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Abstract

Background
Fatty liver disease prevalently occurs in commercial postpartum dairies, resulting in a worldwide high
culling rate because of their subsequent limitations of production and reproduction performance.

Results
Fatty liver-speci�c proteome and acetylome analysis revealed that energy metabolism suppression
closely associated with mitochondrial dysfunction and in�ammation activation are shown to be
remarkable biological processes underlying the development of fatty liver disease, thereby acetylation
modi�cation of proteins modulating these processes. Twenty pivotal genetic factors/genes that
differentially expressing and being acetylation modi�ed in liver were identi�ed and proposed to regulate
the pathogenesis of fatty liver dairies. These proteins were con�rmed to be differentially expressing in
individual liver tissues, eight of which being validated through immunohistochemistry assay.

Conclusion
This study provided a comprehensive proteome and acetylome pro�le of fatty liver of dairy cows, and
revealed potential important biological processes and essential regulators in the pathogenesis of fatty
liver disease. Expectantly, understanding the molecular mechanisms of the pathogenesis of fatty liver
disease in dairies, as an animal model of non-alcoholic fatty liver disease (NAFLD) in human beings,
which is a clinico-pathologically de�ned process associated with metabolic syndrome, could inspire and
facilitate the development of e�cacious therapeutic drugs on NAFLD.

Background
Fatty liver disease is a prevalently occurred metabolic disorder in dairy cows during the transition from
dry period to early lactation in commercial farms throughout the world [1, 2], which is caused by obesity
before calving and dramatic physiological change and reduction of food intake after calving [3].
Meanwhile, the slowly increasing body lactose consumption easily results in insu�cient sugar supply
and enhanced fat mobilization in the liver of postpartum dairy cattle, causing immunological stress
and/or metabolic challenge. As the central organ of energy and substance metabolism, liver undertakes
its mission in maintaining the metabolic balance of carbohydrate, fat and protein in mammals. In
addition, the increasing fat mobilization promotes gluconeogenesis and also dramatically induces the
production of non-esteri�ed fatty acid (NEFA) in the liver [4, 5]. Although NEFA can be partially re-esteri�ed
to TAG, a type of very-low-density lipoprotein (VLDL). However, VLDL is hardly transported out of the liver,
especially for dairy cattle because of its lack for esterase [3, 6], TAG in the liver is prone to be excessively
accumulated, causing fatty liver.
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It is imperative and pertinent to identify the crucial genetic factors that regulate the pathogenesis of fatty
liver disease in dairy cows [2]. The incidence of fatty liver disease at the early lactation not only decreases
the milk yield of the coming lactation period, but also limits the serving life because of subsequent health
problems of dairy herds [7]. Second, the perinatal disorders remain as prevalent now as they were 20
years ago [1], causing worldwide high culling rate of dairy cows in their early lactation period (within 60
days of lactation), approximately 24% in USA [8] and 27%−30% in China [9]. Clinical strategies, such as
increasing blood calcium levels and using anti-in�ammatory drugs had being applied in practice [8],
however, could not either completely change the situation or alleviate the contradictions. Thus,
identi�cation of crucial genetic factors that regulate the pathogenesis of fatty liver disease in dairy cows
would be essential and bene�t for the discovery of novel diagnostic or prewarning biomarkers, and also
be supportive for the development of safer and effective therapeutics to prevent and/or treat fatty liver
disease in animals. Eventually, these are potentially important constituents contributing to the
sustainable development of dairy industry [2].

Recent studies indicate that protein acetylation in mitochondria is suggested to be closely associated
with negative energy balance of dairy cattle during their early lactation stage [10, 11]. Although previous
proteome pro�ling studies on ketosis in dairy cattle, another type of commonly complicated metabolic
disease, were performed, the underlying pathogenesis of fatty liver disease in dairy cows remains largely
unknown [3, 12, 13]. It would be vigorous to reveal the essential pathology and pathogenesis of fatty liver
disease by means of updated proteome analysis [14], so as to fundamentally identify the underneath
crucial genetic factors/genes regulate the development of fatty liver disease in patients and in animals.

Results
The study was carried out as the work-�ow shown in Fig. 1. The postpartum dairy cows were assessed
for the occurrence of fatty liver disease by serum biochemical traits examination and then chosen for
liver biopsy (Table S1). The biopsied liver samples were detected for the assessment of fat content by oil
red O staining, averagely with 6.26% (n=6) and 86.75% (n=8) of cells containing lipid droplets, named as
normal (Norm) and fatty liver (FL) groups. Both proteome and acetylome sequencing analysis were then
performed by using three pairs of biological replicates that were randomly reorganized from 6 individual
normal and/or 8 fatty liver tissues [11]. The identi�ed crucial proteins, with signi�cantly different
expression levels and lysine acetylation levels, were testi�ed by the expression data obtained from the
individually proteome sequencing data. In a word, proteome data obtained through mixed and individual
liver sample sequencing, plus the same source of acetylome data, were all contributed for the
identi�cation of the pivotal protein candidates controlling the hepatic metabolism, especially for fat
deposition in liver. The detailed results were shown step-by-step as follows (Fig.1). 

Energy metabolism associated DEPs were down-regulated, and immune response activation associated
DEPs were up-regulated
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The heat map of Pearson's correlation coe�cients showed that biological replicates within group had
positive correlation and replicates between Norm and FL groups had negative correlation (Fig. S1A). Both
of the distribution range (Fig. S1B) and the length of identi�ed peptide (Fig. S1C) suggest that the
preparation of proteome sequenced samples was appropriate, the obtained peptide data was reliable, and
the model used in the study was credible.

A total of 4,447 proteins were identi�ed, of which 3,874 were quanti�ed. Further, 399 proteins of them
were identi�ed as differentially expressed proteins (Fig. 2A), with 226 proteins up-regulated (fold-
change>1.2, P<0.05) and 173 proteins down-regulated (fold change<1/1.2, P<0.05) in fatty liver group
(FL, Fig. 2B), respectively.  

Functional annotated enrichment analysis of GO and KEGG was performed for all the identi�ed 399
differentially expressed proteins (DEPs). Biological Process enrichment revealed that molecular function
of DEPs are were mainly associated with binding (49%) and catalytic activity (37%); and these proteins
were mainly distributed in cytoplasm (28%), nucleus (16%), extracellular (16%) and mitochondria (13%)
(Fig. 2C). KEGG enrichment revealed that the up-regulated proteins are mainly involved in pathways
associated with immunode�cient diseases and/or related protein processing and biosynthesis (Fig. 2D);
the down-regulated proteins are mainly involved in energy metabolism, such as cyclochrome P450 related
metabolism, chemical carcinogenesis, stereoid hormone biosynthesis, fatty acid metabolism, tryptophan
metabolism and/or PPAR signaling pathway (Fig. 2E).  

To further elucidate the possible function of these DEPs, they were divided into 4 different categories: Q1
(25 DEPs), Q2 (148 DEPs), Q3 (186 DEPs), and Q4 (40 DEPs) (Fig. 3A). Enrichment analysis of GO, KEGG
and protein domains enriched in each Q group was performed. The proteins in Q1 category, with bigger
down-regulated fold change, mainly bind to growth factors and participate in biological processes related
to retinol metabolism and PPAR signaling pathways (Fig. 3B). Proteins in Q2 category with smaller down-
regulated fold change, are mainly involved in a large number of energy metabolism associated pathways
that being occurred in mitochondria by modifying their oxidoreductase and/or transferase activities, such
as fatty acid metabolism, glycolysis/gluconeogenesis, carbon metabolism, amino acid metabolism,
pyruvate metabolism and ketone body synthesis and degradation (Fig. 3C). While, as for the DEPs in Q3
and Q4 category, the enrichment results show many overlapping parts, indicating up-regulated proteins
are extensively enriched in DNA assembly and/or degradation, biological processes of immune defense
responses, or disease-related pathways (Fig. 3D). These enriched possible biological processes and/or
pathways was also identi�ed and con�rmed by the interaction network analysis (Fig. 4A). 

Amazingly, the enriched distribution of the DEPs got high consistence with that of differentially
acetylated proteins (DAPs) identi�ed by acetylome data [11], suggesting there are de�nitely crucial
proteins playing regulatory roles in liver metabolism. Similar KEGG enriched pathways were obtained
from the DEPs and DAPs. For example, pyruvate metabolism pathway was both enriched by up-regulated
proteins and higher-acetylated proteins. Especially for the down-regulated proteins, most of the enriched
pathways were overlapped between proteome and acetylome (Fig. S2A), such as drug metabolism -
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cytochrome P450, metabolism of xenobiotics by cytochrome P450, chemical carcinogenesis, retinol
metabolism, steroid hormone biosynthesis, drug metabolism - other enzymes, platinum drug resistance. It
suggested that the acetylation might be one of the major modi�cation means of these important proteins
regulating the cellular metabolism in the liver. However, the protein expression level and their acetylated
level showed weakly positive correlation coe�cient (Fig. S2B). This indicated that the function of
acetylated protein might be consistent with the protein itself, but the acetylaion modi�ed direction (higher
or lower) and/or regulated level might be weakly correlated with that of the protein itself.

These collective results of enrichment analysis suggest that the pathogenesis of fatty liver disease in
dairy cattle was accompanied with energy metabolism suppression (mainly occurred in mitochondria, for
example, tricarboxylic acid cycle, TCA cycle) and immune reaction activation. This was again con�rmed
by protein-protein interaction networks of these DEPs. In the protein network, some rate-limiting or key
enzymes (proteins) were indicated as central nodes in the complicated protein-protein network. For
example, acetyl-CoA carboxylase 1 (ACACA), cytochrome P450 (CYP1A1), retinal dehydrogenase 1
(ALDH1A1) and aldehyde oxidase 1 (AOX1) displayed 26, 16, 15 and 13 connections with other proteins,
respectively (Fig. 4B). 

Validation of the identi�ed DEPs

Another set of proteome data obtained previously by using the same source of liver tissues, but
individually sequenced (240 DEPs), were applied in the study, in order to validate the expression levels of
proteins in the normal and fatty liver tissues. In the study, eight of the 399 DEPs were randomly selected
and compared their expression levels in mixed (n=3 for both normal and fatty liver group) and individual
sequenced samples (n=6 for normal group and n=8 for fatty liver group). The results indicated that both 4
down-regulated and 4 up-regulated proteins showed similar expression regulation pattern and good
consistency under the two different assessment methods (Fig. 5A), suggesting the reliability of the
identi�ed DEPs in the study. Moreover, immunohistochemical staining results of 4 randomly selected
proteins also con�rmed their expression levels were regulated in normal and disease liver tissues,
indicating consistent protein expression regulation pattern obtained from the two different sets of
proteomic data  (Fig. 5B). Actually, these liver speci�c expressed proteins had been con�rmed to be
important proteins for liver function, such as fatty acid biding protein 1 (FABP1), lactate dehydrogenase B
(LDHB) and pyruvate carboxylase (PC).

Identi�cation of potentially essential proteins regulating the pathogenesis of fatty liver disease

Since lysine acetylation is an important and wide spread protein modi�cation for diverse proteins
involved in energy metabolism, the identi�ed DEPs in the study were jointly analyzed and intersected with
the acetylome data obtained by using the same source of liver tissues. The acetylome data revealed that
307 lysine sites on 122 proteins higher-acetylated (fold-change>1.2, P<0.05) and 358 lysine sites on 213
proteins lower-acetylated (fold-change<1/1.2, P<0.05) in fatty liver tissues, compared to the normal liver
tissues (Fig. 6A). Therefore, 54 proteins were identi�ed as overlapping proteins (Fig. 6B) with different
regulation patterns, such as 23 down-down proteins (down-regulated in proteome data and lower-

http://dict.cn/tricarboxylic%20acid%20cycle
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acetylated in acetylome data), 3 up-up proteins, 21 up-down proteins and 9 down-up proteins (Fig. 6C).
Subcellular localization analysis of these 54 overlapping proteins indicated they were mainly localized in
the mitochondria and/or cytoplasm (Fig. 6D). Some of the proteins were shown extremely signi�cant
differences in both of the proteome and acetylome data (Fig. 6E and 6F), such as LDHB, very long-chain
speci�c acyl-CoA dehydrogenase (ACADVL), and aldehyde dehydrogenase 1 family member L1
(ALDH1L1). In addition, protein-protein interaction network analysis of these 54 DEPs showed 100
interactions and 52 nodes were mapped to the protein interaction database (Fig. 6G), allowing us
to understand the underneath biological processes and important proteins (nodes) regulating the
homeostasis of liver metabolism. Especially, metabolic pathways associated with cytochrome P450,
chemical carcinogenesis and pathways associated with amino acid metabolism were all again shown
up (Fig 4A). 

Validation of the overlapping DEPs and identi�cation of pivotal protein candidates regulating the
pathogenesis of fatty liver disease

The 54 overlapping proteins that presumed to be essential regulator in the pathogenesis of fatty liver
disease were again intersected with the 240 DEPs identi�ed by individual proteome data. Therefore, 20
proteins were further �ltered out, being considered as the pivotal protein candidates in regulating the
pathogenesis of fatty liver disease (Fig. 7A). In a another word, the expression level of the 20 differentially
acetylation modi�ed proteins were validated to have signi�cantly different expression abundance in
normal and fatty liver tissues, especially for ALDH1A1, AOX1, PC and FABP1 (Fig. 7B). These proteins
were proposed to be pivotal biomarkers of fatty liver disease in dairy cattle (Fig. 5A and 5B). 

Discussion
Fatty liver disease frequently occurs in dairy cows, a clinico-pathologically de�ned nonalcoholic fatty liver
disease (NAFLD), resulting in a high culling rate of dairy cows during their perinatal period, because of
limitations of milk production performance and attenuation of reproduction performance in the
subsequent serving life. It is estimated that 40–60% of high-yielding dairy cows (daily milk yield > 35 kg)
develop moderate to severe fatty liver disease within 2 weeks after calving [5, 15]. Moreover, the perinatal
fatty liver disease remain as prevalent now as they were 20 years ago [1]. The biology underlying the
transition to lactation of dairy cattle was considered as the “�nal frontier” in our understanding of dairy
cattle [1, 2]. Rather than attempting to de�ne the transition state by using transcriptome or metabolome,
the purpose of this study was to focus on the proteomic and its acetylatome of fatty liver as an emerging
aspect of transition cow biology, because protein is the ultimate realization agent of the life.

Mitochondrial dysfunction and in�ammation activation were the important biological processes that
accompanied with the pathogenesis of fatty liver disease.

Proteome-wide analysis revealed that the pathogenesis of fatty liver disease in dairy cattle was
accompanied with energy metabolism suppression and immune response activation. Majority of DEPs
were enriched in the biological processes that closely associated with mitochrondrial functions, such as
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mitochrondrial respiratory chain complexes, fatty acid metabolism, glycolysis/gluconeogenesis, carbon
metabolism, amino acid metabolism, pyruvate metabolism and ketone body synthesis and degradation
(Fig. 2D, 2E, 3B and 3C). Especially, many down-regulated DEPs were found to be involved in energy
metabolism occurred in mitochondria (such as tricarboxylic acid cycle/krebs cycle) by modifying their
oxidase/dehydrogenase and/or transferase activities (Fig. 2E, 3B and 3C). It was presumed that
mitochondrial dysfunction was one of the underlying reason for the onset of fatty liver disease in dairy
cattle (Fig. 8)[11].

Mitochondria are crucial for energy metabolism processes in a cell, including the production of more than
90% of cellular ATP, β-oxidation, apoptosis, cell-cycle progression, proliferation and aging, and their
dysfunction has been implicated in a wide range of metabolic diseases [16]. The role of mitochondrial
dysfunction was already well-established in NAFLD and non-alcoholic steatohepatitis (NASH), with
structural mitochondrial abnormalities, a reduction in mitochondrial respiratory chain activity and
overwhelmed β-oxidation (oxidative stress) induced by excessive reactive oxygen species (ROS)
production because of increased free fatty acid (FFA) load, therefore resulting in subsequent activation of
in�ammatory pathways (Fig. 8)[16, 17]. Hepatic lipid accumulation may be initiated by repression of
mitochondrial fatty acid oxidation, which consequently causes the imbalance between lipid synthesis
and lipid expenditure in liver. Associations between mitochondrial injuries and NAFLD development had
been con�rmed, mitochondrial dysfunction can inhibit mitochondrial β-oxidation and thereby cause fatty
liver and increase lipid toxic metabolites, which might in turn exert adverse effects on mitochondrial
function, resulting in a vicious cycle [18–20]. Lipotoxicity and/or oxidative stress caused by fatty acids
can result in the swelling of mitochondria (mitochondrial ultrastructural damage), activity reduction of
enzymes in mitochondria (impaired respiratory chain function), dysfunction of mitochondria in
hepatocytes and eventually apoptosis of hepatocytes. The metabolic disorder caused by mitochondria in
hepatocytes is an important cause of liver metabolic disorder and abnormal deposition of fat [16, 17, 19].
One of a recent study on early lactation Holstein-Friesian cows indicated that mitochondrial function was
impaired during early lactation in pasture-fed cows, but not in total mixed rotations-fed cows [10].
Interestingly, acetylome analysis also revealed that the TCA cycle occurred in mitochondria was
signi�cantly inhibited and the immunoregulatory pathways were activated in the fatty liver tissues of
dairy cows [11]. Our �ndings suggest that mitochondrial dysfunction might play a critical role in the
development of fatty liver disease in dairy cattle, and mitochondria could be a target to improve liver
function. In addition, it is worthy to mention that increasing experimental evidence points to
mitochondrial alterations and/or dysfunction contribute to tumorigenesis and the development of drug
resistance, suggesting that mitochondrial targeting might be an effective strategy for chemotherapy [21].

As for the up-regulated DEPs identi�ed by proteome analysis, most of them were signi�cantly enriched
into pathways either associated with DNA stability and/or transcription activity or immune defense
responses (Fig. 2D and 3D). The conversion of free fatty acid (FFA) to hepatic TAG may serve as a
protective measure to prevent direct hepatic lipotoxicity. However, excessive hepatic FFA supply can
contribute to in�ammation, with elevated hepatic expression of in�ammatory cytokines and/or
adipokines, which had been endorsed by murine models of NAFLD [17, 22]. It was proposed that the
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abnormality in lipid and lipoprotein metabolism accompanied by chronic in�ammation is the central
pathway for the development of NAFLD [23]. Actually, in�ammation activation was considered as an
emerging aspect of transition cow biology [1], studies had clearly shown that essentially all cows would
experience systemic subacute in�ammation in the several days after parturition, even in the absence of
disease, with increased haptoglobin and globulin, exaggerated cytokine response and reduced levels of
liver hydrolase paraoxonase [8, 24].

In current study, crucial pathways closely associated with mitochondrial function and/or immune
response were identi�ed to play essential regulatory roles in the development of fatty liver disease in
dairy cows (Fig. 8), such as metabolic pathways, cyclochrome P450 related metabolism, amino acid
metabolism and/or biosynthesis, retinol metabolism and PPAR signaling pathway (Fig. 2D, 2E and 4A).
The possible important dysregulated proteins causing the abnormal metabolism in liver were indicated by
protein-protein interaction networks, such as ACACA, CYP1A1, ALDH1A1 and AOX1, displaying vigorous
connections with other proteins (Fig. 4B).

Protein acetylation was the vitally important manner regulating the pathogenesis of fatty liver disease.

Comparison analysis of the proteome and acetylome data indicated that DEPs obtained from proteome
were highly consistent with the annotation of DAPs identi�ed from acetylome, with similar GO enrichment
results (Fig. 2C, Fig. S2A)[11]. Intriguingly, our previous acetylome data indicated that most of the
proteins with higher acetylation level were signi�cantly enriched in energy and amino acid metabolic
pathways, while proteins with lower acetylation level were signi�cantly enriched in immune response
and/or disease-related pathways [11]. This was exactly opposite to the enrichment results obtained from
expression level down-regulated proteins (Fig. 2E, 3C and 3D) and up-regulated proteins (Fig. 2D and 3D).
This suggests that lysine acetylation might be a vitally important post-transcriptional modi�cation
manner on these metabolism modulating proteins. In another word, the effect of the acetylation on the
functional modi�cation of the target protein could play critical roles in the development of fatty liver
disease in dairy cows.

Moreover, the enriched pathways from proteome analysis got high consistence with that of acetylome
analysis [11], with plenty of pathways and/or biological processes commonly enriched, such as pyruvate
metabolism, cyclochrome P450 related metabolism, stereoid hormone biosynthesis, retino metabolism
and glycolysis/gluconegesis (Fig. S2A), suggesting these acetylated proteins play essential regulatory
roles in the pathogenesis of fatty liver disease via participating in these mitochondrial metabolism
pathways. Amazingly, a considerable portion of DEPs are located in mitochondria, and their acetylation
levels have been signi�cantly modi�ed, such as ACADVL, ALDH1L1, LDHB (Fig. 6E and 6F)[11]. The
acetylation of these proteins were con�rmed to be involved in different aspects of energy metabolism in
mitochondria, such as TCA cycle, β-oxidation (fatty acid oxidation), lipid metabolism, therefore being
associated with NAFLD [16, 25–29]. Protein acetylation has a crucial role in energy metabolism. Changes
in cellular nutrient availability or energy status can induce global changes in mitochondrial protein
acetylation [16, 30]. For example, insulin inhibits β-oxidation in the mitochondria through modifying the



Page 9/27

protein acetylation [10, 31–33], resulting in the accumulation of lipids in hepatocytes. Lysine acetylation,
as a common post-transcriptional modi�cation of proteins, is vitally important in both immunological
and metabolic pathways and regulates the balance between energy storage and expenditure [32].
Additionally, acetyl-CoA, as the core product of TCA cycle in mitochondria, is an indicator of cellular
energy status [16, 32]. Protein acetylation could be a convergence point for carbohydrate, amino acid and
fat metabolism, clearly emerging as a common post-transcriptional modi�cation in mitochondria and
�uctuating the metabolic enzyme activity. Mitochondrial protein acetylation is sensitive to metabolic
perturbations, sensing the energy/nutrient deprivation or excess and even ethanol or environmental
exposure [10, 16, 20, 30, 31, 34].

Histone acetyltransferses (HATs) and histone deacetylase (HDACs) mediate acetylation and
deacetylation of histone proteins and transcription factors, as a modulator to modify the acetylation level
of target proteins. For example, mammalian sirtuins (SIRTs), NAD-dependent histone deacetylase such as
SIRT1 and SIRT3, were involved in oxidative stress and lipid metabolism regulation [33], and had been
proposed as a reliable biomarker and/or therapeutic target for fatty liver disease [10, 19, 33, 35, 36].
Especially in dairy cows, a signi�cant increase in protein lysine acetylation was found in pasture-fed
Holstein-Friesian dairy cows during their early lactation, accounting for impaired hepatic mitochrondrial
function in this period [10].

Pivotal proteins/genetic factors, such as AOX1 and ALDH1A1, was identi�ed as important regulators in
the pathogenesis of fatty liver disease

Since both proteome and acetylome data indicated that mitochondrial energy metabolism suppression
and in�ammation activation (disease defense) were shown as the underlying reasons for pathogenesis
of fatty live disease in dairy cattle, it would be remarkable to identify the corresponding functional
proteins. Conjoint analysis of DEPs from proteome and DAPs from acetylome identify 54 proteins that
were signi�cantly expressed in fatty liver tissues and their acetylation levels were also widely modi�ed
(Fig. 6). Interestingly, protein-protein interaction network analysis of these 54 proteins got similar
biological pathway enrichment with that based on all DEPs from proteome analysis, such as metabolic
pathways, metabolism associated with cytochrome P450, chemical carcinogenesis, retinol metabolism
and pathways associated with amino acid metabolism (Fig. 6G and 4A). Moreover, the 54 proteins kept
and recognized most of the core proteins with abundant interactions with other proteins in the DEPs, such
as CYP1A1, AOX1, ALDH1A1, DHRS4 (dehydrogenase/reductase SDR family member 4), GSTMs
(glutathione S-transferase mu), etc (Fig. 4B and 6G). More importantly, 20 proteins were further con�rmed
to have signi�cantly different expression level in normal liver and fatty liver tissues (Fig. 5 and Fig. 7).
These identi�ed proteins were supposed to be pivotal proteins/genetic factors that regulating the
pathogenesis of fatty liver disease in dairy cattle, not only for their signi�cant different expression
abundance but also signi�cant different acetylation modi�cation levels.

Some of the 20 proteins had previously been reported to closely associate with the onset of NAFLD
and/or its related biological processes. For example, AOX1 is a cytoplasmic enzyme that is highly
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expressed in the liver and plays a key role in the metabolism of drugs containing aromatic heterocyclic
substituents. AOX1 can produce reactive oxygen species, which can promote cell damage and �brosis.
Fatty liver pathogenesis is associated with elevated liver AOX1 [37], while adiponectin can inhibit the
expression of AOX1 by activating PPAR , therefore enhancing the lipid oxidation, attenuating the
in�ammation reaction and alleviating the liver injuries [22]. Another example is ALDH1A1, mainly
expressed in the cytoplasm, playing important regulatory roles in the development of fatty liver. Both
AOX1 and ALDH1A1 are involved in the retinol metabolic pathway. It is well-known that retinoic acid is a
key regulator of glucose and lipid metabolism in the liver and adipose tissue. Liver diseases, especially
those that cause �brosis and cirrhosis, are related to impaired vitamin A (retinol) homeostasis and/or
vitamin A de�ciency [37]. It has been proved that ALDH1A1 can catalyze the oxidation of retinol to
retinoic acid. ALDH1A1 knockout mice are resistant to obesity induced by high-fat diet, indicating that
ALDH1A1 may be a candidate gene for obesity treatment [38].

In this study, some previously con�rmed to be functional important in liver were also identi�ed to be
signi�cantly regulated. For example, FABP1 and GSTM2 were down-regulated, PC and LDHB were up-
regulated. FABP1, as a transport of fatty acids, can inhibit the cellular lipotoxicity caused from FA and
regulate the synthesis and distribution of lipids in cells [39, 40]. The down-regulation of FABP1 in the liver
will lead to the impairment of FA uptake and suppression of the production of VLDL, therefore increasing
the accumulation of liver lipids [41, 42]. GSTM2, mu subtypes of glutathione-S-transferase, has
enzymatic function of eliminating toxic and harmful factors (free radicals, peroxides and electrophilic
groups) in vitro and in vivo, playing a role in protecting cells and regulating cell growth [43, 44]. Lactate
dehydrogenase (LDH) and pyruvate carboxylase (PC) are important enzyme catalyzing the metabolism in
mitochondria. Liver-speci�c PC knockout mice developed exacerbated oxidative stress and elevated liver
in�ammation, along with suppressed gluconeogenesis [45], indicating the speci�c necessity of PC for
maintaining oxidation, biosynthesis, and pathways distal to TCA cycle.

These core proteins were recognized based on liver-speci�c proteome and acetylome analysis, as well as
validation by individual proteome data, because of their close associations with immune response and/or
energy metabolism, especially with metabolic pathways occurred in mitochondria. These proteins were
identi�ed as important candidate genetic factors that regulate the pathogenesis of fatty liver disease in
dairy cattle, could potentially be developed into accurate and reproducible biomarkers to diagnose and/or
pre-warn the risk of fatty liver dairies and also therapeutic targets for the disease treatment. Of course, it
would be of our next interest to elucidate the detailed molecular functions in the pathology and
pathogenesis of fatty liver disease in dairy cattle.

Additionally, NAFLD is a clinico-pathologically de�ned process associated with metabolic syndrome and
fundamentally pin-pointed to the pathogenesis of lipid metabolism [26], causing obesity, type II diabetes,
liver disease (such as steatohepatitis, �brosis), threatening the health of humans and animals. Although
the research on NAFLD biomarkers has advanced in the last two decades, there are still no reliable
biomarkers for the diagnosis or the staging of the disease (NAFLD vs NASH) [46, 47]. NAFLD usually
occurred accompanying with increased plasma insulin and fatty acid concentration, elevated fasting
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aminotransferase (AST/ALT) and/or TAG level, and also abnormal lipid accumulation in the liver [25, 48].
Moreover, another of the most important risk factors is histological evidence of hepatic in�ammation [49]
caused by acute in�ammation and subacute in�ammation [1, 15]. Meanwhile, NAFLD is a metabolic
disease closely related with the acetylation of histones and non-histones [50, 51]. Dairy cows with fatty
liver disease is a typical (non-progressive) NAFLD animal model, with similar fundamental metabolic
disorder syndrome. The identi�cation of pivotal proteins in dairy cattle fatty liver disease would be
bene�cial to inspire and refresh our understanding of the pathology and pathogenesis of NAFLD.

Conclusions
Fatty liver disease prevalently occurs in postpartum dairy cattle, causing a worldwide high culling rate of
dairies after calving. There is an urgent need to develop accurate and reproducible biomarkers to predict
or diagnose the progression of the disease. Pivotal genetic factors/genes that are proposed to regulate
the pathogenesis of fatty liver disease in dairy cattle are identi�ed in the study by focusing on the liver-
speci�c proteomics and acetylome analysis. Some of them were con�rmed to be signi�cantly differential
expressing in individual fatty livers. The energy metabolism suppression mainly caused by mitochondrial
dysfunction and in�ammation activation are implicated to be remarkable processes in the development
of fatty liver disease in dairy cattle. Protein acetylation might play crucial modifying roles through
participating in different aspects of these signi�cant processes/pathways. Persistent elucidation of the
molecular mechanisms of these proteins/genes in the development of fatty liver disease in dairy cattle
would be greatly bene�cial to develop novel effective therapeutic targets to prevent and/or treat the
disease, contributing to the sustainable development of dairy industry. The study also provides a novel
road-map to an understanding of the intriguing portion of the “�nal frontier” of dairy cow biology.
Additionally, since the fundamental metabolic syndrome of fatty liver disease in cattle is pretty similar
with that in NAFLD patients, understanding the molecular mechanisms of the pathogenesis of fatty liver
disease in dairies will further enhance our understanding of NAFLD in human beings and promoting the
e�cacious drug research and development.

Methods
Ethics statement

All animal experiments were carried out according to the Regulations for the Administration of Affairs
Concerning Experimental Animals published by the Ministry of Science and Technology, China (2004),
and were approved by the Shandong Agricultural University Animal Care and Use Committee (approval
number, SDAUA-2017-044). 

Liver tissue biopsy from dairy cattle

Dairy cattle after parturition around 1-2 weeks was examined for the serum biochemical traits and
thereby targeted for liver biopsis according to the detailed procedures [11], so as to assess the fat
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deposition in liver and diagnose the fatty liver disease. Eventually, six normal liver samples (Norm group,
labeled as N1-N6, averagely with percentage of cells contained lipid drops 6.26±5.23%) and eight severe
fatty liver samples (FL group, labeled as F1-F8, with percentage of cells contained lipid drops 86.75%
±4.83%) were chosen for both individual and equal proportionally mixed proteome sequencing detection
[11]. The work �ow of the study was shown in the Fig.1.

TMT labeling, LC-MS/MS analysis and data quality control. 

The tryptic peptide segments of each replicate sample were then treated and labeled according to the
manufacturer’s protocol of TMT kit and then fractionated by high pH reverse HPLC via the column of
Agilent 300 extend C18 (5 μ m particle size, 4.6 mm inner diameter, 250 mm long) according to the
standard LC-MS/MS analysis protocol (PTM-BioLab, Hangzhou, China). The identi�ed peptide with the
mass error of 0-10ppm and the length of 8-20 amino acid residues was retrieved using Maxquant
(v1.5.2.8) . 

Identi�cation of differentially expressed protein peptides

The differentially expressed proteins (DEPs) were identi�ed when meeting the criteria of statistically
signi�cant (P<0.05) fold change ≥1.2 and/or ≤1/1.2. The DEPs were also divided into 4 categories
according to their fold change: Q1 (0 < Ratio ≤ 1/1.5), Q2 (1/1.5 < Ratio ≤ 1/1.2), Q3 (1.2 < Ratio ≤ 1.5),
and Q4 (Ratio >1.5). 

Bioinformatics analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were
carried out by using the online service tool. Protein-protein interaction analysis was then assessed by
using the software Wolfpsort to annotate the subcellular localization of the protein, STRING database
(version 10.5; con�dence score ≥ 0.7) to search the protein-protein interactions and molecular complex
detection (MCODE) to analyse and visualize the network. The clustering relationship is visualized by the
heat map drawn by Heatmap. 2 program in gplots R package.

Validation of the differentially expressed proteins

The identi�ed DEPs were validated by applying our previous proteome data that were obtained via
individual sample sequencing (Fig.1). The individual sequenced proteome data were obtained from 6
normal individual liver tissue samples and 8 individual severe fatty liver tissue samples based on the
same TMT technology (PTM-BioLab, Hangzhou, China). Thereafter, 240 DEPs were captured by using the
same criteria (fold change> 1.2 or fold change <1 / 1.2 and P<0.05). Thus, the two sets of DEPs were
compared and intersected to obtain the overlapping proteins. 

The expression abundance of each DEP were partially selected to validate the expression fold change in
fatty liver tissues compared to that in normal tissues, via parallelly showing their expression levels in two
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different sets of proteome data. Several liver-speci�cally proteins that was previously con�rmed to be
functional important in liver were included as positive controls, such as FABP1, LDHB and PC. 

Cojoint analysis of proteome and acetylome data 

The DEPs identi�ed by the proteome data was compared with that of the differentially acetylated proteins
(DAPs) identi�ed by the acetylome data based on the same tissue samples, therefore the overlapped
proteins were �ltered out, being presumed to be potentially important proteins that are closely related to
liver lipid metabolism, because of their signi�cant different expression abundance and acetylation
modi�cation levels. Then, their subcellular localization, functional annotation and protein interaction
network analysis were carried out.

Identi�cation of pivotal proteins controlling the pathogenesis of fatty liver disease

In order to further �lter the pivotal proteins regulating the pathogenesis of fatty liver disease in dairy
cattle, the overlapped DEPs (obtained by intersecting DEPs from proteome and acetylatome data) were
again intersected with all the set of DEPs identi�ed from individual proteome data. The pivotal proteins
were identi�ed by calculating the correlation coe�cient of expression abundance of each protein in
mixed and individual liver samples. 

Statistical signi�cance

The signi�cant differentially expressed proteins were de�ned using t-test, as with 1.2-fold change
threshold and P value < 0.05. The Pearson correlation coe�cient was used to assess the repeatability of
biological replicates. As for the functional annotation/enrichment analysis, the enrichment signi�cance is
de�ned by P value < 0.05, and further �ltered through converting the P value (obtained from Fisher's exact
test) into negative logarithm (- log10).

Immunohistochemical analysis

Liver tissues biopsied from postpartum dairy cows were �xed in 4% paraformaldehyde and embedded in
para�n. The tissue sections were then subjected to standard immunohistochemical staining and
photomicrography [52]. Rabbit primary and HRP-labeled goat anti-rabbit secondary antibodies were used
in a diluted working solution (FABP1, 1: 400; ALDH1A1, 1: 200; LDHB, 1: 500; PC, 1: 1000. Sanying Ltd.
Co., Wuhan, China).
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Figure 1

Experimental work-�ow. The liver tissue samples of six normal cows (Norm) and eight fatty liver cows
(FL) were individually applied for proteome analysis. Meanwhile, these samples were equal proportionally
and randomly mixed into three biological replicates according to our previous report [11], respectively.
Half of each replicate sample was applied for acetylome and/or proteome analysis. The differential
expressed and/or acetylated proteins between the fatty liver group and the normal group detected by
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mass spectrometry were performed bioinformatic analysis, further screened and then validated, so as to
identify the pivotal regulatory proteins in the pathogenesis of fatty liver disease.

Figure 2

Functional annotation of differentially expressed proteins identi�ed from mix-sampled proteome data. (A)
Distribution of the identi�ed proteins by mass spectrometry. Gray: Number of proteins that is not
quanti�ed to express abundance; Blue: Number of proteins that are not differentially expressed in disease



Page 21/27

group comapred to normal group; Red: up-regulated proteins (Fold change >1.2, P<0.05); Green: down
regulated proteins (Fold change<1/1.2, P<0.05). (B)Volcanic map of the differentially expressed proteins.
Red dots: up-regulated proteins (Fold change >1.2, P<0.05); Green: down-regulated proteins (Fold
change<1/1.2, P<0.05). (C) Gene Ontology (GO) functional classi�cation and subcellular location
information of differentially expressed proteins. (D) Enriched KEGG pathways by up-regulated proteins.
(E) Enriched KEGG pathways by down-regulated proteins.

Figure 3
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Cluster enrichment analysis of differential expressed proteins identi�ed from proteome data in aspects of
biological processes, cellular components, molecular functions, protein domains and KEGG pathways.
(A)Distribution of all the identi�ed differentially expressed proteins, being divided them into four
categories according to their expression change fold: Q1 (0<Ratio≤1/1.5), Q2 (1/1.5<Ratio≤1/1.2), Q3
(1.2<Ratio≤1.5) and Q4 (Ratio>1.5). (B)Cluster enrichment analysis of differentially expressed proteins in
Q1 class. (C)Cluster enrichment analysis of differentially expressed proteins in Q2 class. (D) Cluster
enrichment analysis of differentially expressed proteins in Q3 and Q4 class.
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Figure 4

Protein-protein interaction (PPI) analysis of differential expressed proteins identi�ed by mix-sampled
proteome data. (A)Interaction networks of all differencially expressed proteins showing signi�cantly
enriched pathways and key proteins . Circle size represents the interaction intensity of proteins. Circle
color represents the regulation direction, up-regulated (Fold change>1.2, P<0.05) proteins in red and
down-regulated (Fold change<1/1.2, P<0.05) proteins in green. Square color represents the signi�cance of
enriched pathways. (B) protein-protein interaction networks of differencially expressed proteins. Circle
size represents the interaction intensity of proteins. Circle color represents the same sense as in (A).
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Figure 5

Validation of the identi�ed DEPs. (A)The averaged expression level of randomly selected DEP in
individual- (Norm: n=6; FL: n=8) and mix-sampled (Norm: n=3; FL: n=3) liver tissues was shown in
parallel. (B) Immunohistochemical staining con�rmation of DEPs (ALDH1A1, LDHB, FABP1 and PC)
being differentially expressed in normal (Norm) and fatty liver (FL) tissues of Holstein cows. The right
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panel is a high-powered magni�cation of the black dashed area in the left panel, with magni�cation of
×10 (bar = 100 µm) and ×40 (bar = 50 µm), respectively.

Figure 6

Conjoint analysis of proteome and acetylome data and identi�cation of common regulated/modi�ed
proteins (DEPs and DAPs). (A)Volcano plot displaying all quanti�ed differential acetylated proteins in
Norm and FL group livers based on the acetylome data. Orange dots represent statistically signi�cant up-
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regulated proteins (122) and blue dots represent down-regulated proteins (213). (B)Venn diagram
displaying 54 overlapping protein that are both signi�cantly regulated in expression abundance and
acetylation modi�ed based on proteome and acetylome, respectively. (C) Venn diagram displaying the
distribution of the 54 proteins in regulation P-up and/or P-down) and modi�cation (Ac-up and/or Ac-
down) direction. (D) Heat-map showing the subcellular localization of the 54 overlapping proteins
according to the Uniprot database annotation. (E) and (F)Volcano plot displaying the expression level (E)
and the acetylation level (F) of the 54 overlapping proteins found in proteome and acetylation data,
respectively. (G) Protein-protein interaction (PPI) analysis of the overlapping 54 proteins. Circle size
represents the interaction intensity of proteins. Circle color represents the regulation direction, up-
regulated (Fold change>1.2, P<0.05) proteins in red and down-regulated (Fold change<1/1.2, P<0.05)
proteins in green. Square color represents the signi�cance of enriched pathways.

Figure 7

Expression abundance testi�cation of the 54 proteins using the individual sampled proteome data.
(A)Venn diagram displaying 20 overlapping proteins between the 54 (34+20) proteins and the 240
(220+20) DEPs identi�ed from individual proteome data. (B)Heat-map showing the expression pro�le of
the 20 overlapping proteins in individual liver sample based on their proteome data, 6 normal liver (Norm,
n=6) and 8 fatty liver (FL, n=8). Red represents up-regulated fold change and green represents down-
regulated fold change.
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Figure 8

The proposed schematic diagram of signi�cant metabolic changes occurred in the pathogenesis of fatty
liver disease in dairy cows. During the perinatal period, the metabolism of dairy cattle is in a state of
negative energy balance, promoting the mobilization of fat in the liver. Enhanced fat mobilization
promotes a sharp increase in non-esteri�ed fatty acids (NEFA) in the liver. These NEFAs are more inclined
to involved into re-esteri�cation and therefore synthesis of triglycerides (TG) and/or production of ketone
bodies, but not β-oxidation, because of motochrondrial dysfunction and in�ammation causing the
increased (red) and/or decreased (green) metabolism processes. The excessive accumulation of TG in
the liver would lead to fatty liver.
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