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Abstract

Background: Subclinical ketosis (SCK) causes economic losses in the dairy industry

because it reduces the milk production and reproductive performance of cows.

Hypothesis/Objectives: To evaluate whether carboxymethyl chitosan-loaded

reduced glutathione (CMC-rGSH) nanoparticles can alleviate the incidence or degree

of SCK in a herd.

Animals: Holstein dairy cows 21 days postpartum (n = 15).

Methods: The trial uses a prospective study. Five cows with serum β-hydroxybutyric

acid (BHBA) ≥1.20 mmol/L and aspartate aminotransferase (AST) <100 IU/L were

assigned to group T1, 5 cows with BHBA ≥1.20 mmol/L and AST >100 IU/L to group

T2, and 5 cows with BHBA <1.00 mmol/L and AST <100 IU/L to group

C. Carboxymethyl chitosan-loaded reduced glutathione (0.012 mg/kg body weight

per cow) was administered to cows in T1 and T2 once daily via jugular vein for

6 days after diagnosis. Serum from all groups were collected 1 day before adminis-

tration, then on days 1, 3, 5, 7, 10, and 15 after administration to determine the

changes in biochemical index and 1H-NMR.

Results: The difference in liver function or energy metabolism indices in T1, T2, and

C disappeared at day 7 and day 10 after the administration (P > .05). Valine, lactate,

alanine, lysine, creatinine, glucose, tyrosine, phenylalanine, formate, and oxalacetic

acid levels, and decrease in isoleucine, leucine, proline, acetate, trimethylamine

N-oxide, glycine, and BHBA levels were greater (P < .05) at day 7 than day 0 for cows

in T2.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALB, albumin; BHBA, β-hydroxybutyric acid; BCS, body condition score; CMC, carboxymethyl chitosan; GLu,

glucose; 1H-NMR, nuclear magnetic resonance; HDL-C, high-density lipoprotein; LDL-V, low-density lipoprotein; NEFA, free fatty acid; PCA, principal component analysis; PLS-DA, partial least

squares discrimination; rGSH, reduced glutathione; SCK, subclinical ketosis; TP, total protein; TC, total cholesterol; TG, triglyceride.
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Conclusions and Clinical Importance: Carboxymethyl chitosan-loaded reduced

glutathione treatment might alleviate SCK by enhancing gluconeogenesis and

reducing ketogenesis in amino acids.
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1H-NMR, dairy cow, metabolomics, rGSH chitosan nanoparticles, subclinical ketosis

1 | INTRODUCTION

Subclinical ketosis (SCK) is 1 of the most common metabolic

diseases,1 with an incidence of usually 15% to 30%, but more than

50% on some intensive cattle farms.2 High producing cows are sus-

ceptible to negative energy balance (NEB) because of the high lacta-

tional demand and insufficient dry matter intake (DMI) after calving,

and NEB will stimulate the mobilization of body fat and protein to sat-

isfy the nutrient demand of the lactating cow.3,4 High levels of keto-

genic amino acids (AAs) and nonesterified fatty acids (NEFA) are

produced by the mobilization of fat and protein, resulting in ketosis

because of the incomplete oxidation of ketone bodies.5,6 Subclinical

ketosis can reduce milk production and reproductive performance,

and increase the incidence of other diseases, such as metritis, mastitis,

and milk fever.7 Subclinical ketosis therefore causes huge economic

loss in the dairy industry. Drugs used currently to treat simple ketosis

include glucose (GLu),8 propylene glycol,9 and glycerin.10 These drugs

have played an important role in the treatment of ketosis either

because of the direct supplementation of GLu or the stimulation of

gluconeogenesis.11,12 However, it is difficult to clinically treat second-

ary ketosis with fatty liver or abnormal liver function in dairy cows

resulting from a high amount of NEFA and lipid oxidative stress.13,14

Subclinical ketosis is often overlooked or not treated effectively

because of lack of signs. The challenge of exploring effective prophy-

lactic preparations to alleviate SCK with concurrent fatty liver or

abnormal liver function still exists.

The reduced glutathione (rGSH) participate in carbohydrate

metabolism and the tricarboxylic acid cycle in vivo.15 In human

and mouse metabolic syndrome and nonalcoholic fatty liver dis-

ease, rGSH is used as therapeutic and adjuvant drug that can

reduce the production of free radicals, protecting the liver from

injury by oxygen-free radicals.16-19 Studies have confirmed that

cows with SCK have different degrees of oxidative stress and

abnormal liver function indices.20,21 However, there have not

been any previous reports where carboxymethyl chitosan-loaded

reduced glutathione (CMC-rGSH) nanoparticles have been used

to treat or improve SCK in dairy cows. We propose that rGSH

might improve SCK, with and without fatty liver, in dairy cows.

Metabolomics is a new branch of -omics.22 Nuclear magnetic

resonance (1H-NMR) is 1 of the metabolomics technologies, and has

several advantages in simple sample pretreatment and it can accu-

rately evaluate the efficacy of drugs.23 Plasma metabolic profiles of

ketosis or SCK based on 1H-NMR have been reported.24-26 It has

become a strong tool/technology in the research of metabolic dis-

ease in dairy cattle.

In this study, 1H-NMR was combined with multivariate statistical

analysis to measure the effect of CMC-rGSH nanoparticles on SCK-

affected cows. The purpose was to demonstrate that CMC-rGSH

nanoparticles can treat or alleviate SCK by improving AA, GLu, and

lipid metabolism.

2 | MATERIALS AND METHODS

2.1 | Preparation of CMC-rGSH nanoparticles

The specific production and quality evaluation of rGSH nanoparticles

is reported by Zhu et al.20 Briefly, 4 g lactose and 15 mL potassium

borohydride (KBH4 0.1 g/mL) solution were added to 50 mL CMC-

loaded solution (10 mg/mL), and the mixture was stirred and cen-

trifuged at 3000 rpm for 5 minutes. The supernatants were treated by

dialysis to remove insoluble substances, and the filtrate was freeze

dried to obtain the CMC. At room temperature, sodium alginate

(0.2 mg/mL), calcium chloride (4 mg/mL), and CMC solution were

added to a total of 50 mL solution (6 mg/mL) at a ratio of 5:2:6. The

rGSH was added to the mixture and stirred to produce the required

emulsion.

2.2 | Animals and diet

The experiments were managed in accordance with the National

Institute of Health Guidelines for the Nursing and Use of Laboratory

Animals. All animals were managed in accordance with the standards

approved by the Ethics Committee for Animal Welfare and Research

of Heilongjiang Bayi Agricultural University China (Number:

20190321-4). Holstein cows are bred in accordance with the con-

ventional feeding and management standards for cows in China. The

diet composition and nutrition level of dairy cows is shown in

Table 1.

In this experiment, 15 dairy cows at 21 days postpartum were

randomly assigned to 3 groups (T1, T2, and C) according to the indi-

vidual plasma concentrations of β-hydroxybutyric acid (BHBA) and

aspartate aminotransferase (AST).27-31 These cows had a similar par-

ity of 1.67 ± 0.13 fetuses, daily milk yield of 30.54 ± 2.71 kg/d, and

a similar body condition score (BCS) of 4.0 ± 0.5 points. Among
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them, 5 cows with a plasma BHBA concentration ≥1.20 mmol/L and

AST activity <100 IU/L were assigned to T1 group as SCK, 5 cows

with 2.00 mmol/L ≥ BHBA concentration ≥ 1.20 mmol/L and AST

activity >100 IU/L to T2 group as SCK, and 5 normal cows with

BHBA <1.00 mmol/L and AST <100 IU/L were assigned to the con-

trol group C. Carboxymethyl chitosan-loaded reduced glutathione

nanoparticles (0.012 mg/kg body weight [BW] per cows) were

administered to cows in T1 and T2 once daily (by jugular vein, IV.)

for 6 days after diagnosing SCK. The dosage, and days of treatment

with CMC-rGSH of SCK cows was speculated based on the previ-

ous pharmacodynamic studies reported by Zhu et al.20,21,32 There

were no other clinical abnormalities or diseases in the 3 groups of

cows during the experiment. At the same time, the DMI, parity, and

BCS of the dairy cows in each group were recorded for 21 days

after treatment.

2.3 | Sample collection

For assessing the effect of CMC-rGSH nanoparticles on SCK before

and after diagnosis, blood samples from the 3 groups (T1, T2, and C)

were taken at 0600 hours, before the morning feeding, from the tail

vein on day 1 before administration of CMC-rGSH nanoparticles, and

then on days 1, 3, 5, 7, 10, and 15 after administration. The method of

Zhu et al20,21,32 refers to the effect of CMC-rGSH in rat with fatty

liver syndrome. All collected blood samples were divided into 2 parts.

One part was added into a heparin tube and centrifuged at 3500 rpm

for 10 minutes to separate the plasma, which was the stored at

−20�C for biochemical analysis. The rest was allowed to coagulate,

and then centrifuged at 3500 rpm for 10 minutes to separate the

plasma, which was stored at −80�C for 1H-NMR analysis.

2.4 | Plasma biochemical indicator analysis

Plasma biochemical index include indicators for energy metabolism, liver

function, and lipid metabolism. The energy metabolism indicators include

BHBA, NEFA, and GLu (mmol/L); liver function indicators include total

AST (IU/L), alanine aminotransferase (ALT IU/L), protein (TP g/L), albumin

(ALB g/L), and globulin (g/L); lipid metabolism indicators include total

cholesterol (TC mmol/L), triglyceride (TG mmol/L), high-density lipopro-

tein (HDL mmol/L), and low-density lipoprotein (LDL mmol/L). The pres-

ence of SCK was determined by testing plasma BHBA using a blood

ketone meter and ketosis reagent strips with 93.8% sensitivity, 100%

specificity, and a 93.8% Youden index (Yicheng, Beijing, China). Other

biochemical parameters were measured using commercial kits and instru-

ments from our previous research.33 Statistical analysis was carried out

using SPSS 19.0 (SPSS, IBM, Armonk, New York).

2.5 | Plasma 1H-NMR analysis

1H-NMR was performed on a 500 MHz 1H-NMR spectrometer

(AVANCE III, Bruker, Switzerland). A serum sample (400 μL) was mixed

TABLE 1 Dietary composition and nutrition level of
experimental cows

Diet composition (kg) Nutrient content

Water 5.47 CP (%) 17.70

Cottonseed 1.03 Starch (%) 22.70

Soybean hulls 1.50 DM (%) 48.00

Oat grass 0.50 NDF (%) 31.50

Alfalfa 2.50 ADF (%) 19.00

Soybean meal 1.30 FNDF (%) 18.70

Corn flakes 2.00 Net milk

production

(MCal/kg)

0.78

Molasses 1.00

Silage 25.37

corn 3.00

Premix of minerals

and trace elements

1.20

Concentrated

feed

4.09

Total 48.96

Abbreviations: ADF, acid detergent fiber; CP, crude protein; DM, dry mat-

ter; FNDF, source of roughage neutral detergent fiber NDF; NDF, neutral

detergent fiber.

F IGURE 1 Dry matter intake (DMI) and milk yield after
administration. ** represents a significant difference between groups
(P < .01) and * represents a significant difference between groups
within the same time period (P < .05)
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with 600 μL of 99.8% D2O phosphate buffer solution (0.2 mol/L

Na2HPO4, 0.2 mol/L NaH2PO4, pH = 7.0) containing 0.05% (w/v) TSP,

and was centrifuged at 12 000 rpm × 10 minutes, and the supernatant

was taken. The test temperature was 298 K, and the pulse sequence used

was the Carr-Purcell-Meiboom-Gill (CPMG) sequence (RD-90 [τ-180-τ]

n-ACQ), with a total spin echo delay (2nτ) of 10 ms. The number of 1H-

NMR acquisition scans (NS) was 32, the number of sampling points

(TD) was 32 k, and the spectral width was 10 000 Hz. All 1H-NMR data

needed to be corrected for zero-point, phase, and baseline in Topspin

software (Bruker, Germany). The sample spectrum was integrated at

0.015 ppm in the interval of 0.8 to 8.5 ppm, chemical shift, the water

peak, and its influence area were removed from the resonance signal in

the range of 4.5 to 5.18 ppm.

All spectrum data were normalized by probabilistic quotient

normalization (PQN), and then normalized by Pareto-scale and

mean-center functions. Identification of compounds was done

using Chenomx software (Chenomx, Canada) to fit and compare

the peaks, select compounds with good peak shape matches, and

combine the metabolomics databases Madison metabolomics con-

sortium database and human metabolome database. These were

then analyzed with Statistical Total Correlation spectroscopy.

Method auxiliary identification of peak metabolites was performed

on 1H-NMR spectra. All integrated data were normalized and inte-

grated to perform multivariate statistical analysis as described by

Zhang et al.34

2.6 | Multivariate statistical analysis

SIMCA-P10.0 (Sweden, Umetrics AB, Umea, Sweden) was used to

perform multivariate statistical analysis on the data, including princi-

pal component analysis (PCA), partial least squares discrimination

(PLS-DA), and orthogonal signal correction (OPLS-DA). Principal

component analysis of plasma metabolite 1H-NMR signals, analysis,

and comparison of the overall presentation of sample distributions,

judgment of differences between groups, and determination of the

principal components was conducted. Partial least squares discrimi-

nation uses a 2-fold, cross-validation method to test the quality of

the model and uses R2X and Q2 (representing the model's interpret-

able variables, and the model's predictability, respectively) to evalu-

ate the model's effectiveness. Through OPLS-DA analysis for the

correlation coefficient of each metabolite, statistically significant

metabolites were further summarized. Orthogonal signal correction

was obtained after orthogonal signal correction on the PLS-DA

model. Orthogonal signal correction can remove variables that have

no meaning for grouping, thereby maximizing the difference

between groups.

Combined with a 1-way analysis of variance (ANOVA), this exper-

iment set 0.05 as the threshold for screening differentially expressed

metabolites. Differential metabolites causing differences between

groups were obtained. The KEGG (https://www.kegg.jp) database

was used to search the metabolic pathways related to the differential

metabolites.T
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3 | RESULTS

3.1 | Effect of GCMC-rGSH nanoparticles on
energy metabolism, liver function and lipid metabolism
in SCK dairy cows

Figure 1 shows the levels and changes in DMI and milk yield of postpar-

tum dairy cows in the T1, T2, and C groups. On day 1 before

administration, and days 1, 3, and 5 after administration, the DMI in

group C was higher than T1 and T2 (P < .01). On days 7, 10, and

15 after administration, there were no differences in DMI between

group C and groups T1 and T2 (P > .05). The DMI in the T1 and T2

groups showed an increase after treatment. There was a slight increase

in milk yield in the 3 groups (C, T1, and T2) over the experiment, but

milk yield in group C was higher than group T1, T2 (P > .05) the whole

period. Table 2 shows the energy metabolism, liver function, and lipid

F IGURE 2 A, Partial least squares
discrimination (PLS-DA) score plot of
plasma from 3 groups at all time points. B,
Partial least squares discrimination score
plot of plasma from 3 groups after
administration. C, The time point trajectory
of plasma from 3 groups at all time
points. D, The time point trajectory of
plasma from 3 groups at all time points
after administration. E, Partial least squares
discrimination loading plot of plasma from
3 groups at all time points. F, Partial least
squares discrimination loading plot of
plasma from 3 groups at all time points
after administration. The darker the color,
the greater the variation. Metabolites
above the baseline were higher in the T1
group, and metabolites below the baseline
were higher in the T2 group. Red dots
represent group T2, green dots represent
group T1, and black dots represent group C
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metabolism indices of the 3 groups of experimental cows on different

days after administration of CMC-rGSH. Day 1 (before administration),

the levels of energy metabolism indicators (BHBA, NEFA), and liver

function indicators (ALT, AST, TG, ALB) in the plasma of the cows in T1

and T2 were higher than those in the C group (P < .01). Lipid metabolic

indicators (TC, HAL-C, LDL) and GLu in the plasma of T1 and T2 were

lower than in group C (P < .01). After administration, the serum levels

of ALT, AST, TG, NEFA, and BHBA in T1 and T2 cows decreased, and

the levels of TC, HDL, LDL, and GLu increased. Compared with

group C, there were differences in the ALT, AST, TC, TG, HDL, LDL,

NEFA, BHBA, and GLu in the serum of the T1 and T2 groups before

administration. Five days after administration, TC and HDL differences

in the serum of the T, T2, and C groups disappeared. Seven days after

administration, the differences in AST, TG, LDL, BHBA, and GLu in the

serum of T1, T2, and C groups disappeared. Ten days after administra-

tion, the difference in NEFA in the serum of groups T1, T2, and C dis-

appeared. On day 15 after administration, the difference in ALT in the

serum of T2 and C disappeared.

3.2 | Plasma metabolite spectrum

The PLS-DA score map of plasma metabolites of the 3 groups at all

time points is shown in Figure 2A. Figure 2B is a plot of PLS-DA

scores at days 3, 5, 7, 10, and 15 after administration. There was a sig-

nificant separation between the 3 groups. There is a 95% confidence

interval between the samples in the circle. From Figure 2A,B, the sep-

aration between group C and T2 is better than between group C

and T1.

Figure 2C shows the PLS-DA trajectory analysis results of the

3 groups of serum samples before and after administration, and

Figure 2D is the PLS-DA trajectory analysis diagram of the 3 groups

of serum samples at different time points after administration. Before

administration, serum samples of the 3 groups of cows were sepa-

rated. The differences between the 3 groups disappeared as the trial

progressed. The metabolomics results were consistent with the serum

biochemical index test results. Seven days after drug treatment, the

difference among T2, T1, and C disappeared, and by day 15, T2 was

already included in group C. The rGSH nanoparticles influence serum

metabolites of SCK cows and SCK cows with a high AST.

Compared with the control, the metabolites in the serum of T1 and

T2 cows showed changes in upregulation and downregulation, indicat-

ing that CMC-rGSH caused significant changes in endogenous metabo-

lites in T1 and T2 cows, before and after treatment (Figure 2E,F).

The sample separation before and after treatment was good, with

differences between groups, as evidenced from the PLS-DA score

maps (Figures 3A and 4A). Carboxymethyl chitosan-loaded reduced

glutathione changed the metabolites in the serum of experimental

cows. In the T1 group, the difference in plasma metabolites at 3, 5,

7, 10, and 15 days after administration did not change with the num-

ber of days after administration (Figures 3B and 4B). In the T2 group,

PCA (Figure 4B), PLS-DA (Figure 4C) trajectories, and OPLS-DA

(Figure 4D) trajectories all indicated that the metabolites in the serum

of the T2 group varied with time after treatment. Serum metabolites

showed differential changes among days 7, 10, and 15 after treat-

ment, and 1 day before treatment, and days 3 and 5 after treatment.

The rGSH nanoparticles were effective in cows with SCK and ele-

vated AST, but not in cows with SCK without elevated AST.

F IGURE 3 A. Partial least squares
discrimination (PLS-DA) scores at time
points before and after plasma
administration in the T1 group. B, Trace
of PLS-DA at time points before and after
plasma administration in group T1. C,
Partial least squares discrimination
loading chart at time points before and
after administration in group T1. The red
dot represents after administration, and
the black dot represents before
administration
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Because the results of the PLS-DA analysis showed that CMC-

rGSH had a stronger therapeutic effect on T2 cows, with a more

obvious difference in plasma metabolites, differential metabolites in

the plasma of the T2 group before and after treatment were identi-

fied for bioinformatics analysis. Figure 5A (0-5 ppm) and Figure 5B

(5-8.5 ppm) are loading graphs of the serum samples of the T2

group before treatment, and 7 days after treatment. Differential

metabolites in the T2 group changed before and after treatment

(Table 3). Valine, lactate, alanine, lysine, creatinine, GLu, tyrosine,

phenylalanine, formate, and oxalacetic acid increased. Isoleucine,

leucine, proline, acetate, trimethylamine N-oxide, glycine, and BHBA

decreased.

F IGURE 5 A, Partial least squares
discrimination loading chart before and
after administration in the T2 group
(0-5 ppm). B, Partial least squares
discrimination loading chart before and
after administration in the T2 group
(5-8.5 ppm). The differential metabolites in
the serum of the T2 group before
treatment and on the 7th day after
treatment have been identified, and are
marked in the figure

F IGURE 4 A, 3PLS-DA (OSC) score
chart before and after treatment in the

T2 group. B, Principal component analysis
score trajectory plot before and after
treatment in the T2 group. C, Partial least
squares discrimination score trajectory
plot before and after treatment in the T2
group. D, Orthogonal signal correction
score trajectory plot before and after
treatment in the T2 group. The red
represents after administration, black
represents before administration
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3.3 | Metabolic pathway

The KEGG database was used to analyze the biosynthesis pathway of

differentially expressed plasma metabolites in T2 cows before and after

treatment (Figure 6A). These included the biosynthesis of valine, leucine

and isoleucine, phenylalanine, tyrosine and tryptophan, phenylalanine

metabolism, glyoxylic acid and dicarboxylic acid metabolism, and gly-

cine, serine, and threonine metabolism. The 17 metabolites were used

to build an interaction network (Figure 6B). Tyrosine, phenylalanine,

isoleucine, valine, proline, and lactic acid enter the tricarboxylate acid

cycle through the pathways of fumaric acid, succinyl-CoA, fluorenyl-

ketoglutarate, and oxaloacetate. Tyrosine, phenylalanine, leucine, iso-

leucine, and lysine enter the tricarboxylic acid cycle or ketone bodies

through the acetyl-CoA pathway. Acetic acid produces acetoacetic acid

and amidine-ketopentan diacid enters the tricarboxylic acid cycle

through 2 pathways or generates ketone bodies through acetyl-CoA.

Glucose, alanine, creatine, and glycine all enter the tricarboxylic acid

cycle through the pyruvate-oxaloacetate pathway.

TABLE 3 The differential metabolites in the plasma of cows in group T2 before and on the 7th day after administration

No. Metabolites Chemical shift (ppm) Changes after administration P

1 Isoleucine 0.925-0.955, 3.67-3.69 # .05

2 Leucine 0.96-0.98, 1.66-1.73 # .02

3 Valine 0.98-1.01, 1.04-1.06, 3.61-3.63 " .009

4 proline 1.01-1.04 # .02

5 Lactate 1.32-1.35, 4.09-4.15 " .007

6 Alanine 1.475-1.50 " .008

7 lysine 1.73-1.77 " .008

8 Acetate 1.915-1.93 # .01

9 Creatinine 3.045-3.055, 4.055-4.065 " .04

10 Glucose 3.39-3.56, 3.70-3.925, 5.23-5.26 " .03

11 Trimethylamine N-oxide 3.27-3.28 # .01

12 Glycine 3.56-3.57 # .04

13 Tyrosine 6.895-6.925, 7.18-7.21 " .03

14 Phenylalanine 7.315-7.35, 7.41-7.46 " .03

15 Formate 8.4-8.55 " .02

16 BHBA 1.2, 2.31-2.41 # .001

17 Oxalacetic acid 2.03-2.055 " .05

Notes: # represents a decrease in the differential metabolites after administration. " represents an increase in the differential metabolites after

administration.

F IGURE 6 Pathway impact (A) and network mapping (B) of differential metabolites in T2 after administration. A, Bubble plots of the
metabolic pathways affected in estrous versus anestrous subjects. The lighter and smaller bubbles represent least affected pathways, whereas the
larger and darker bubbles represent the more markedly affected pathways. B, Blue font represents upregulation, red font represents
downregulation
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4 | DISCUSSION

Ketosis is a metabolic disease characterized by elevated levels of

ketone bodies (including BHBA), and is classified into clinical ketosis

and SCK according to whether there are clinical signs, and whether

the BHBA level exceeds 1.20 mm/L.31,35 Because there are no obvi-

ous clinical signs in SCK, some cows will return to normal on their

own and generally, SCK cows are not treated, unless they develop

clinical ketosis. Dairy cows with SCK are characterized by oxidative

stress and hepatic damage. The ketotic cows usually have abnormal

liver function due to hepatitis, fatty liver, or hepatocyte oxidative

injury.36-38 The ketotic cows often have higher AST levels in the

serum than healthy cows.36-40 AST activity in the serum of >100 IU/L

was used as a predictive indicator of dairy cow ketosis.41,42 If elevated

BHBA and AST levels are not detected, SCK and liver function abnor-

malities33 in the herd will be ignored and not be treated timeously.

SCK and liver function abnormalities are potentially harmful to the

cow's health and subsequent reproduction.30 Some biochemical index

such as ALB, ALT, AST, and TP in the plasma might be used to assess

the degree of abnormal liver function.34,43-45 The current study con-

firmed that CMC-rGSH alleviated SCK and improved abnormal liver

function because plasma levels of BHBA, AST, ALT, and TG decreased

gradually, whereas Glu, TC, and HDL increased gradually, and became

similar to healthy control cows. This implies that CMC-rGSH might

improve fat metabolism and liver function in SCK cows.

This experiment is an initial exploration of the effect of CMC-

rGSH on SCK, with and without high AST in dairy cows. In the future,

a comprehensive study of the effect of CMC-rGSH on fatty acid

metabolism and liver oxidative stress in SCK dairy cows will be con-

ducted in a large-scale experiment, a positive control must be

designed to better evaluate the effect of CMC-rGSH on SCK cows for

improving a lack of the untreated control in this experiment. Although

some SCK does spontaneously resolved with time, they would have a

longer normal recovery day if there were not any treatment and

accompanied by an abnormal liver function according to assessment

of serum biochemical indicators including NEFA, BHBA, TG, AST, and

liver lipid, etc. Jae46 reported 2 regimens to treat SCK cows, 50 SCK

cows without any treatment have higher plasma BHBA content (more

than 2.0 mmol/L) and lower GLu level (less than 45 md/dL) within

10 days after diagnosis of SCK. Gordon47 used butaphosphan, cyano-

cobalamin and insulin to treat SCK cows, 99 untreated SCK cows had

no indication of resolution of SCK 2 weeks after diagnosis, and their

serum level of BHBA and GLu were not in the normal range. Caixeta48

injected human recombinant FGF21 to improve the liver lipid metabo-

lism of dairy cows showed that the NEFA content in the plasma of the

uninjected control cows did not decrease within 8 days, which was

significantly higher than that of the treatment group. Zang49 added

Methyl donor in the feed to alleviate the liver lipid accumulation in

dairy cows, the content of TG 46:3 and TG 58:5 in the blood of dairy

cows with liver fat deposition in the untreated feed group remained

within 14 days, which were significantly higher than the experimental

treatment group. In the same way, our experiment shows that serum

levels of BHBA, Glu, AST, TG, HDL, LDL, TC in SCK cows with

elevated AST returned to normal, of NEFA, ALT were also near normal

within 7 days after CMC-rGSH administration. Therefore, our experi-

mental results showed that CMC-rGSH effectively shorten the normal

recovery day and treat or alleviate SCK in dairy cows, which is consis-

tent with that of previous reports that GSH can improve fatty liver or

liver dysfunction in mammals.20,21,32

In the current study, metabolomics was used to identify the

changes in plasma metabolites, and the metabolic pathways enriched

by differential metabolites in T2 cows before and after treatment.

One important finding was that the main pathways of plasma

glycogenic and ketogenic AAs in SCK cows with high AST were acti-

vated after administration of CMC-rGSH nanoparticles. Plasma levels

of glycogenic AAs such as alanine, valine, tyrosine and phenylalanine

increased, and ketogenic AAs such as leucine and isoleucine

decreased in SCK cows with high AST. Under normal animal metabo-

lism, glutathione is a tripeptide composed of glutamic acid, cystine,

and glycine. It is the main prosthetic group of glyceraldehyde dehy-

drogenase, and a prosthetic group of glyoxalase and triose phosphate

dehydrogenase.50 It participates in the tricarboxylic acid cycle and

sugar metabolism to produce more energy. After exogenous rGSH

supplementation, the changes in glycogen and ketogenic AAs con-

firmed that glutathione activity was enhanced by exogenous rGSH,

which successfully balanced the energy supply mode. It has been

known that SCK cows had reduced levels of glycogenic AAs and

increased ketogenic AAs during early lactation.51 Since our met-

abolomics results showed that after 7 days of administration of rGSH

there were lower BHBA and higher GLu in SCK cows with elevated

AST by increase in valine, lactate, alanine, lysine, tyrosine, and phenyl-

alanine and decrease in isoleucine and leucine, it suggest that CMC-

rGSH nanoparticles can promote glycogenic AA production, and

inhibit the production of ketogenic AAs of in SCK of dairy cows.

There were alterations in other AAs and metabolites in the plasma

of SCK cows with high AST after administration of CMC-rGSH

nanoparticles. Lysine is obtained from the diet as a rumen protected

nutrient, and is involved in the synthesis and secretion of lipoproteins

(such as very low density lipoprotein) to reduce the accumulation of

TG in the liver, and alleviate hepatic steatosis.52 The metabolomics

results indicate that the T2 cows had an increased plasma lysine con-

tent after treatment. Plasma oxaloacetic acid content increased due to

the increase in lactic acid, alanine, GLu, and creatine since they can

enter the tricarboxylic acid cycle to generate oxaloacetic acid.53 When

SCK occurs, the lipid catabolism increases to produce an increase in

acetic acid and BHBA by the acetyl coenzyme A pathway.54 In this

study, a significant finding was that the plasma levels of acetic acid

and BHBA decreased significantly, creatine increased, and glycine

decreased after treatment. Lactating dairy cows need a lot of creatine

to alleviate NEB through glycine catabolism (as the precursor of

creatine),55 however the role of the increased creatine, formic acid

and lactic acid in SCK of dairy cows after administration of CMC-

rGSH needs to be clarified in future studies. Proline is synthesized

from glutamate, but its synthesis is limited, so it is obtained mainly

from the diet.56 In this study, the plasma proline level decreased after

treatment, implying that the degradation of proline increases to meet
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lactational demand. N-trimethylamine oxide is an intermediate metab-

olite of choline and in this study, plasma levels of N-trimethylamine

oxide decreased after treatment, suggesting that choline could be

emulsified into cholesterol and released from the liver in the form of

phosphatidylcholine.57 Choline participates in creatine production

through transmethylation, which was consistent with the increase in

plasma creatine content.

Another important component of this study was the network

mapping of differential plasma metabolites in SCK cows with high

AST after administration of CMC-rGSH nanoparticles. The rGSH is a

coenzyme of triose dehydrogenase that participates in the TCA cycle

and sugar metabolism in the human and animal, and can activate vari-

ous enzymes to promote sugar, fat, and protein metabolism.58 In addi-

tion, rGSH can protect the liver from the damage of oxidative stress

because it may directly eliminate free radicals or reduce free radical

generation to maintain cell biological functions, and the integrity of

cell membranes.59,60 According to the interaction network in Figure 5,

the increased metabolites (tyrosine, phenylalanine, GLu, alanine, crea-

tine, valine, formic acid, and lactic acid) after administration of CMC-

rGSH in the plasma of SCK cows with abnormal liver function can

enter the tricarboxylic acid cycle to provide GLu and energy through

the pathways of oxaloacetate, fumaric acid, succinyl-CoA, and

stilbene-ketoglutarate. Decreased differential metabolites (including

acetic acid, leucine, and isoleucine) may reduce the effect of ketogenic

AAs via the acetyl-CoA pathway. Carboxymethyl chitosan-loaded

reduced glutathione may also decrease acetic acid or BHBA in the

plasma of SCK cows.

Biochemistry analysis and NMR have therefore confirmed that

CMC-rGSH may improve SCK in dairy cows by some main or other

metabolic pathways. During lactation in dairy cows, the intake rate of

acetic acid and GLu in the mammary gland is increased for lactose syn-

thesis or energy supply.61 During the synthesis of lactose, GLu is first

phosphorylated to GLu-6-phosphate isomerase (G6P) and then

converted to UDP-galactose. After GLu and UDP-galactose are taken

up by the Golgi apparatus, lactose is synthesized by lactose synthase.62

Based on the results of this study, CMC nanoparticles may promote

GLu production to provide energy through the pathways of triose

phosphate-phosphoenolpyruvate-pyruvate-oxaloacetate-TCA, or pro-

mote GLu uptake and metabolism in the mammary gland through the

pathways of GLu-lactose and GLu-G6P-UDP-galactose-lactose in dairy

cows with SCK and high AST.
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