transition period enhances immune
response by suppressing inflammation and oxidative stress in cows and
their calves. Front Immunol. 2023;14:1059956. https://doi.org/10.3389/
fimmu.2023.1059956.

9. Zhao XJ, Wang XY, Wang JH, Wang ZY, Wang L, Wang ZH. Oxidative
stress and imbalance of mineral metabolism contribute to lameness in
dairy cows. Biol Trace Elem Res. 2015;164:43-9. https://doi.org/10.1007/
$12011-014-0207-1.

10. Mion B, Ogilvie L, Van Winters B, Spricigo JF, Anan S, Duplessis M, et al.
Effects of replacing inorganic salts of trace minerals with organic trace
minerals in the pre- and postpartum diets on mineral status, antioxidant
biomarkers, and health of dairy cows. J Anim Sci. 2023;101. https://doi.
0rg/10.1093/jas/skad041.

11. YasuiT, Ehrhardt RM, Bowman GR, Vazquez-Anon M, Richards JD, Atwell
CA, et al. Effects of trace mineral amount and source on aspects of oxida-
tive metabolism and responses to intramammary lipopolysaccharide
challenge in midlactation dairy cows. Animal. 2019;13:1000-8. https://
doi.org/10.1017/51751731118002525.

12. Lyle RR, Birkmeyer KD, Young JW. In vitro hepatic gluconeogenesis and
ketogenesis as affected by prolonged ketonemia-glucosuria and fasting


https://doi.org/10.1038/s41598-021-95538-x
https://doi.org/10.1038/s41598-021-95538-x
https://doi.org/10.1007/s11250-022-03322-4
https://doi.org/10.1007/s11250-022-03322-4
https://doi.org/10.3168/jds.S0022-0302(93)77729-2
https://doi.org/10.3168/jds.S0022-0302(93)77729-2
https://doi.org/10.3168/jds.2021-21774
https://doi.org/10.3168/jds.2019-16544
https://doi.org/10.1038/s41598-018-31845-0
https://doi.org/10.1038/s41598-018-31845-0
https://doi.org/10.3168/jds.2022-22021
https://doi.org/10.3389/fimmu.2023.1059956
https://doi.org/10.3389/fimmu.2023.1059956
https://doi.org/10.1007/s12011-014-0207-1
https://doi.org/10.1007/s12011-014-0207-1
https://doi.org/10.1093/jas/skad041
https://doi.org/10.1093/jas/skad041
https://doi.org/10.1017/S1751731118002525
https://doi.org/10.1017/S1751731118002525

Zhang et al. BMC Veterinary Research

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2024) 20:295

in steers. J Dairy Sci. 1984;67:2283-93. https://doi.org/10.3168/jds.50022-
0302(84)81576-3.

van Mosel M, Klooster AT, Malestein A. Effects of an inadequate dietary
intake of magnesium on osteogenesis in dairy cows during the dry
period. Res Vet Sci. 1990;48:280-7.

. Lean 1J, DeGaris PJ, McNeil DM, Block E. Hypocalcemia in dairy cows:

meta-analysis and dietary cation anion difference theory revisited. J
Dairy Sci. 2006;89:669-84. https://doi.org/10.3168/jds.50022-0302(06)
72130-0.

. Leno BM, LaCount SE, Ryan CM, Briggs D, Crombie M, Overton TR. The

effect of source of supplemental dietary calcium and magnesium in
the peripartum period, and level of dietary magnesium postpartum,
on mineral status, performance, and energy metabolites in multipa-
rous Holstein cows. J Dairy Sci. 2017;100:7183-97. https://doi.org/10.
3168/jds.2017-12773.

. Goff JB, Hohman A, Timms LL. Effect of subclinical and clinical hypoc-

alcemia and dietary cation-anion difference on rumination activity in
periparturient dairy cows. J Dairy Sci. 2020;103:2591-601. https://doi.
0rg/10.3168/jds.2019-17581.

. Goff JP. Macromineral disorders of the transition cow. Vet Clin North
Am Food Anim Pract. 2004;20(471-94):v. https://doi.org/10.1016/j.cvfa.

2004.06.003.

. Basoglu A, Baspinar N, Tenori L, Vignoli A, Gulersoy E. Effects of Boron

Supplementation on Peripartum Dairy Cows'Health. Biol Trace Elem
Res. 2017;179:218-25. https://doi.org/10.1007/s12011-017-0971-9.

. Ren ZH, Bai LP, Shen LH, Luo ZZ, Zhou ZH, Zuo ZC, et al. Comparative

iTRAQ Proteomics Reveals Multiple Effects of Selenium Yeast on Dairy
Cows in Parturition. Biol Trace Elem Res. 2020;197:464-74. https://doi.
0rg/10.1007/s12011-019-01999-7.

Xiao J, Khan MZ, Ma Y, Alugongo GM, Ma J, Chen T, et al. The Antioxi-
dant Properties of Selenium and Vitamin E; Their Role in Periparturient
Dairy Cattle Health Regulation. Antioxidants (Basel). 2021;10. https://
doi.org/10.3390/antiox10101555.

. Fiore E, Piccione G, Perillo L, Barberio A, Gianesella M. Fiore, et al.

Hepatic lipidosis in high- yielding dairy cows during the transition
period haematochemical and histopathological findings. Anim Prod
Sci. 2017; 57:74-80. https://doi.org/10.1071/AN15262.

Fiore E, Perillo L, Morgante M, Giudice E, Contiero B, Curone G, et al.
Ultrasonographic measurement of liver, portal vein, hepatic vein and
perivisceral adipose tissue in high-yielding dairy cows with fatty liver
during the transition period. J Dairy Res. 2018;85:431-8. https://doi.
0rg/10.1017/50022029918000754.

Steinbrenner H, Duntas LH, Rayman MP. The role of selenium in type-2

diabetes mellitus and its metabolic comorbidities. Redox Biol. 2022;50:

102236. https://doi.org/10.1016/j.redox.2022.102236.

Himoto T, Masaki T. Current Trends of Essential Trace Elements in
Patients with Chronic Liver Diseases. Nutrients. 2020;12. https://doi.
0rg/10.3390/nu12072084.

Zhang D,Wu S, Lan Y, Chen S,Wang Y, Sun Y, et al. Blood manganese
and nonalcoholic fatty liver disease: A cohort-based case-control
study. Chemosphere. 2022;287: 132316. https://doi.org/10.1016/j.
chemosphere.2021.132316.

Nasr P, Ignatova S, Lundberg P, Kechagias S, Ekstedt M. Low hepatic
manganese concentrations in patients with hepatic steatosis - A
cohort study of copper, iron and manganese in liver biopsies. J Trace
Elem Med Biol. 2021;67: 126772. https://doi.org/10.1016/j.jtemb.2021.
126772.

Papageorgiou M, Merminod F, Ferrari S, Rizzoli R, Biver E. Associations
of Calcium Intake and Calcium from Various Sources with Blood Lipids
in a Population of Older Women and Men with High Calcium Intake.
Nutrients. 2022;14. https://doi.org/10.3390/nu14061314.

Gaman MA, Dobrica EC, Cozma MA, Antonie NI, Stanescu AM, Gaman
AM, et al. Crosstalk of Magnesium and Serum Lipids in Dyslipidemia
and Associated Disorders: A Systematic Review. Nutrients. 2021;13.
https://doi.org/10.3390/nu13051411.

Arshad U, Santos JE. Hepatic triacylglycerol associations with produc-
tion and health in dairy cows. J Dairy Sci. 2022;105:5393-409. https://
doi.org/10.3168/jds.2021-21031.

Kucukkurt I, Ince S, Eryavuz A, Demirel HH, Arslan-Acaroz D, Zemheri-
Navruz F, et al. The effects of boron-supplemented diets on adipogen-
esis-related gene expressions, anti-inflammatory, and antioxidative

31

32.

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 10 of 11

response in high-fat fed rats. J Biochem Mol Toxicol. 2023;37: e23257.
https://doi.org/10.1002/jbt.23257.

Khalig H, Juming Z, Ke-Mei P. The Physiological Role of Boron on
Health. Biol Trace Elem Res. 2018;186:31-51. https://doi.org/10.1007/
$12011-018-1284-3.

Lee S, Nam KH, Seong JK, Ryu DY. Molybdate Attenuates Lipid Accumu-
lation in the Livers of Mice Fed a Diet Deficient in Methionine and
Choline. Biol Pharm Bull. 2018;41:1203-10. https://doi.org/10.1248/
bpb.b18-00020.

Moore SM, DeVries TJ. Effect of diet-induced negative energy balance
on the feeding behavior of dairy cows. J Dairy Sci. 2020;103:7288-301.
https://doi.org/10.3168/jds.2019-17705.

Seely CR, Leno BM, Kerwin AL, Overton TR, McArt JA. Association of
subclinical hypocalcemia dynamics with dry matter intake, milk yield,
and blood minerals during the periparturient period. J Dairy Sci.
2021;104:4692-702. https://doi.org/10.3168/jds.2020-19344.

Neville EW, Fahey AG, Meade KG, Mulligan FJ. Effects of calcareous
marine algae on milk production, feed intake, energy balance, mineral
status, and inflammatory markers in transition dairy cows. J Dairy Sci.
2022;105:6616-27. https://doi.org/10.3168/jds.2021-21443.

. Zali A, Nasrollahi SM, Khodabandelo S. Effects of two new formulas of

dietary buffers with a high buffering capacity containing Na or K on
performance and metabolism of mid-lactation dairy cows. Prev Vet
Med. 2019;163:87-92. https://doi.org/10.1016/j.prevetmed.2019.01.
003.

Jun DW, Cho WK, Jun JH, Kwon HJ, Jang KS, Kim HJ, et al. Prevention of
free fatty acid-induced hepatic lipotoxicity by carnitine via reversal of
mitochondrial dysfunction. Liver Int. 2011;31:1315-24. https://doi.org/
10.1111/j.1478-3231.2011.02602 x.

Ma C, Han L, Zhu Z, Heng Pang C, Pan G. Mineral metabolism and
ferroptosis in non-alcoholic fatty liver diseases. Biochem Pharmacol.
2022;205: 115242 https://doi.org/10.1016/j.bcp.2022.115242.
Tarhonska K, Raimondi S, Specchia C, Wieczorek E, Reszka E, Krol MB,
et al. Association of allelic combinations in selenoprotein and redox
related genes with markers of lipid metabolism and oxidative stress -
multimarkers analysis in a cross-sectional study. J Trace Elem Med Biol.
2022;69: 126873. https://doi.org/10.1016/j.jtemb.2021.126873.

Du X, Shen T, Wang H, Qin X, Xing D, Ye Q, et al. Adaptations of hepatic
lipid metabolism and mitochondria in dairy cows with mild fatty liver. J
Dairy Sci. 2018;101:9544-58. https://doi.org/10.3168/jds.2018-14546.
Lee CY, Lee CL. Comparison of the Improvement Effect of Deep Ocean
Water with Different Mineral Composition on the High Fat Diet-
Induced Blood Lipid and Nonalcoholic Fatty Liver Disease in a Mouse
Model. Nutrients. 2021;13. https://doi.org/10.3390/nu13051732.

Chen YH, Chen YM, Tu PA, Lee KH, Chen JY, Hsu JT. Effect of Supple-
menting Vitamin E, Selenium, Copper, Zinc, and Manganese during
the Transition Period on Dairy Cow Reproductive Performance and
Immune Function. Vet Sci. 2023;10. https://doi.org/10.3390/vetsci1003
0225.

Kumar R, Sahu DS, Chandra G, Yadav SP, Kumar R, Ali N, et al. Effect

of Astaxanthin and Copper Supplementation on Growth, Immunity,
Antioxidant, and Blood Biochemical Status of Growing Murrah Buffalo
Heifers. Biol Trace Elem Res. 2022;200:5052-63. https://doi.org/10.1007/
$12011-021-03091-5.

Acaroz U, Ince S, Arslan-Acaroz D, Gurler Z, Kucukkurt I, Demirel HH,

et al. The ameliorative effects of boron against acrylamide-induced
oxidative stress, inflammatory response, and metabolic changes in
rats. Food Chem Toxicol. 2018;118:745-52. https://doi.org/10.1016/jfct.
2018.06.029.

Huang J, Xie L, Song A, Zhang C. Selenium Status and Its Antioxidant
Role in Metabolic Diseases. Oxid Med Cell Longev. 2022,;2022:7009863.
https://doi.org/10.1155/2022/7009863.

Li L, Yang X. The Essential Element Manganese, Oxidative Stress, and
Metabolic Diseases: Links and Interactions. Oxid Med Cell Longev.
2018;2018:7580707. https://doi.org/10.1155/2018/7580707.

Ruiz LM, Libedinsky A, Elorza AA. Role of Copper on Mitochondrial
Function and Metabolism. Front Mol Biosci. 2021;8: 711227. https://doi.
0rg/10.3389/fmolb.2021.711227.

Xie L, YuanY, Xu 'S, Lu S, Gu J, Wang Y, et al. Downregulation of hepatic
ceruloplasmin ameliorates NAFLD via SCO1-AMPK-LKB1 complex. Cell
Rep. 2022;41: 111498. https://doi.org/10.1016/j.celrep.2022.111498.


https://doi.org/10.3168/jds.S0022-0302(84)81576-3
https://doi.org/10.3168/jds.S0022-0302(84)81576-3
https://doi.org/10.3168/jds.S0022-0302(06)72130-0
https://doi.org/10.3168/jds.S0022-0302(06)72130-0
https://doi.org/10.3168/jds.2017-12773
https://doi.org/10.3168/jds.2017-12773
https://doi.org/10.3168/jds.2019-17581
https://doi.org/10.3168/jds.2019-17581
https://doi.org/10.1016/j.cvfa.2004.06.003
https://doi.org/10.1016/j.cvfa.2004.06.003
https://doi.org/10.1007/s12011-017-0971-9
https://doi.org/10.1007/s12011-019-01999-7
https://doi.org/10.1007/s12011-019-01999-7
https://doi.org/10.3390/antiox10101555
https://doi.org/10.3390/antiox10101555
https://doi.org/10.1071/AN15262
https://doi.org/10.1017/S0022029918000754
https://doi.org/10.1017/S0022029918000754
https://doi.org/10.1016/j.redox.2022.102236
https://doi.org/10.3390/nu12072084
https://doi.org/10.3390/nu12072084
https://doi.org/10.1016/j.chemosphere.2021.132316
https://doi.org/10.1016/j.chemosphere.2021.132316
https://doi.org/10.1016/j.jtemb.2021.126772
https://doi.org/10.1016/j.jtemb.2021.126772
https://doi.org/10.3390/nu14061314
https://doi.org/10.3390/nu13051411
https://doi.org/10.3168/jds.2021-21031
https://doi.org/10.3168/jds.2021-21031
https://doi.org/10.1002/jbt.23257
https://doi.org/10.1007/s12011-018-1284-3
https://doi.org/10.1007/s12011-018-1284-3
https://doi.org/10.1248/bpb.b18-00020
https://doi.org/10.1248/bpb.b18-00020
https://doi.org/10.3168/jds.2019-17705
https://doi.org/10.3168/jds.2020-19344
https://doi.org/10.3168/jds.2021-21443
https://doi.org/10.1016/j.prevetmed.2019.01.003
https://doi.org/10.1016/j.prevetmed.2019.01.003
https://doi.org/10.1111/j.1478-3231.2011.02602.x
https://doi.org/10.1111/j.1478-3231.2011.02602.x
https://doi.org/10.1016/j.bcp.2022.115242
https://doi.org/10.1016/j.jtemb.2021.126873
https://doi.org/10.3168/jds.2018-14546
https://doi.org/10.3390/nu13051732
https://doi.org/10.3390/vetsci10030225
https://doi.org/10.3390/vetsci10030225
https://doi.org/10.1007/s12011-021-03091-5
https://doi.org/10.1007/s12011-021-03091-5
https://doi.org/10.1016/j.fct.2018.06.029
https://doi.org/10.1016/j.fct.2018.06.029
https://doi.org/10.1155/2022/7009863
https://doi.org/10.1155/2018/7580707
https://doi.org/10.3389/fmolb.2021.711227
https://doi.org/10.3389/fmolb.2021.711227
https://doi.org/10.1016/j.celrep.2022.111498

Zhang et al. BMC Veterinary Research (2024) 20:295 Page 11 of 11

49. Lopez-Alonso M, Miranda M. Copper Supplementation, A Challenge in
Cattle. Animals (Basel). 2020;10. https://doi.org/10.3390/ani10101890.

50. Jiang H, Guan Q, XiaoY, Feng Z, Yu G, Pan Q. Strontium Alleviates Endo-
plasmic Reticulum Stress in a Nonalcoholic Fatty Liver Disease Model. J
Med Food. 2018. https://doi.org/10.1089/jmf.2018.4186.

51. McGlone JJ, Swanson J. Update on the guide for the care and use of
agricultural animals in research and teaching. J Dairy Sci. 2010;93:12.

52. Bobe G, Young JW, Beitz DC. Invited review: pathology, etiology, preven-
tion, and treatment of fatty liver in dairy cows. J Dairy Sci. 2004,87:3105—
24. https://doi.org/10.3168/jds.50022-0302(04)73446-3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3390/ani10101890
https://doi.org/10.1089/jmf.2018.4186
https://doi.org/10.3168/jds.S0022-0302(04)73446-3

	Serum macroelements and microelements levels in periparturient dairy cows in relation to fatty liver diseases
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Results
	Serum parameters and hepatic TG content
	Serum macroelements and microelements content
	Fluctuations in serum macroelements and microelements levels
	Correlation analysis
	Multivariate analysis
	ROC curve analysis

	Discussion
	Conclusion
	Materials and methods
	Experimental animals
	Sample collection
	Determination of blood biomarkers
	Determination of TG content
	Evaluation of serum macroelements and microelements Levels
	Statistical analysis

	Acknowledgements
	References


