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Transcriptomics and
metabolomics analysis reveal
the anti-oxidation and immune
boosting effects of mulberry
leaves in growing mutton sheep

Xiaopeng Cui, Yuxin Yang, Minjuan Zhang, Shuang Liu,
Hexin Wang, Feng Jiao, Lijun Bao, Ziwei Lin, Xinlan Wei,
Wei Qian, Xiang Shi, Chao Su* and Yonghua Qian*

College of Animal Science and Technology, Northwest A&F University, Yangling, Shaanxi, China
Introduction: Currently, the anti-oxidation of active ingredients in mulberry

leaves (MLs) and their forageutilization is receiving increasing attention.Here,we

propose that MLs supplementation improves oxidative resistance and immunity.

Methods: We conducted a trial including three groups of growing mutton

sheep, each receiving fermented mulberry leaves (FMLs) feeding, dried

mulberry leaves (DMLs) feeding or normal control feeding without MLs.

Results: Transcriptomic and metabolomic analyses revealed that promoting

anti-oxidation and enhancing disease resistance ofMLs is attributed to improved

tryptophan metabolic pathways and reduced peroxidation of polyunsaturated

fatty acids (PUFAs). Furthermore, immunity was markedly increased after FMLs

treatment by regulating glycolysis and mannose-6-phosphate pathways.

Additionally, there was better average daily gain in the MLs treatment groups.

Conclusion: These findings provide new insights for understanding the

beneficial effects of MLs in animal husbandry and provide a theoretical support

for extensive application of MLs in improving nutrition and health care values.

KEYWORDS

mulberry leaves, anti-oxidation, peroxidation of polyunsaturated fatty acids,
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Introduction

Currently, a number of medicinal plants are widely used as

functional foods and alternative medicine to prevent and treat

chronic diseases (1). This is due to the numerous bioactive

components with anti-oxidant capabilities, such as phenolic

compounds and flavonoids (2), which may help improve

immunity by coordinating the metabolism of the body.

Mulberry leaves (MLs) have been used as feed for silk worms

for hundreds of years and also as a traditional Chinese medicine,

according to the classical medicine books. Owing to their anti-

oxidative, anti-inflammatory, anti-bacterial, and anti-

hyperlipidemic properties, mulberry leaves are gaining

increasing attention for use in Chinese herbal medicines (3).

To date, the hypoglycemic and lipid-lowering effects of extracts

or active ingredients in MLs are well established, against

diabetes, fatty liver, and some similar diseases related to

disorders in glucose and lipid metabolism. In addition,

accumulating evidence have validated the promotion of

growth and rumen development, anti-oxidant properties, and

improvement in milk production by MLs or their active

ingredients in livestock (3–6). However, the underlying

mechanism of MLs, as an unconventional feed with both

nutritive and medicinal properties, on anti-oxidation and

immunity in livestock remains poorly understood. In recent

years, an explosion has occurred in the acquisition of biological

data through the use of so-called ‘omics’ techniques. Whilst

many different omics technologies are now featured in the

literature, the most frequently used omics are genomics,

transcriptomics, proteomics and metabolomics (7). Thus, the

aim of the present study was to evaluate the roles of MLs in

growth promoting and animal welfare improving aspects of

mutton sheep in terms of antioxidant and immune properties

and explore the mechanism by methods of transcriptomic and

metabolomic.Our study provides novel insights into the role of

MLs in livestock yield and the application of natural

functional fodder.
Materials and methods

The experiment was conducted in accordance with the

Chinese Guidelines for Animal Welfare and Experimental

Protocols, and approved by the Animal Care and Use

Committee of the Institute of Northwest A & F University.
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Preparation and chemical indexes
measurement of fermented mulberry
leaves and dried mulberry leaves

MLs (species 707) are harvested in July 2021 at the Institute

of Sericulture and Silk in Zhouzhi, Shaanxi Province, China. One

half is sun-dried for seven days, next well-sealed in woven bags

after a little rubbing and then stored in a dry, dark place for

acquiring DMLs for use in feeding experiment. The other half

with 65.03%moisture content after wilted by sun-shine for a half

day, is a little smashed and vacuum sealed in fermentation-

special bags to ferment with 5% Lactobacillus plantarum

inoculation at room temperature (27.5-28°C) for thirty days in

a dry, dark place for preparation for FMLs. Here 5% is adding 5

mL of bacterial culture suspension to 100 grams of MLs and the

concentration of bacterial culture suspension is 1×108 CFU/mL.

Lactobacillus plantarum (CICC 23941) purchased from the

China Center of Industrial Culture Collection (www.china-

cicc.org). Before feeding experiments, the pH, crude protein,

crude fiber as well as gross energy of FMLs and DMLs are

determined according to standard methods of AOAC. And their

contents are shown in Table 1. FMLs are deemed qualified

without aflatoxin B1 detected at a minimum checked value of

0.1 mg/kg by Huayan Testing Group Co., Ltd in Xi’an City,

Shaanxi Province (Detection number: SP202115450).
Experimental design and feeding diets

Animal experiments are conducted on six-month-old

healthy female mutton sheep (white-headed Suffolk

sheep♂×Hu sheep♀) weighing 30.41kg at average without

genetic modification in Gansu Qinghuan Meat Sheep Seed

Production Co. Ltd (Huan County, Qingyang City, Gansu

Province, China). The animals were randomly assigned to

group Con feeding a normal control diet (n=18), group TR1

feeding an experimental diet with FMLs (n=18) and group TR2

feeding an experimental diet with DMLs (n=18) and then treated

for an experiment of fifty days. Each group had 6 replicates with

3 sheep per replicate. Before the feeding experiment, animals

undergo an acclimatization period of six days to obtain an

appropriate feed intake, during which they were allowed

unlimited access to their corresponding experimental diet and

tap water. Experimental sheep were housed in sheepfold and

given self-help feeding in three groups every day. The
TABLE 1 Chemical composition of FMLs and DMLs.

Items DM loss/% pH Crude protein/% Crude fiber/% Gross energy/(MJ/kg)

FMLs 4.6 3.98 14.69 8.35 15.92

DMLs 6.20 15.15 9.72 14.28
FMLs, fermented mulberry leaves; DMLs, dried mulberry leaves.
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ingredients and chemical composition of three experimental

diets are shown in Table 2. The chemical compositions of

three experimental diets are determined by Ulanqab Yima

Agriculture and Animal Husbandry Technology Co., Ltd

(Ulanqab City, Inner Mongolia, China).
Weighing and sample collection

Prior to the experiments, all sheep are driven to be weighed

by an automatic weighing system to obtain the initial body

weights. Afterwards, body weights on day 25th and 50th are

weighted to calculate daily gains. On the 50th day, blood from

the jugular vein was collected and placed in 5mL vacuum

negative-pressure tubes with yellow cap containing separation

gels for serum separation and then leave to set for one to two

hours to collect rough 2.5mL serum, which is immediately stored

in liquid nitrogen and taken to the lab for further analysis. At the

end of the experimental period, 6 sheep per group which were

representative in terms of average weight (inclusion criteria) of

group were selected and slaughtered for tissue sample collection.

Tissue samples (about 0.5×0.5×0.5cm3) of longissimus dorsi

muscle and subcutaneous fat from the left side of the carcass
Frontiers in Immunology 03
are packed into 2 mL cryopreserved tube and frozen in liquid

nitrogen immediately within 20 min of slaughter for biochemical

indexes and omics analysis. Weighting samples contain 18

biological repeats of each group.
Analysis of biochemical indexes

Growth hormone (GH), total antioxidant capacity (TAOC),

superoxide dismutase (SOD), catalase (CAT), glutathione

peroxidase (GSH-Px) and malondialdehyde (MDA) are

determined using commercially available kits (HY-60021, HY-

60001, HY-M0018, HY-60005, HY-60003; Beijing Huaying

Biotechnology Research Institute, Beijing, China). Serum

immunoglobulin A, M, G (IgA, IgM, IgG) and tumor necrosis

factor (TNFa) were determined by commercially available kits

(HY-N0048, HY-N0049, HY-N0050, HY-H0019; Beijing

Huaying Institute of Biotechnology Research Institute, Beijing,

China). Immunoglobulin (IG) is the sum of immunoglobulins

IgA, IgM and IgG. Muscle tissue samples contain 5 biological

repeats (group Con), 6 biological repeats (group TR2) and 5

biological repeats (group TR2), respectively. Adipose tissue

samples contain 5 biological repeats (group Con), 5 biological
TABLE 2 Ingredients and chemical composition of three experimental diets.

Items Con TR1 TR2

Ingredients

DMLs/% 0 0 7.11

FMLs/% 0 16.59 0

Oat hay/% 12.43 24.88 17.77

Corn silage/% 29.00 8.29 24.88

Corn/% 19.34 16.59 16.59

Wheat/% 20.72 17.77 17.77

Concentrate/% 17.68 15.17 15.17

Limestone/% 0.83 0.71 0.71

Total/% 100 100 100

Nutrients (based on dry matter)

Dry matter/% 72.50 66.10 66.40

Crude protein/% 16.40 16.70 16.60

Metabolizable Energy/(MJ/kg) 10.46 10.63 10.30

Crude fat/% 3.00 3.40 3.00

Crude ash/% 9.58 9.24 10.59

Acid detergent fiber/% 16.80 17.50 15.30

Neutral detergent fiber/% 27.80 28.47 25.76

Lignin/% 4.30 4.40 4.80
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repeats (group TR2) and 5 biological repeats (group TR2),

respectively. Serum samples contain 8 biological repeats

(group Con), 7 biological repeats (group TR2) and 8 biological

repeats (group TR2), respectively. Technical repetition is no less

than 2 for all samples. No data point from the analysis

is excluded.
Widely target metabolomics analysis

Tissue samples of muscle are extracted by Metware

according to standard procedures. The sample extracts were

analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD,

https://sciex.com.cn/; MS, QTRAP® System, https://sciex.com/).

LIT and triple quadrupole (QQQ) scans were acquired on a

triple quadrupole-linear ion trap mass spectrometer (QTRAP),

QTRAP® LC-MS/MS System, equipped with an ESI Turbo Ion-

Spray interface, operating in positive and negative ion mode and

controlled by Analyst 1.6.3 software (Sciex). Instrument tuning

and mass calibration were performed with 10 and 100 mmol/L

polypropylene glycol solutions in QQQ and LIT modes,

respectively. A specific set of MRM transitions were monitored

for each period according to the metabolites eluted within this

period. Significantly regulated metabolites between groups were

determined by variable importance in projection (VIP)≥1 and

absolute Log2FC (fold change)≥1. VIP values were extracted

from OPLS-DA result, which also contain score plots and

permutation plots, was generated using R package

MetaboAnalystR. The data was log transform (log2) and mean

centering before OPLS-DA. In order to avoid overfitting, a

permutation test (200 permutations) was performed.
Transcriptomic analysis

RNA-extract and RNA-seq of muscle are conducted

according to standard procedures of Majorbio with the

Illumina HiSeq xten/NovaSeq 6000 sequencer (2×150bp read

length). The raw paired end reads were trimmed and quality

controlled by SeqPrep (https://github.com/jstjohn/SeqPrep) and

Sickle (https://github.com/najoshi/sickle) with default

parameters. Then clean reads were separately aligned to

reference genome with orientation mode using HISAT2

(http://ccb.jhu.edu/software/hisat2/index.shtml) software (8).

The mapped reads of each sample were assembled by

StringTie (https://ccb.jhu.edu/software/stringtie/index.shtml?t=

example) in a reference-based approach (9). To identify DEGs

(differential expression genes) between two different samples,

the expression level of each transcript was calculated according

to the transcripts per million reads (TPM) method. RSEM

(http://deweylab.biostat.wisc.edu/rsem/) (10) was used to

quantify gene abundances. Essentially, differential expression

analysis was performed using the DESeq2 (11)/DEGseq
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(12)/EdgeR (13) with Q value ≤ 0.05, DEGs with |log2FC|>1

and Q value ≤ 0.05(DESeq2 or EdgeR)/Q value ≤ 0.001(DEGseq)

were considered to be significantly different expressed genes. The

transcriptomic sequence data have been deposited in the NCBI

database (Accession No. PRJNA898816).
Statistical analysis

Statistical analysis was performed by the SPSS 19.0 software

(IBM-SPSS Statistics, IBM Corp., Armonk, NY, United States).

Data were evaluated using a one-way ANOVA followed by

Turkey’s multiple range tests for physiological and biochemical

indexes. Significance was declared if p<0.05. Additionally, omics

sequencing data are analyzed using online platforms for data

analysis, including Metware cloud tools (https://cloud.metware.

cn/#/tools/tool-list) and Majorbio cloud platform (https://cloud.

majorbio.com/). Histograms and metabolic pathway maps are

drawn respectively using Graphpad Prism 8 and Adobe

Illustrator CS6.
Results

Growth performance

Throughout the trial, no significant differences were detected

in daily gain (0–25d) (Con<TR2<TR1) and feed to gain ratio (F/

G) (Con>TR2>TR1) (p>0.05, Table 3), although group TR1

which were fed with FMLs demonstrated a little increase in daily

gain (0–25d) and a slight decrease in F/G. Apparently,

treatments with FMLs and DMLs (group TR2) generated an

obvious increase in ADFI during the overall raising period

(p<0.05), which suggests MLs are a delicious feed for

promotion. In addition, ADG, daily gain (25–50d) and serum

growth hormone levels were significantly improved in both

MLs-treatment groups (p<0.05) in the study. Further, FMLs

feeding resulted in a significant increase in the final body

weight (p<0.05).
Anti-oxidant properties

As shown in Table 4, SOD (superoxide dismutase), CAT

(catalase), GSH-Px (glutathione peroxidase) and TAOC (total

antioxidant activity) in serum and muscle were significantly

increased in the MLs treatment group, especially in the FMLs

treatment group (p<0.05); SOD and GSH-Px in adipose tissue

also increased significantly (p<0.05), CAT and TAOC tended to

increase (Con<TR2<TR1, p>0.05). In addition, feeding MLs

significantly decreased the content of MDA in serum and

muscle of mutton sheep (p<0.05), the content of MDA in

adipose tissue was Con>TR2>TR1 (p>0.05).
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To further explore how MLs cause a differences in

promoting oxidation resistance, muscle widely target

metabolomics was applied. A total 43 significant differential

metabolites (DEMs), including 19 upregulated and 24

downregulated DEMs after FMLs treatment, were filtered

according to the criteria that the metabolite contents were
Frontiers in Immunology 05
within FC≥2 or FC ≤ 0.5, and VIP≥1 (Figure 1A). On this

basis, the p-value is listed ascending order and absolute value of

log2FC is listed in descending order of 43 DEMs to further

obtain the leading 20 DEMs, shown in Figure 1B. These top-

ranking DEMs were mainly involved in lipid, carbohydrate,

amino acid, and organic acid metabolism. As the heatmap
TABLE 4 Anti-oxidant properties of serum, muscle and adipose tissues.

Items Con TR1 TR2 SEM P-value

Serum

SOD 58.72c 77.94a 66.56b 2.021 0.000

CAT 32.80c 58.95a 45.22b 2.489 0.000

GSH-PX 358.13c 543.05a 476.41b 17.737 0.000

TAOC 7.37c 10.84a 8.49b 0.366 0.000

MDA 5.09a 4.05b 4.60ab 0.150 0.013

Muscle

SOD 5.55c 9.64a 7.67b 0.475 0.000

CAT 2.37c 4.49a 3.56b 0.241 0.000

GSH-PX 23.12c 31.81a 27.35b 1.029 0.000

TAOC 3.18c 5.10a 4.47b 0.226 0.000

MDA 4.33a 3.31b 3.98a 0.134 0.001

Adipose

SOD 2.18c 5.23a 3.58b 0.371 0.000

CAT 0.72 1.68 0.98 0.201 0.126

GSH-PX 6.01c 11.17a 8.20b 0.691 0.003

TAOC 0.98 2.05 1.26 0.254 0.212

MDA 1.32 1.17 1.00 0.185 0.809
fron
SOD, superoxide dismutase; CAT, catalase; GSH-PX, glutathione peroxidase; TAOC, total antioxidant capacity; MDA, malonaldehyde; muscle, longissimus dorsi, adipose, subcutaneous fat.
Different letters in the same row (a–c) differed (p<0.05).
TABLE 3 Growth performance.

Items Con TR1 TR2 SEM P-value

Initial BW/kg 30.36 30.36 30.50 0.589 0.994

Final BW/kg 38.03b 42.05a 40.86ab 0.696 0.050

ADFI/kg 1.79b 2.31a 2.35a 0.033 0.000

Daily gain (0-25d)/g 95.56 125.56 97.64 6.999 0.145

Daily gain (25-50d)/g 211.11b 342.22a 317.64a 16.330 0.001

ADG (0-50d)/g 156.11b 233.89a 205.56a 7.876 0.001

F/G 13.38 10.26 11.79 1.026 0.483

GH 4.81c 5.84b 7.28a 0.265 0.000
BW, body weight; ADFI, average daily feed intake; ADG, average daily gain; F/G, ADFI/ADG; GH, growth hormone; SEM, standard error mean; Different letters in the same row (a–c)
differed (p<0.05).
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shows, anti-oxidant properties were negatively correlated (dark

blue) with products of lipid metabolism (8-iso Prostaglandin

F2a, 11b-Prostaglandin F2a, 8-iso Prostaglandin F2b, (±)8-
HETE, 13-HOTrE, Carnitine C8:1), and were positively

correlated (dark red) with D-Glucose 6-Phosphate, D-Fructose

6-Phosphate-Disodium Salt, D-Fructose-1,6-Biphosphate-

Trisodium Salt, and D-Mannose 6-phosphate, which are

related to carbohydrate metabolism (Figure 1C). This suggests

that lipid metabolism and carbohydrate metabolism in FMLs

treatment regulate the anti-oxidant process. More importantly,

the correlation analysis suggests that the increased expression of

5-Hydroxy-L-Tryptophan and indoleacrylic acid produced by

tryptophan metabolism may play crucial roles in anti-oxidant

regulation. Figure 2A exhibited the DEMs from Con vs. TR2,

including 16 upregulated and 39 downregulated, 55 in total

DEMs, based on the same screening criteria as FMLs treatment.

Similarly, the top-ranking 20 DEMs in Figure 2B obtained in the

same method, are also mainly involved in lipid metabolism (8-

iso Prostaglandin F2a , 11b-Prostaglandin F2a, 8-iso

Prostaglandin F2b, 13-HOTrE, Carnitine C8:1), carbohydrate

metabolism (D-Mannose 6-phosphate, D-Glucose 6-Phosphate,
Frontiers in Immunology 06
D-Fructose 6-Phosphate-Disodium Salt), amino acid

metabolism and organic acid metabolism. However, few

correlation relationships (yellow in Figure 2C) between

carbohydrate metabolism and anti-oxidant properties in

heatmap analysis show that DMLs supplementation might

slightly, or not facilitate oxidation resistance by regulating

carbohydrate metabolism.

Considering the 20 DEMs and antioxidant performance

indexes between Con vs. TR1 and Con vs. TR2, It is not too

difficult to discover the importance of lipid metabolism,

especially the peroxidation of polyunsaturated fatty acids

(PUFAs), amino acid metabolism (mainly tryptophan

metabolism) for MLs treatment, and carbohydrate metabolism

(mainly glycolysis and mannose 6-phosphate pathway) only for

FMLs treatment in promoting oxidation resistance. The

tryptophan metabolism and peroxidation of PUFAs could be

promising MLs-dependent biomarkers of the anti-oxidant

metabolism pathway. Indoleacrylic acid and 5-hydroxy

tryptophan (5-HTP) obtained from the two routes of

tryptophan metabolism (Figure 3) were significantly

upregulated. Indolelactic acid, an upstream metabolite of
A B

C

FIGURE 1

DEMs from Con vs. TR1. Upregulated, downregulated and total numbers of DEMs from Con vs. TR1 (A), the 20 leading DEMs from Con vs. TR1
(B), a correlation heat map between the 20 leading DEMs from Con vs. TR1 and their indexes of antioxidant performance (C).
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indoleacrylic acid, was also significantly increased in FMLs

treatment (p=0.015). Moreover, the markedly decreased 8-

HETE, 13-HOTrE, 8- i so Prostag landin F2a , 11b-
Prostaglandin F2a, and 8-iso prostaglandin F2b levels and

increased carnitine C8:1 are present after MLs treatment.

Transcriptome analysis was performed to further verify that

reducing the peroxidation of PUFAs could indeed promote

oxidation resistance. All filtered sequenced genes were used for

weighted gene co-expression network analysis (WGCNA)

analysis. Correlation analysis of different module genes and

grouping factors and six DEMs related to PUFAs metabolism

(8-iso Prostaglandin F2a, 11b-Prostaglandin F2a, 8-iso

Prostaglandin F2b, (±)8-HETE, 13-HOTrE, carnitine C8:1) are

shown in Figure 4A. Three module genes (underlined module in

red in the Figure 4A) with almost the same correlation with the

grouping factors and DEMs were integrated for further analysis.

Subsequently, 14 target DEGs were obtained from the integrated

genes with two criteria that their p-value must be less than 0.05,

and absolute log2FC (Con vs. TR1) value must be not less than 1.

Subsequently, they were gathered with six DEMs for network
Frontiers in Immunology 07
map analysis (Figure 4B). The relative expression levels of these

14 target DEGs in the three groups are shown in Figure 4C.

Relative expression levels of GCNT1, IFITM10, EXTL1, RILP,

BBC3, RAB9A,MOB3B, SESN1, CDH4,MEIS1, RAB9A,NUDT7,

FMO2 and NUDT7 was decreased siginificantly (p<0.05).
Immune response

Serum immuno globulin G (IgG) and total immuno globulin

(Ig) levels increased in the FMLs (p<0.05) remarkably and DMLs

fed groups (p>0.05). The pro-inflammatory tumor necrosis

factor-a (TNF-a) was dramatically reduced by both MLs

treatments (Figure 5A) (p<0.05). However there is a distinctive

decrease in immuno globulin M (IgM) following FMLs

treatment (p<0.05). The decreased IgM following FMLs

treatment is related to a transition in antibody class from IgM

to IgG, over the course of an immune response (14) (Figure 5B).

As reported by Wu et al. (15), muscles support a strong

immune response. To validate the promotion of the immune
A B

C

FIGURE 2

DEMs from Con vs. TR2. Upregulated, downregulated and total numbers of DEMs from Con vs. TR2 (A), the 20 leading DEMs from Con vs. TR2
(B), a correlation heat map between the 20 leading DEMs from Con vs. TR2 and their indexes of antioxidant performance (C).
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process of FMLs, all DEGs of FMLs treatment in muscle

analyzed by transcriptomics were applied for enrichment

analysis, and the top eight KEGG pathways are represented in

a histogram (Figure 5C). The four leading enriched pathways

(arrow’s place in Figure 5C) are closely related to apoptosis and

immune processes. Subsequently, a total of six annotated DEGs

from the leading four pathways and immune indices were

combined to analyze the relevance and a clear relationship was

shown in the circular map (Figure 5D). After MLs treatment, the

relative expressions of the DEGs, including DOCK2, BBC3,

MYO10, PIK3R3, PLA2G4D, GADD45A, were markedly

altered (Figure 5E).

Previously, we found that FMLs improves carbohydrate

metabolism, and glycolysis is one of the key processes. It has

been found that it can provide biosynthetic intermediates and

reducing power for the growth and proliferation of immune

cells. MLs treatments raise levels of glucose, the central substrate

of glycolysis and FMLs supplementation significantly increases

the contents of glucose-6-P, glyceraldehyde-3-P (p<0.05) and

almost significantly increases fructose-6-P (p=0.054) (Figure 6).

Additionally, there are significantly increased D-mannose in

DMLs treatment (p<0.05) and mannose-6-P in FMLs treatment
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(p<0.05) (Figure 6). These two are both derived from mannose-

6-P pathway.
Discussion

Numerous studies have shown the diverse growth-

promoting effects of MLs (4, 16). Our study also proves this

point. In addition, this study also found that FMLs are superior

to FMLs in palatability and growth promotion, which is a rare

feed additive, and its application prospects in animal husbandry

production appear considerable.
Anti-oxidation activity

Oxidation in biological systems ismainlymediated by a series of

redox enzymes. Peroxidation caused by free radical chain reactions

may lead to oxidative stress (17). SOD, CAT and GSH-Px are

common enzymatic antioxidants. SOD can convert free radicals

(O2−•) generated in the body’s peroxidation reaction into H2O2

(18), and H2O2 can then be converted into H2O by CAT and GSH-
FIGURE 3

Peroxidation of PUFAs and tryptophan metabolism. Elevated metabolites are highlighted in red, reduced metabolites are shown in blue; the
contents of painted green or red metabolites from top 20 DEMs and antioxidant biochemical indexes are displayed in heat map (*p<0.05,
**p<0.01, * and ** are TR1 or TR2 compared to Con). (MLs, mulberry leaves; FMLs, fermented mulberry leaves; DMLs, dried mulberry leaves; LP,
Lactobacillus plantarum; LAB, lactic acid bacteria; PUFA, polyunsaturated fatty acids; ALA, a linolenic acid; ARA, arachidonic Acid; CPT1/CPT2,
carnitine palmitoyltransferase 1/2; NFA, medium-chain fatty acid; 5-HTP, 5-hydroxytryptophan; 5-HT, serotonin; AAAD, aromatic amino acid
decarboxylase; TPH1/2, tryptophan hydroxylase 1/2).
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Px to reduce the damage resulting from free radical to the body

and improve antioxidant performance. MDA is one of

the representative end products under non-enzymatic lipid

peroxidation, indicating the extent of lipid peroxidation (19).

Meanwhile, MDA is also an important indicator of membrane

damage and body aging, and one of the toxic substances produced

by the increase of ROS (20). The increase of SOD, CAT, GSH-Px,

TAOC and the decrease of MDA in this study all indicate that MLs

can improve the antioxidant performance of the body, which is

consistent with the results of previous studies (3, 21–23). The reason

is that MLs are rich in bioactive ingredients. In addition, this study

also found that FMLs have the strongest antioxidant properties,

mainly because of their higher active ingredients than DMLs (24).

Indoleacrylic acid derived from tryptophan metabolism, has

been shown to have significant anti-inflammatory effects in vitro

and vivo (25) and also have beneficial effects on the intestinal

epithelial barrier function (26). Indolelactic acid, an upstream

metabolite of indoleacrylic acid has been shown to possess

antimicrobial, anti-oxidative, anti-inflammatory activities (26, 27)

and can potentially modulate immune function (28). L-5-

hydroxytryptophan (5-HTP) is a monoamine neurotransmitter

involved in the modulation of mood, cognition, reward, learning,
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memory, sleep, and numerous other physiological processes (29),

and can also suppress inflammation and arthritis by decreasing the

production of pro-inflammatory mediators (30). Overall, MLs,

especially FMLs, must endow anti-bacterial, anti-oxidant, anti-

inflammation, and immunity-enhancing properties via

tryptophan metabolism.

L ino l e i c a c i d (LA) , a r a ch idon i c a c i d (ARA) ,

eicosapentaenoic acid (EPA) and a-linolenic acid (ALA) are

representative of the main PUFAs, and the major metabolic

pathways of peroxidation described in mammals are both

enzymatic (cyclooxygenase, COX; lipoxygenase, LOX;

cytochrome P450, CYP) and non-enzymatic (31) oxidation. 8-

HETE and 13-HOTrE are all oxylipins, a group of oxidized

metabolites derived from PUFAs (32). Generally, the synthesis

of oxylipins fluctuates with the changes of physiological or

pathological states (33).13-HOTrE is derived from ALA via

the COX enzymatic pathway. Studies have revealed that 13-

HOTrE levels are significantly increased in some diseases (34,

35), such as acute liver injury. Therefore, it is generally thought

to be a proinflammatory factor. HETEs are derived from ARA

through COX catalysis. Hayashi et al. (36) reported that several

ARA-derived (18-HETE/20-HETE) and ALA-derived (13-
A B

C

FIGURE 4

DEGs related with peroxidation of PUFAs. Module analysis of DEMs related with PUFAs metabolism and all filtered genes (Underlined modules
in red represent selective modules; A, carnitine C8:1; B, 8-iso-prostaglandin F2a; C, 11b-prostaglandin F2a; D, 8-iso-prostaglandin F2b; E, (±)
8-HETE; F, 13-HOTrE) (A), network map analysis of selective twelve DEGs and DEMs related with PUFAs metabolism (circle size represents
absolute log2FC (Con vs TR1) value; blue, red and green divisions in every circle are on behalf of contents of some DEGs or DEMs in Con, TR1,
TR2 in turn; The thickness of the connecting wire represents the degree of connectivity) (B) and the relative expression levels of selective twelve
target DEGs in three groups (*represents p<0.05, ** represents p<0.01, ns represents no differences) (C).
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HOTrE) oxylipins tend to increase in bovine mastitic milk. In

this study, MLs treatments reduced the 8-HETE contents.

Meanwhile Ma et al. (37) also reported that 8-HETE is

relevant for the efficacy of Zuojin pill treatment in chronic

nonatrophic gastritis, as the level of 8-HETE was higher before

treatment than after treatment. Thus, decreased oxylipins in this

study with MLs treatments probably improve the antioxidant

performance and immunity of the body and will be promising

markers for livestock welfare.

8-iso Prostaglandin F2a, as a final product of lipid

peroxidation, is generated from ARA interacting with ROS

through nonenzymatic routes and is a robust oxidative stress

biomarker of some diseases (32, 38). 8-iso Prostaglandin F2b is a

constitutional isomer of 8-iso Prostaglandin F2a. Oliveira et al.
(39) found that 8-iso Prostaglandin F2b has much lower potency

than 8-iso Prostaglandin F2a with an a-configuration. 11b-
Prostaglandin F2a, as a metabolite of 8-iso Prostaglandin F2a,
have been found to be associated with levels of oxidative stress in
Frontiers in Immunology 10
specific diseases (40). Thus, the markedly decreased 8-iso

Prostaglandin F2a, 11b-Prostaglandin F2a, and 8-iso

prostaglandin F2b levels after MLs treatment indicate a

decline in the peroxidation of PUFAs, which will produce

benificial effects on lowering oxidative stress and enhancing

disease resistance.

Carnitine plays a key role not only in fatty acid b-oxidation,
but also in immunity enhancement and disease resistance. Guo

et al. (41) found that carnitine C8:1 was significantly decreased

the in non-alcoholic steatohepatitis group, and this could be

profoundly reversed after luteolin treatment. Studies have

reported decreased serum acyl-carnitine concentrations

in patients with cancer (42). It can be hypothesized

that increased carnitine C8:1 levels altered by MLs

supplementation might accelerate mitochondrial b-oxidation
(43) thereby enhancing immunity and disease resistance.

Previous studies have shown that increased GCNT1,

IFITM10, EXTL1, RILP, BBC3, RAB9A, MOB3B, SESN1,
A B

D

E

C

FIGURE 5

Indexes of immune properties and DEGs related to immune response. Immune indexes of serum (A) a transition from IgM to IgG in immune
B cells over the course of immune response (Heat maps show the relative amounts of substances in group Con, TR1 and TR2 from left to
right; * represent p<0.05, indicative of the significant difference by comparing TR1 or TR2 to Con) (B), kegg enrichment analysis of all DEGs
from TR1 vs. Con (C), Circular correlation analysis of six selective DEGs from top 4 kegg pathway and immune indexes of serum (D), Relative
expression levels of six selective DEGs related to immune response (E) (* represents p<0.05, ** represents p<0.01, ns represents no
differences in histograms).
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CDH4, MEIS1, RAB9A, NUDT7, and FMO2 are related to

immune deficiency, autophagy inhibition, disease sensitivity

and oxidative stress. Therefore, after treatment of MLs, the

decreased peroxidation of PUFAs (the decreasing in

peroxidation products) reduced the expression of the above

genes, thus improving the immune and antioxidant properties.

In addition, Shumar et al. (44) and Kerr et al. (45) suggest that

decreased NUDT7 may reduce the accumulation of peroxisome

through regulating the b-oxidation of peroxisome fatty acids,

thus improving the antioxidant performance; Ge et al. (46)

found that the decrease of NUDT7 enhanced the immune

defense response; Taniguchi et al. (47) and Liu et al. (48)

reported that NUDT7 with low expression may up-regulate

heme biosynthesis and contribute to meat-redness enrichment.

Therefore, the addition of MLs can not only reduce the

peroxidation of PUFAs, enhancing the antioxidant capacity

and immunity of the body, but also improve meat redness.

Overall, oxidation resistance is closely related to the immune

response. Our study proved that MLs supplementation is

effective in promoting oxidation resistance and disease

resistance, which is attributed to its function in reducing

peroxidation of PUFAs and increasing tryptophan metabolism.

Additionally, as lipid oxidation products affect the shelf life (49),

sensory characteristics (50), and nutritional composition of meat

(51), the role of MLs in reducing the peroxidation of PUFAs is

speculated to be linked to the improvements in meat quality.
Immune response

According to Sundling et al. (52), secreted antibodies confer

immune protection by first attaching to foreign antigens through

the paired variable regions of their immunoglobulin heavy and

light chains. Immunity was enhanced with increased Ig, IgG and

reduced TNFa in both MLs treatments. In addition, the FMLs

induced maximum immunity in animals with a transition in
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antibody class from IgM to IgG, over the course of an immune

response (14), During which, early low-affinity IgM antibodies

are progressively replaced by more-effective, high-affinity IgG

antibodies (53) to achieve effective serological immunity (52).

DOCK2 regulates the migration of certain subsets of

immune cells via Rac activation (54) and plays an important

anti-inflammatory role in the development of various

inflammatory diseases (55). BBC3 is a transcriptional apoptotic

target gene and participates in the activation of cell death

processes (56). Pozo et al. (57) reported that pro-inflammatory

MYO10 mediates inflammation in cancer by regulating genomic

stability. Studies have shown that PIK3R3 is a multifunctional

gene related to inflammatory diseases, livestock coat color, and

cell proliferation (58–60). Shao et al. (61) clarified that

PLA2G4D, a major pro-inflammatory factor, facilitates CD1a

expression, which can be recognized by lipid-specific CD1a-

reactive T cells, leading to the production of IL-22 and IL-17A.

According to Ehmsen et al. (62) and Jiang et al. (63), the

increased expression of GADD45A, a cell cycle regulator, can

ameliorate liver fibrosis in rats and is a protective modifier of

neurogenic skeletal muscle atrophy. Collectively, MLs

supplementation improves muscle immune response and

disease resistance.

Glycolysis is a critical process closely related to the immune

response, as well as provides biosynthetic intermediates and

reducing power for cell growth and proliferation of immune cells

(64). The pentose phosphate pathway (PPP) from glucose-6-P to

glyceraldehyde-3-P provides immune cells with key metabolites

for immune function, such as reducing power for the synthesis

of ROS and antioxidants in phagocytic cells and for

phospholipid synthesis in dendritic cells. The hexosamine

biosynthesis pathway, originating from fructose-6-P, provides

substrates for the glycosylation of lipids and proteins that are

important for Treg and M2 macrophage lineages (64). Thus

FMLs treatment may enhance immunity by glycolysis, which in

turn provides key metabolites for immune function.
FIGURE 6

Glycolysis and the mannose-6-P pathway in immune function. Heat maps show the relative amounts of substances in group Con, TR1 and TR2
from left to right; * represent p<0.05, indicative of the significant difference by comparing TR1 or TR2 to Con; M1, type 1 macrophages; M2, type
2 macrophages; Treg, regulatory T cells; P, phosphatase.
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D-mannose serves a vital function in T cell immune responses

and is currently receiving increasing attention, although its normal

physiological blood concentration is less than one-fiftieth of that of

glucose. Zhang et al. (65) recognized that D-mannose induces

regulatory T cells and suppresses immunopathology both in vivo

and in vitro. Mannose-6-phosphatemetabolized byD-mannose is a

novel regulator of T cell immunity (66) and a promising target

ligand in cancer therapy, as well as confers a better efficacy and

lower toxicity in healthy tissues (67). Moreover, mannose-6-P not

only plays a crucial role in lysosomal functions (such as autophagy)

but also in regulating lysosome biogenesis (68). Thus, significantly

increased D-mannose in DMLs treatment (p<0.05) and mannose-

6-P in FMLs treatment (p<0.05) (Figure 6) via the mannose-6-P

pathway enhances T cell immunity and likely regulates the

lysosome biogenesis in autophagy.

Taken together, FMLs supplementation could improve the

immune response via glycolysis and the mannose-6-P pathway

and induce class switch from low-affinity IgM to high-affinity

IgG antibodies.
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49. Domıńguez R, Pateiro M, Gagaoua M, Barba FJ, Zhang W, Lorenzo JM. A
comprehensive review on lipid oxidation in meat and meat products. Antioxidants
(2019) 8(10):1–31. doi: 10.3390/antiox8100429

50. Chen H, Cao P, Li B, Sun D, Wang Y, Li J, et al. Effect of water content on
thermal oxidation of oleic acid investigated by combination of EPR spectroscopy
and SPME-GC-MS/MS. Food Chem (2017) 221:1434–41. doi: 10.1016/
j.foodchem.2016.11.008

51. Damerau A, Ahonen E, Kortesniemi M, Puganen A, Tarvainen M,
Linderborg KM. Evaluation of the composition and oxidative status of omega-3
fatty acid supplements on the Finnish market using NMR and SPME-GC-MS in
frontiersin.org

https://doi.org/10.3390/ani9050218
https://doi.org/10.3390/ani9050218
https://doi.org/10.1093/bib/bbv090
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btp612
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/S0140-6736(69)92386-1
https://doi.org/10.1126/sciadv.aba3458
https://doi.org/10.3329/SJA.V12I2.21920
https://doi.org/10.1021/jf030723c
https://doi.org/10.3390/md19100549
https://doi.org/10.3390/foods11091176
https://doi.org/10.1016/j.aca.2020.04.030
https://doi.org/10.3389/fnut.2022.900718
https://doi.org/10.3389/fnut.2022.900718
https://doi.org/10.3389/fnut.2022.979058
https://doi.org/10.3389/fnut.2022.979058
https://doi.org/10.3390/antiox11050976
https://doi.org/10.3389/fmicb.2022.813363
https://doi.org/10.3389/fphar.2022.872988
https://doi.org/10.1016/j.chom.2017.06.007
https://doi.org/10.1016/j.chom.2017.06.007
https://doi.org/10.1016/j.copbio.2018.11.015
https://doi.org/10.1038/s41564-021-00970-4
https://doi.org/10.3390/ijms22010181
https://doi.org/10.1186/s13075-015-0884-y
https://doi.org/10.1021/acs.jafc.7b01602
https://doi.org/10.1016/j.foodchem.2020.128477
https://doi.org/10.1016/bs.acc.2017.12.006
https://doi.org/10.3389/fnagi.2020.00193
https://doi.org/10.1016/j.intimp.2021.108387
https://doi.org/10.1016/j.intimp.2021.108387
https://doi.org/10.1111/asj.13222
https://doi.org/10.3389/fphar.2022.898680
https://doi.org/10.1007/BF00361322
https://doi.org/10.1038/sj.bjp.0703083
https://doi.org/10.1016/j.watres.2019.115068
https://doi.org/10.3389/fnut.2022.936237
https://doi.org/10.3748/wjg.v12.i28.4541
https://doi.org/10.1371/journal.pone.0232272
https://doi.org/10.1194/jlr.M092676
https://doi.org/10.1002/1873-3468.13392
https://doi.org/10.1104/pp.107.103374
https://doi.org/10.1016/j.meatsci.2010.05.045
https://doi.org/10.1186/s12711-020-00579-x
https://doi.org/10.3390/antiox8100429
https://doi.org/10.1016/j.foodchem.2016.11.008
https://doi.org/10.1016/j.foodchem.2016.11.008
https://doi.org/10.3389/fimmu.2022.1088850
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cui et al. 10.3389/fimmu.2022.1088850
comparison with conventional methods. Food Chem (2020) 330:1–11. doi: 10.1016/
j.foodchem.2020.127194

52. Sundling C, Lau AWY, Bourne K, Young C, Laurianto C, Hermes JR, et al.
Positive selection of IgG(+) over IgM(+) b cells in the germinal center reaction.
Immunity (2021) 54(5):988–1001. doi: 10.1016/j.immuni.2021.03.013

53. Mäkelä O, Rouslahti E, Seppälä IJT. Affinity of IgM and IgG antibodies.
Immunochemistry (1970) 7(11):917–32. doi: 10.1016/0019-2791(70)90053-4

54. Chen Y, Meng F, Wang B, He L, Liu Y, Liu Z. Dock2 in the development of
inflammation and cancer. Eur J Immunol (2018) 48(6):915–22. doi: 10.1002/
eji.201747157

55. Xu X, Su Y, Wu K, Pan F, Wang A. DOCK2 contributes to endotoxemia-
induced acute lung injury in mice by activating proinflammatory macrophages.
Biochem Pharmacol (2021) 184:1–15. doi: 10.1016/j.bcp.2020.114399

56. Magalhaes-Novais S, Bermejo-Millo JC, Loureiro R, Mesquita KA,
Domingues MR, Maciel E, et al. Cell quality control mechanisms maintain
stemness and differentiation potential of P19 embryonic carcinoma cells.
Autophagy (2020) 16(2):313–33. doi: 10.1080/15548627.2019.1607694

57. Pozo FM, Geng X, Tamagno I, Jackson MW, Heimsath EG, Hammer JA,
et al. MYO10 drives genomic instability and inflammation in cancer. Sci Adv
(2021) 7:1–17. doi: 10.1126/sciadv.abg6908

58. Dlamini NM, Dzomba EF, Magawana M, Ngcamu S, Muchadeyi FC.
Linkage disequilibrium, haplotype block structures, effective population size and
genome-wide signatures of selection of two conservation herds of the south African
nguni cattle. Anim (Basel) (2022) 12(16):1–23. doi: 10.3390/ani12162133

59. Ibrahim S, Zhu X, Luo X, Feng Y, Wang J. PIK3R3 regulates ZO-1
expression through the NF-kB pathway in inflammatory bowel disease. Int
Immunopharmacol (2020) 85:1–8. doi: 10.1016/j.intimp.2020.106610
Frontiers in Immunology 14
60. Polini B, Carpi S, Doccini S, Citi V, Martelli A, Feola S, et al. Tumor
suppressor role of hsa-miR-193a-3p and -5p in cutaneous melanoma. Int J Mol Sci
(2020) 21(17):1–18. doi: 10.3390/ijms21176183

61. Shao S, Chen J, Swindell WR, Tsoi LC, Xing X, Ma F, et al. Phospholipase A2
enzymes represent a shared pathogenic pathway in psoriasis and pityriasis rubra
pilaris. JCI Insight (2021) 6(20):1–15. doi: 10.1172/jci.insight.151911

62. Ehmsen JT, Kawaguchi R, Kaval D, Johnson AE, Nachun D, Coppola G,
et al. GADD45A is a protective modifier of neurogenic skeletal muscle atrophy. JCI
Insight (2021) 6(13):1–16. doi: 10.1172/jci.insight.149381

63. Jiang Y, Xiang C, Zhong F, Zhang Y, Wang L, Zhao Y, et al. Histone H3K27
methyltransferase EZH2 and demethylase JMJD3 regulate hepatic stellate cells
activation and liver fibrosis. Theranostics (2021) 11(1):361–78. doi: 10.7150/thno.46360

64. Andrejeva G, Rathmell JC. Similarities and distinctions of cancer and
immune metabolism in inflammation and tumors. Cell Metab (2017) 26(1):49–
70. doi: 10.1016/j.cmet.2017.06.004

65. Zhang D, Chia C, Jiao X, Jin W, Kasagi S, Wu R, et al. D-mannose induces
regulatory T cells and suppresses immunopathology. Nat Med (2017) 23(9):1036–
45. doi: 10.1038/nm.4375

66. Ara A, Ahmed KA, Xiang J. Mannose-6-phosphate receptor: a novel
regulator of T cell immunity. Cell Mol Immunol (2018) 15(11):986–8. doi:
10.1038/s41423-018-0031-1

67. Dalle Vedove E, Costabile G, Merkel OM. Mannose and mannose-6-
Phosphate receptor-targeted drug delivery systems and their application in cancer
therapy. Adv Healthc Mater (2018) 7(14):1–37. doi: 10.1002/adhm.201701398

68. Zhang W, Yang X, Li Y, Yu L, Zhang B, Zhang J, et al. GCAF(TMEM251)
regulates lysosome biogenesis by activating the mannose-6-phosphate pathway.
Nat Commun (2022) 13(1):1–17. doi: 10.1038/s41467-022-33025-1
frontiersin.org

https://doi.org/10.1016/j.foodchem.2020.127194
https://doi.org/10.1016/j.foodchem.2020.127194
https://doi.org/10.1016/j.immuni.2021.03.013
https://doi.org/10.1016/0019-2791(70)90053-4
https://doi.org/10.1002/eji.201747157
https://doi.org/10.1002/eji.201747157
https://doi.org/10.1016/j.bcp.2020.114399
https://doi.org/10.1080/15548627.2019.1607694
https://doi.org/10.1126/sciadv.abg6908
https://doi.org/10.3390/ani12162133
https://doi.org/10.1016/j.intimp.2020.106610
https://doi.org/10.3390/ijms21176183
https://doi.org/10.1172/jci.insight.151911
https://doi.org/10.1172/jci.insight.149381
https://doi.org/10.7150/thno.46360
https://doi.org/10.1016/j.cmet.2017.06.004
https://doi.org/10.1038/nm.4375
https://doi.org/10.1038/s41423-018-0031-1
https://doi.org/10.1002/adhm.201701398
https://doi.org/10.1038/s41467-022-33025-1
https://doi.org/10.3389/fimmu.2022.1088850
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Transcriptomics and metabolomics analysis reveal the anti-oxidation and immune boosting effects of mulberry leaves in growing mutton sheep
	Introduction
	Materials and methods
	Preparation and chemical indexes measurement of fermented mulberry leaves and dried mulberry leaves
	Experimental design and feeding diets
	Weighing and sample collection
	Analysis of biochemical indexes
	Widely target metabolomics analysis
	Transcriptomic analysis
	Statistical analysis

	Results
	Growth performance
	Anti-oxidant properties
	Immune response

	Discussion
	Anti-oxidation activity
	Immune response

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


