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Abstract

Background
Feeding a high concentrate diet is widely used to satisfy high milk yields, however, if used over a longer
term it can cause metabolic disorders. Abnormal secretion of hormones is one of the important causes of
metabolic disorders caused by high concentrate diet, however, the related research is still limited. In total,
12 mid-lactating dairy cows were randomly assigned to HC group (60% concentrate of dry matter, n = 6)
or LC group (40% concentrate of dry matter, n = 6). All cows were slaughtered at the 21st day, and blood
and liver samples were collected.

Results
Compared with LC group, HC group showed reduced serum triglyceride (TG), free fatty acid (FFA), total
cholesterol (TC), low density lipoprotein (LDL-C), and increased liver glycogen and glucose (P < 0.05).
Real-time PCR results showed that genes related to gluconeogenesis, namely, glucose-6-phosphatase
(G6PC) and phosphoenolpyruvate carboxykinase 1 (PCK1) were signi�cantly upregulated and
accompanied greater gluconeogenic protein expression in HC group (P < 0.05). The expression of hepatic
genes and proteins related to lipogensis, including sterol regulatory element-binding protein 1 (SREBP1),
long-chain acyl-CoA synthetase 1 (ACSL1), and fatty acid synthase (FAS) were downregulated in HC
group (P < 0.05). However, the expression of genes and proteins related to β-oxidation, including carnitine
palmitoyltransferase 1α (CPT1α) and peroxisome proliferator activated receptor α (PPARα) were
signi�cantly increased in HC group (P < 0.05). The levels of serum cortisol, thyroxin (T4), triiodothyronine
(T3), free triiodothyronine (FT3) and liver FT3 elevated signi�cantly in HC group (P < 0.05). Moreover, the
expression of thyroid hormone receptor (THR) upregulated at gene and protein levels (P < 0.05).

Conclusions
Taken together, this study �rst reports that abnormal secretion of TH induced by high concentrate diet
participates in metabolic disorders, and it regulates glycometabolism and lipid metabolism through its
actions on the liver in lactating dairy cows.

1. Introduction
With the increased demand for dairy products, dairy industry is gradually developing towards a large-
scale and intensive farming model. Excessive amounts of non-structural carbohydrates and highly
fermentable forages are fed to dairy cows to satisfy energy requirement for maintenance and high milk
yields (Keunen et al., 2002). However, feeding excessive high concentrate diet to ruminants are the
common reasons for subacute ruminal acidosis (SARA), and SARA is a popular health and production
problem in intensive production systems (Metre et al., 2000, Enemark et al., 2004, Plaizier et al., 2008).
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The common consequences of SARA include ruduction of food intake, diarrhea, laminitis and
im�ammation, which are harmful to animal health and milk production performance (Alegre et al., 1988,
Kleen et al., 2003, Plaizier et al., 2008, Dong et al., 2011).

In ruminants, liver is an important metabolic organ responsible for gluconeogenesis and lipogenesis
(Dong et al., 2017). Hepatic gluconeogenesis is responsible for maintaining an adequate glucose supply
to the mammary glands (Zhao and Keating, 2007). In addition, hepatic lipid metabolism is vital to the
physical properties and quality of the milk (Dong et al., 2013). Glucose-6-phosphatase (G6PC) and
phosphoenolpyruvate carboxykinase 1 (PCK1) are the rate-limiting enzymes involved in hepatic
gluconeogenesis (Al-Trad et al., 2010). In the liver, sterol regulatory element- protein 1 (SREBP1), fatty acid
synthase (FAS), and long-chain acyl CoA synthet binding ase 1 (ACSL1) are important for de novo fatty
acid synthesis (Phillips et al., 2010, Dong et al., 2017). In addition, CPT1α and PPARα are responsible for
dairy cows to regulate the entry of fatty acids into the mitochondria for oxidation (Dann and Drackley,
2005).

During lactation period, hormones play important roles in glycometabolism and lipid metabolism (Cronjé,
2000). Endocrine disorders can result in metabolic disorders, affecting milk production performance. Our
previous studies found that high concentrate diet can induce chronic stress in dairy goats, with the
activation of hypothalamic–pituitary–adrenal axis and increased plasma cortisol, and ultimately caused
nutrient partitioning and re-distribution of energy in the liver and a decrease in milk quality (Dong et al.,
2013, Jia et al., 2014). TH has extensive biological effects on physiological processes, including energy
metabolism, glycometabolism, and lipid metabolism (Arrojo et al., 2013, Mullur et al., 2014a). TH
contains thyroxin (T4) and triiodothyronine (T3), T3 is the active form of TH. These hormones are
secreted by the thyroid gland, circulate in serum mostly bound to proteins, and only free triiodothyronine
(FT3) enter cells to bind to the thyroid hormone receptor (TR) (Lakshmanan et al., 1992). TR is a
transcription factor that belongs to the nuclear receptor superfamily (Abdalla and Bianco, 2014). It acts
as a ligand-dependent transcription factor to regulate genes involved in the glycometabolism and lipid
metabolism (Flamant and Gauthier, 2013). Non-pathological elevation of TH promotes liver glycogen
synthesis and gluconeogenesis; It also promotes lipolysis, including reduce fat storage and serum TG
content (Sinha et al., 2014). Although TH does not belong to stress hormones, some research evidences
indicate that TH has close relationship with stress. High altitude is an important stress stimulus, Barnholt
et al. found that people who experienced high altitude stress for 3 weeks showed elevated serum T4
content (Barnholt et al., 2006). However, animal experiments show that short-term cold stress
signi�cantly increases T3 content, and has little effect on T4 (Fukuhara et al., 1996, Goundasheva et al.,
2010). In addition, Sejian et al. found walking stress signi�cantly reduces plasma T3 and T4 contents in
sheep (Sejian et al., 2012). Although high concentrate diet can cause increased cortisol and chronic
stress in ruminants, however, to date, data about the effects of high concentrate diet on TH are scarce.
Accordingly, this research focuses on evaluating the effects of TH on hepatic metabolism in dairy cows
fed high concentrate diet.
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2. Materials And Methods
2.1. Ethics Statement

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of
Nanjing Agricultural University. The ‘‘Guidelines on Ethical Treatment of Experimental Animals’’ (2006) No.
398 set by the Ministry of Science and Technology, China and the Regulation regarding the Management
and Treatment of Experimental Animals’’ (2008) No. 45 set by the Jiangsu Provincial People’s
Government, was strictly followed during the slaughter and sampling procedures.

2.2. Experimental Animals

Twelve healthy Chinese Holstein cows (mean body weight, 651 ± 54 kg) during mid-lactation (mean milk
yeild, 17.43 ± 4.04 kg/d) were raised in dairy farm (Jiangsu Province, China) for the study. All the cows
were in their second parity or third parity when the liver tissues were collected. These cows were kept in
freestall housing in the same cubicle partition of the barn during the experimental period. After a week of
prefeeding, they were radomly assigned to LC and HC group. LC group received low concentrate diet (40%
of dry matter) (n = 6), and HC group received HC diet (60% of dry matter) (n = 6) for 3 weeks. The
ingredients in the diets and the nutritional composition are showed in the Table 1. Cows were free access
to fresh water throughout the experimental time. At the 21st day, the pH of ruminal �uid in LC and HC
groups were 6.31 ± 0.87 and 5.79 ± 0.92 (P < 0.01), respectively.

2.3. Samples collection

All cows were killed using electric stunning slaughtering after fasting. Immediately after slaughtering,
liver tissue samples were frozen immediately in liquid nitrogen and stored at − 80 °C for subsequent
extraction of RNA and proteins.

2.4. Stainning for Periodic Acid-Schiff (PAS)

Liver tissue samples were washed three times with normal saline and fxed with a 10% formalin solution
for 48 h at 4 °C, dehydrated with ethanol, and embedded with para�n. The paraffn-embedded slices were
depara�nized, hydrated with distilled water and oxidized for 10 min at 40 °C in a 0.5% periodic acid
solution. Then washed with distilled water, immersed in Schiff reagent, washed in distilled water,
counterstained with Mayer’s hematoxylin, washed in distilled water, dehydrated in a gradient of ethanol
and ultimated sealed using a synthetic mounting medium.

2.4. Measurement of serum and liver biochemical parameters

All serum biochemical parameters, including glucose, TG, FFA, TC, LDL-C and HDL-C were measured
using an automatic biochemical analyzer (7020, HITACHI, Tokyo, Japan). Liver glycogen was detected by
using a glycogen kit (Jiancheng Co. Ltd, Nanjing, China). Liver TG was detected by using a TG kit
(Applygen Co. Ltd, Beijing, China). Liver FFA was detected by using a FFA kit (Jiancheng Co. Ltd, Nanjing,
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China). Liver glucose was detected by using a glucose kit (Comin Co. Ltd, Suzhou, China). All kits were
strictly following the manufacturer’s instructions.

2.5. Determinations of hormones in serum and liver

The method for extracting liver TH was described as Beckett et al. (Beckett et al.). The levels of cortisol,
insulin, T3, T4 and FT3 were determined using RIA cortisol, insulin, T3, T4 and FT3 kits, respectively
(North institute of biotechnology Co. Ltd, Beijing, China). All kits were strictly following the manufacturer’s
instructions.

2.6. RNA isolation, cDNA synthesis and real-time PCR

Liver tissues were quickly collected, immediately frozen in liquid nitrogen and stored at -80 °C until RNA
isolation. Total RNA was extracted from liver samples with TRIzol reagent (Sangon, Shanghai, China).
The concentration and quality of the RNA were measured with a NanoDropND-1000 Spectrophotometer
(Thermo Fisher Scienti�c, Madison, WI, USA). Then 2μg of total RNA was treated with RNase-Free DNase
(M6101;Promega, Madison, WI, USA) and reverse transcribed according to manufacturer’s instructions.
Two micro liters of diluted cDNA (1:40, v/v) was used for real-time PCR, which was performed in an
Mx3000P (Stratagene, USA). GAPDH, which is not affected by the experimental factors, was chosen as
the reference gene. All the primers were listed in Table 2, were synthesized by Tsingke Company (Nanjing,
China). The method of 2−Ct was used to analyze the real-time PCR results, and gene mRNA levels were
expressed as the fold change relative to the mean value of the control group.

2.7. Western blotting analysis

One hundred milligrams of frozen liver was minced and homogenized in 1 ml of ice-cold RIPA buffer
containing the protease inhibitor cocktail Complete EDTA-free (Roche, Penzberg, Germany). The
homogenates were centrifuged at 12235 g for 20 min at 4 °C and then the supernatant fraction was
collected. The protein concentration was determined using a BCA Protein Assay kit (Thermo, USA). Fifty
micrograms of protein extract from each sample was then loaded into 10% SDS-PAGE gels, and the
separated proteins were transferred onto nitrocellulose membranes (BioTrace; Pall Corp., New York, NY,
USA). After transfer, membranes were blocked for 2 h at room temperature in blocking buffer and then
incubated with the following primary antibodies: rb-anti-PCK1 (1:1000; 12940S; CST), rb-anti-
SREBP1(1:1000; 14088-1-AP; Proteintech), rb-anti-FAS (1:1000; BS6050; Bioworld), rb-anti-G6PC (1:1000;
an83690; Abcam), rb-anti-CPT1α (1:1000; 15184-1-AP; Proteintech), rb-anti-PPARα (1:1000; 15540-1-AP;
Proteintech), rb-anti-THRB (1:1000; AF8157; Beyotime), rb-anti-DIO2 (1:1000; bs-3673r; Bioss), ACTB-HRP
(1:10,000; KC-5AO8; Kangchen bio-tech) in dilution buffer overnight at 4°C. After several washes in Tris-
buffered-saline with Tween, membranes were incubated with goat anti-rabbit HRP-conjugated secondary
antibodies (1:10,000; BS13278, Bioworld) in dilution buffer for 2 hours at room temperature. Finally, the
blot was washed and detected by enhanced chemiluminescence using the LumiGlo substrate (Super
Signal West Pico Trial Kit; Pierce, Thermo Fisher Scienti�c, Madison, WI, USA) and the signals were
recorded by an imaging System (Bio-Rad, Hercules, CA, USA) and analyzed with Image J software.
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3. Result

3.1. High concentrate diet markedly decreased the levels of
TG, FFA, TC and LDL-C in serum.
As is shown in Fig. 1, the levels of serum TG, FFA, TC and LDL-C were signi�cantly decreased in HC group
(P < 0.05), whereas there was no signi�cant difference in serum glucose and HDL-C concentrations (P > 
0.05).

3.2. High concentrate diet signi�cantly increased the levels
of glycogen and glucose in the liver
No obvious lipid deposition, in�ammation or damages were observed in the liver in both LC and HC
groups demonstrating by HE staining sections (Fig. 2A). Concentrations of liver TG and FFA were not
signi�cantly changed by high concentrate diet (Fig. 2E and F) (P > 0.05). However, PAS staining showed
that high concentrate diet signi�cantly promoted glycogen deposition in the liver (Fig. 2B). Biochemical
detection also con�rmed an increase in the levels of liver glycogen and glucose in HC group (Fig. 2C and
D) (P < 0.05).

3.3. Expression of genes and proteins related to
glycometabolism in the liver
Real-time PCR result showed that genes expression of PCK1 and G6PC in the liver were signi�cantly
increased in HC group (Fig. 3A) (P < 0.05). Other genes including phosphogluconate dehydrogenase
(PGD), succinate dehydrogenase complex subunit D (PGL), hexokinase 1 (HK1), solute carrier family 2
member 1 (GLUT1), and solute carrier family 2 member 4 (GLUT4) did not show signi�cant difference
(Fig. 3A) (P > 0.05). In accordance with the genes expression, the proteins expression of G6PC and PCK1
were signi�cantly increased in HC group (Fig. 3B) (P < 0.05).

3.4. Expression of genes and proteins related to lipid
metabolism in the liver
Real-time PCR showed that genes expression of SREBP1 and ACSL1 in the liver were signi�cantly
decreased in cows fed high concentrate diet (Fig. 4A) (P < 0.05), while PPARα and CPT1α were
signi�cantly increased (Fig. 4A) (P < 0.05). However, other genes including acetyl-CoA carboxylase alpha
(ACC), hormone-sensitive lipase (HSL), and adipose triglyceride lipase (ATGL) mRNA expression were not
changed by high concentrate diet (Fig. 4A) (P > 0.05). Consistent with the mRNA expression, the protein
expression of SREBP1 and FAS were signi�cantly reduced (Fig. 4B) (P < 0.05), while CPT1α and PPARα
were signi�cantly increased in HC group (Fig. 4C) (P < 0.05).
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3.5. High concentrate diet elevated cortisol and TH
concentrations
The levels of serum cortisol signi�cantly upregulated by high concentrate diet (Fig. 5A) (P < 0.05),
whereas serum insulin did not reach statistical difference (Fig. 5B) (P > 0.05). Thyroid hormones including
T3 and T4 showed dramatically increased in HC group (Fig. 5C and D) (P < 0.01). Furthermore, the levels
of serum and liver FT3 were higher in HC group than in LC group (Fig. 5E and F) (P < 0.05).

3.6. High concentrate diet increased the expression of THR
in the liver
Gene expression analysis showed that the expression of THRA and THRB signi�cantly upregulated by
high concentrate diet (Fig. 6A) (P < 0.05). Moreover, the protein expression of THRB were increased in HC
group, too (Fig. 6B) (P < 0.05).

3.7. Expression of iodothyronine deiodinases did not show
obvious changes in the liver
Genes associated with the iodothyronine deiodinases, including DIO1, DIO2 and DIO3 were detected by
qPCR, however, such genes did not show obvious difference between LC and HC groups (Fig. 7A) (P > 
0.05). Western blot analysis also con�rmed that DIO2 was unaltered by high concentrate diet at the
protein level (Fig. 7B) (P > 0.05).

4. Discussion
Although high concentrate diet can meet the energy demand of high-yielding cows over the short-term. If
used over a longer term it also causes nutritional and metabolic diseases (Jouany, 2006). As SARA
affects animal health and reduces productive performance, it is considered to be the most important
nutritional disorder for ruminants with excessive high concentrate diet intake (Kleen et al., 2003). In this
study, a signi�cant decrease of serum TG, NEFA, TC and LDL-C concentrations were observed in HC
group. TG and NEFA are the main precursors of milk fat, and their levels in blood circulation are closely
related to milk fat rate. Previous studies found that high concentrate diet signi�cantly induced the
reduction in the yield and percentage of milk fat (Hussein et al., 2013, Argov-Argaman et al., 2014).
Kadegowda et al. found abomasal infusion of butterfat increased milk fat in lactating dairy cows
(Kadegowda et al., 2008). Zebeli et al. found high concentrate diet signi�cantly decreased serum NEFA
content, accompanied with signi�cant reduction of milk fat rate (Zebeli et al., 2011). These results are
highly consistent with our data, with the decrease of TG and NEFA, the milk fat rate of dairy cows also
decreased signi�cantly in HC group (data not shown).
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Liver is an important organ for the regulation of glycometabolism and lipid metabolism (Knegsel et al.,
2005, Xu et al., 2015). Therefore, we further investigated hepatic morphology and metabolism. Previous
studies reported that high concentrate diet can induce TG accumulation, in�ammation, and tissue
damages in ruminants (Dong et al., 2017, Guo et al., 2017). Although no obvious in�ammation, steatosis,
and damages were shown in HE staining sections, we observed remarkable glycogen deposition in HC
group via PAS staining. Furthermore, biochemical analysis also con�rmed that levels of liver glucose and
glycogen signi�cantly in HC group. Unlike non-ruminant mammals, ruminants primarily depend on
hepatic gluconeogenesis as their source of glucose to meet their energy demand (Overton et al., 1999).
Dong et al. found that high concentrate diet signi�cantly increased the enzyme activities involved in
glucogenesis, including G6PC and PCK1, whereas no obvious changes in the enzyme activities involved
in glycolysis (Dong et al., 2017). It is highly consistent with our data, high concentrate diet signi�cantly
up-regulated the expression of G6PC and PCK1 at gene and protein levels, however, the other genes
involved in glycolysis and glucose transport did not show statistical signi�cance.

In addition, high concentrate diet can cause lipid metabolism disorders in liver. Jiang et al. employed a
comparative proteomic approach to investigate the effect of high concentrate diet on the hepatic
metabolism in lactating dairy goats. They found high concentrate diet enhanced hepatic TG synthesis
and accumulation, and reduced TG output, eventually reducing milk fat rate (Jiang et al., 2013). However,
Xu et al. found that high concentrate diet decreased TG synthesis and increased fatty acids
decomposition, accompanied with reduced plasma TG and NEFA contents in hepatic vein, eventually
reducing milk fat rate (Xu et al., 2015). In our data, the genes or proteins related to TG synthesis, including
SREBP1, ACSL1 and FAS signi�cantly reduced in HC group. Furthermore, high concentrate diet
upregulated the genes and proteins related to β-oxidation, including CPT1α and PPARα. The result
indicated that enhanced hepatic β-oxidation and decreased fatty acids synthesis may ultimately cause
the reduction in the serum TG, FFA, and milk fat rate.

Abnormal secretion of hormones is an important cause of metabolic disorders. Previous studies reported
that high concentrate diet affected many hormones involved in glycometabolism and lipid metabolism,
including cortisol and insulin (Jia et al., 2014, Xu et al., 2015, Maeda et al., 2019, Takemura et al., 2019).
Our result showed that although elevated insulin did not reach statistical signi�cance, the levels of serum
cortisol was signi�cantly increased in HC group. Increased cortisol concentration in stressful situations is
an adaptation response of the organism to the changing environment (A et al., 2006, Jarvis et al., 2006).
The studies on dairy goats also showed that high concentrate diet signi�cantly elevated plasma cortisol
and glucocorticoid receptor protein expression in the liver, indicating animals under a state of stress
(Dong et al., 2013, Jia et al., 2014). Our previous studies on goats con�rmed that intramuscular injection
dexamethasone, a synthetic glucocorticoid, signi�cantly increased liver glycogen deposition,
accompanied with increased expression of proteins related to gluconeogenesis in the liver (Niu et al.,
2018).

Long-term treatment with cortisol can lead to the development of fatty liver (Rahimi et al., 2020). Treat
primary bovine hepatocytes with dexamethasone resulting lipid deposition via inhibiting the genes related
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to β-oxidation (Yin., 2015). However, in animal experiment, high concentrate diet elevates plasma cortisol
levels, accompanied with hepatic β-oxidation enhancement (Dong et al., 2013). Similarly, our previous
study found dexamethasone injection enhanced β-oxidation and reduced TG content in the liver (Chen et
al., 2018). The contradiction between in-vitro and in-vivo outcomes indicated that other hormones may be
involved in the metabolic disorders induced by high concentrate diet. We noticed that TH, including serum
T3, T4, FT3, and liver FT3 remarkably increased in HC group. TH regulates fatty acid, cholesterol, and
glycometabolism through its actions on the liver (Mullur et al., 2014b). THR consists of 2 subtypes,
including THRA and THRB. THRA expressed in almost all tissues, mainly in the brain and heart. Whereas
THRB highly expressed in the liver (Bookout et al., 2006). Our qPCR result showed that both THRA and
THRB were highly increased in HC group. Furthermore, we examined THRB protein expression. And the
the protein expression of THRB was consistet with the gene expression. Current studies generally
considered that TH can promote gluconeogenesis, researchers found that TH can directly elevate PCK1
(Park et al., 1999) and G6PC (Suh et al., 2013) expression which are rate-limiting enzymes for
gluconeogenesis. The mechanisms include 2 aspects, one is that THR combines with promoters to
directly upregulate genes expression of PCK1 and G6PC, another is that THR increased deacetylation and
activation of the master gluconeogenic transcription factor forkhead box O1 (FoxO1) to increase
gluconeogenesis (Sinha et al., 2014). For the effects of TH on lipid metabolism, Hashimoto et al. found
T3 negatively regulates the mouse SREBP1 gene expression in the liver which is con�rmed by
ribonuclease protection assays and qPCR. Moreover, promoter analysis on hepatocytes using luciferase
assays also showed that T3 negatively regulates the SREBP1 gene promoter (Hashimoto et al., 2006).
Instead of inhibiting fatty acid synthesis, TH also induces CPT1α expression to promote fatty acid
shuttling into hepatic mitochondria for oxidation (Sinha et al., 2014). In addition, elevated TH contributes
to the clearance of TC and LDL-C (Sinha et al., 2014). And this effect may result in the reduction in serum
TC and LDL-C in HC group. T3 can be directly secreted by the thyroid gland and released into the
circulation, however, most of blood T3 comes from T4 removing an iodine atom from peripheral tissue.
Therefore, we examined the gene and protein expression of iodothyronine deiodinases (DIO) in the liver.
However, there was no obvious change in the expression of DIO1, DIO2 and DIO3 between LC and HC
groups, demonstrating that elevated T3 was not caused by hepatic iodothyronine deiodinases.

5. Summary And Conclusions
Overally, our data show that high concentrate diet results in abnormal secretion of cortisol and TH.
Elevated cortisol and TH induce metabolic disoders, including lower serum TG, NEFA, TC, LDL-C and
higher liver glycogen and glucose. Our study preliminarily reveals that TH regulates glycometabolism and
lipid metabolism through its actions on the liver in dairy cows, including enhancing gluconeogenesis, β-
oxidation and reducing fatty acid synthesis. However, the causes of elevated TH induced by high
concentrate diet and the regulatory ways of TH on metabolism in ruminants still need further
investigation.
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Tables
Table 1 The ingredients in the diets and the nutritional composition

Ingredients (%) Low concentrate diet HC diet 
Corn 19.4 24.923

Soybean meal 13.5 13.476
DDGS 3.8 5.908

Stone meal 0.8 1.477
CaHCO3 1.1 0.923

Salt 0.4 0.37
Premix1 1 0.923
Barley / 12

HC ratio 40 60
Silage corn 12 6

Alfalfa 24 17
Oat grass 24 17

Low concentrate ratio 60 40
Nutritional Composition2    

NE Mcal/kg 1.64 1.66
CP % 16.12 16.2
Ca % 1.18 1.15
P % 0.51 0.53

NDF % 29.92 27.75
NFC % 42.34 44.47
ASH % 4.87 4.56
EE % 3.05 3.02

1The premix contained VA, 1,900ku/kg; VD, 250ku/kg; VE, 3,000 mg/kg; Niacin, 4,000 mg/kg; Cu, 1,200
mg/kg; Fe, 525 mg/kg; Zn, 13,000 mg/kg; Mn, 5,500 mg/kg; I, 170 mg/kg; Co, 50 mg/kg; Se, 27 mg/kg.
2The calculated nutritional composition values.
 
Table 2
Primer sequences of the target genes
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Gene Sequence number Primer sequences (5’-3’) Length (bp)
SREBP1 NM_001113302.1 F: CATCAGCTCCAGCATGGCT 214
    R: TGGGTAGGGGTTTCTCGGA  
G6PC NM_001076124.2 F: ATGTTGTGGTTGGGATTCTGG 151
    R: CACCTTCGCTTGGCTTTCTC  
PCK1 NM_174737.2 F: GCCGTGAGGAGTTTCGTG 120
    R: TGATGATGACCGTCTTGCT  
ACC NM_174224 F: AGCTGAATTTTCGCAGCAAT 117
    R: GGTTTTCTCCCCAGGAAAAG  
ACSL1 NM_001076085.1 F: TCGGAACTGAAGCCATCACC 144
    R: GCCTCGTTCCAGCAGATCAC  
ATGL NM_001046005.2 F: TCTGCCTGCTGATTGCTATG 98
    R: GGCCTGGATAAGCTCCTCTT  
HSL NM_001080220.1 F: ATTGCCGACTTCCTACGAGA 113
    R: AGTCCGATGGAGATGGTCTG  
GLUT1 NM_174602.2 F: GGGCATGTGCTTCCAGTATGTG 106
    R: TGTCTCGGGAACTTTGAAGTAGGTG  
GLUT4 NM_174604.1 F: TGCGTCTCCAGTTCCTAAGACAAG 153
    R: AAGGACCAAGGTCCCAGTGA  
HK1 NM_001012668.2 F: ACCCTGGGTGCCATCTTGAG 146
    R: TCTTGTGGAAACGCCGAGAATA  
PGL NM_174179.2 F: GGCTGAGGACTACGCCAAGAA 157
    R: CACCCAGAATCAGCAGGTCAA  
CPT1α FJ415874.1 F: TCGCGATGGACTTGCTGTATA 100
    R: CGGTCCAGTTTGCGTCTGTA  
PPARα FJ415874.1 F: CATAACGCGATTCGTTTTGGA 102
    R: CGCGGTTTCGGAATCTTCT  
THRA NM_001046329.1 F:GTCAACCACCGCAAACAC 134
    R:ACAACATGCACTCCGAGAA  
THRB XM_024986440.1 F:GGAAGCAGAAGCGGAAGT 112
    R:CACATGGCAGCTCACAAA  
DIO1 NM_001122593.2 F: TGGGGTAGACACAATGACGAA 106
    R: GGCCAGATTTACCCTTGTAGGA  
DIO2 NM_001010992.7 F: CCACCTTCTGGACTTTGCCA 134
    R: GGAAGTCAGCCACGGATGAG  
DIO3 NM_001010993.3 F: TCACTCCCTGAGGCTCTG 120
    R: CCCAGTAAATGCTTACGGATG  
GAPDH NM_001034034.2 F: GGGTCATCATCTCTGCACCT 176
    R: GGTCATAAGTCCCTCCACGA  

Abbreviations
TG: Triglyceride; TC: Total cholesterol; FFA: Free fatty acid; HDL-C: High density lipoprotein-cholesterol;
LDL-C: High density lipoprotein-cholesterol; PGD: Phosphogluconate dehydrogenase; PGL: Succinate
dehydrogenase complex subunit D; HK1: Hexokinase 1; PCK1: Phosphoenolpyruvate carboxykinase 1;
G6PC: Glucose-6-phosphatasecatalytic subunit 1; GLUT1: Solute carrier family 2 member 1; GLUT4:
Solute carrier family 2 member 4; ACC: Acetyl-CoA carboxylase alpha; SREBP1: Sterol regulatory element-
binding protein 1; ACSL1: Long-chain acyl-CoA synthetase 1; FAS: Fatty acid synthase; ATGL: Patatin like
phospholipase domain containing 2; HSL: Hormone-sensitive lipase; CPT1α: Carnitine
palmitoyltransferase 1α; PPARα: Peroxisome proliferator activated receptor α; T4: Thyroxin; T3:
Triiodothyronine; FT3: Free triiodothyronineand; TH: Thyroid hormone; THR: Thyroid hormone receptor;
DIO: Iodothyronine deiodinase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; ACTB: Actin beta;
HE: Hematoxylin-eosin; PAS: Periodic Acid-Schiff.
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Figure 1

Effects of low or high concentrate diet on serum biochemical parameters at the 21st day. (A) The levels
of serum TG. (B)The levels of serum FFA. (C) The levels of serum glucose. (D) The levels of serum TC. (E)
The levels of serum LDL-C. (F) The levels of serum HDL-C. Values are mean±SEM. The data were
analyzed by Independent-Samples T test using the Compare Means of SPASS 19.0 for Windows (StaSoft
Inc, Tulsa, OK, USA). *p < 0.05, **p < 0.01 (LC vs HC).
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Figure 2

Effects of low or high concentrate diet on histological changes and biochemical parameters in the liver.
Photomicrograph of HE (A) and PAS (B) staining in cow liver, these pictures are from different cows. (C)
The levels of liver glycogen. (D) The levels of liver glucose. (E) The levels of liver TG. (F) The levels of liver
FFA. Values are mean±SEM. The data were analyzed by Independent-Samples T test using the Compare
Means of SPASS 19.0 for Windows (StaSoft Inc, Tulsa, OK, USA). *p<0.05 (LC vs HC).
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Figure 3

Expression of genes and proteins related to glycometabolism in the liver. (A) Expression of genes related
to glycometabolism in the liver. (B) Expression of proteins related to gluconeogenesis in the liver. The
data were analyzed by Independent-Samples T test using the Compare Means of SPASS 11.0 for
Windows (StaSoft Inc, Tulsa, OK, USA). Values are mean ±SEM. *p 0.05 (LC vs HC).

Figure 4

Expression of genes and proteins related to lipid metabolism in the liver. (A) Expression of genes related
to lipid metabolism in the liver. (B) Expression of proteins related to fatty acid synthesis in the liver. (C)
Expression of proteins related to fatty acid β-oxidation in the liver. The data were analyzed by
Independent-Samples T test using the Compare Means of SPASS 11.0 for Windows (StaSoft Inc, Tulsa,
OK, USA). Values are mean ±SEM. *p 0.05, ** P <0.01 (LC vs HC).
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Figure 5

Effects of low or high concentrate diet on hormones. (A) The levels of serum cortisol. (B) The levels of
serum insulin. (C) The levels of serum T4. (D) The levels of serum T3. (E) The levels of serum FT3. (F)
The levels of liver FT3. The data were analyzed by Independent-Samples T test using the Compare Means
of SPASS 11.0 for Windows (StaSoft Inc, Tulsa, OK, USA). Values are mean ±SEM. *p 0.05, ** P <0.01 (LC
vs HC).
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Figure 6

The expression of genes and protein related to thyroid hormone receptor in the liver. (A) Genes expression
of THRA and THRB in the liver. (B) Protein expression of THRB in the liver. The data were analyzed by
Independent-Samples T test using the Compare Means of SPASS 11.0 for Windows (StaSoft Inc, Tulsa,
OK, USA). Values are mean ±SEM. *p 0.05 (LC vs HC).



Page 22/22

Figure 7

The expression of genes and protein related to iodothyronine deiodinases in the liver. (A) Genes
expression of DIO1, DIO2 and DIO3 in the liver. (B) Protein expression of DIO2 in the liver. The data were
analyzed by Independent-Samples T test using the Compare Means of SPASS 11.0 for Windows (StaSoft
Inc, Tulsa, OK, USA). Values are mean ±SEM. *p 0.05 (LC vs HC).


