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This study aimed to investigate the effects of dietary rare earth (RE) 
supplementation on production performance, egg quality, serum biochemical 
parameters, antioxidant capacity, intestinal morphology, and gut microbiota 
in late-phase laying hens. A total of 960 Lohmann Pink laying hens (380 d old) 
were randomly assigned to 1 of 5 dietary treatments in a 21-day feeding trial. 
There were 6 replicates in each treatment, with 32 hens per replicate. The five 
experimental diets were supplemented with 0, 150, 300, 450, and 600 g/t RE in 
the basal diet. Compared with the control group, hens fed the 150 g/t RE diet had 
a greater average egg weight during the third week of the experimental period 
(p < 0.05). However, dietary 150, 300, or 600 g/t RE supplementation decreased 
the eggshell thickness of laying hens compared to that of the control group 
(p < 0.05). No differences were observed in the serum biochemical parameters of 
laying hens among treatments except for the HDL-C concentration, which was 
higher in the 300 or 450 g/t RE-supplemented group than in the control group 
(p < 0.05). However, GSH-Px activity increased when hens were fed the 600 vs. 
0 g/t RE diet (p < 0.05). But dietary supplementation with 600 g/t RE increased 
the ileum’s crypt depth in laying hens compared to the control group (p < 0.05). 
There were significant differences in beta diversity of cecum microbiota in laying 
hens fed a 600 g/t RE diet in place of the other 4 experimental diets (p < 0.05). 
Compared with the control diet, dietary 600 g/t RE supplementation significantly 
decreased the relative abundance of Fusobacteriota (phylum) and Fusobacterium 
(genus) while markedly increasing the relative abundance of Ruminococcus 
(genus) and Subdoligranulum (genus) (p < 0.05). A high RE dosage negatively 
affects egg quality and intestinal morphology and alters gut microbiota diversity 
and composition. In contrast, a moderate RE dosage has beneficial effects on 
production performance in late-phase laying hens. Further research is warranted 
regarding eggshell thickness to investigate whether dietary calcium levels must 
be adjusted when 150 g/t RE is supplemented for late-phase laying hens.
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1. Introduction

The application of antibiotics in livestock feed has been banned in 
the European Union, America, and China due to antibiotic resistance 
spread and drug-resistant bacterial issues (Zeng et al., 2021). Under 
tremendous pressure, livestock nutritionists and farmers urgently seek 
new growth-promoting additives for livestock production. The rare 
earth elements had been reported as a new type of safe feed additive 
due to their beneficial effects on body weight gain, egg production, 
milk production, and feed conversion rate in livestock and poultry 
production (Tariq et al., 2020). In this context, an increasing number 
of researchers and livestock producers have started to notice rare earth 
elements. Rare earth elements, normally known as rare earths, are 
made up of 15 lanthanides mostly in the sixth period of the periodic 
table of the elements, and 17 elements with similar chemical 
properties, such as scandium and yttrium. Most of the rare earth (RE) 
resources, production, processing, and supply are concentrated in 
Asia-Pacific. In this regard, China dominates the RE industry by 
producing more than 90% of current rare earth requirements 
(Dushyantha et al., 2020). The development of rare earth elements as 
livestock and poultry feed additives has enormous development 
potential, socioeconomic benefits, and environmental safety benefits.

Among rare earth elements, lanthanum and cerium, commonly 
utilized as feed additives for livestock production, have been 
demonstrated to be growth-promoting additives and environmentally 
friendly (Durmuş and Bölükbaşı, 2015; Bölükbaşı et al., 2016; Abdelnour 
et al., 2019). It has been demonstrated that dietary RE supplementation 
improved nutrient digestibility and growth performance in pigs (Förster 
et al., 2008; Cai et al., 2018; Xiong et al., 2019). For poultry, feeding 
lanthanum oxide (100–400 mg/kg) for 10 weeks had beneficial effects on 
the feed efficiency, egg production, and serum oxidative stress status of 
22-wk-old laying hens (Durmuş and Bölükbaşı, 2015). Additionally, 
Bölükbaşı et  al. (2016) found that dietary supplementation with 
100–400 mg/kg cerium oxide for 10 weeks increased feed efficiency, egg 
production, and egg shelf life of brown Lohman LSL laying hens 
(Bölükbaşı et al., 2016). In a 28-day feeding trial of a 1-day-old broiler, 
dietary supplementation with 1,500 mg/kg rare earth element-enriched 
yeast improved the nutrient digestibility and meat quality of broilers fed 
an antibiotic-free diet (Cai et al., 2015). Overall, RE has great potential to 
be developed as functional feed additive for animal production. However, 
the research and application of RE (lanthanum and cerium combination) 
in laying hens is scant, especially for laying hens during the late laying 
phase. It has been demonstrated that laying performance, egg quality, 
antioxidant capacity, and intestinal health are compromised with the 
increasing age of laying hens after the laying peak phase (Katz et al., 2004; 
Liu et al., 2013; Molnár et al., 2017; Zhu et al., 2019). In light of current 
knowledge, it is hypothesized that RE could be utilized as functional feed 
supplement to improve productivity of late-phase layers, including 
production performance and egg quality. Also, the beneficial effects of 
RE supplementation may be due to the healthy implications regarding 
the antioxidant-enhancing and intestine-regulating properties of RE.

Therefore, this study was conducted to investigate the effects of 
dietary rare earth (150–600 mg/kg) supplementation on the 
production performance, egg quality, serum biochemical parameters, 
antioxidant capacity, intestinal morphology, and gut microbiota of 
laying hens during the late laying phase.

2. Materials and methods

2.1. Birds, experimental design, and 
management

A total of 960 Lohmann Pink laying hens (380 d old) were 
randomly assigned to 1 of 5 dietary treatments. There were 6 replicates 
in each treatment, with 32 hens per replicate. The 5 experimental diets 
were supplemented with 0, 150, 300, 450, and 600 g/t RE in a basal 
diet. All diets were presented in mash form. The RE product is a 
commercial RE feed additive, which is provided by Jiangxi Pengda 
biotechnology Co., Ltd. (Jiangxi, China). The RE product contains 
2.92% cerium and 5.02% lanthanum (analyzed values). The basal diet 
was corn-soybean-based, and the ingredient composition and 
nutritional level of the basal diet are presented in Table 1. The feeding 
trial lasted for 21 days.

This study was conducted in Jiangxi Province (China) between 
April and May, 2021. Laying hens were reared in three-layer cages (4 
hens per cage; cage size: 50 cm length × 45 cm width × 43 cm height) 
in a ventilated room with illumination 16 h/d (20 lx) and darkness for 
8 h/d. Temperature and humidity were recorded every half hour using 
an automatic temperature and humidity recorder (the instrument was 
from Miaoxin Technology Co., Ltd., Th10R). The average temperature 
and humidity every half hour were 25.50 ± 0.28°C and 75.92 ± 0.75, 
respectively. During the whole experimental period, hens were fed 
twice daily for ad lithium feed intake and had free freshwater access. 
All eggs were collected daily to measure egg production and egg 
weight, while feed residues were recorded weekly to calculate the 
average daily feed intake and feed conversion ratio.

2.2. Sample collection

Four eggs per replicate were collected at the end of the feeding 
trial to analyze egg quality and yolk antioxidant indices. Six hens (1 
hen per replicate) per treatment were sampled for blood collection via 
the wing vein. Serum samples were separated using a centrifuge set at 
3,000 × g for 10 min. After blood sampling, those birds were killed, and 
the liver was sampled for antioxidant index measurement. For 
intestinal morphology analysis, the duodenum, jejunum, and ileum 
were sampled and fixed in 10% formaldehyde phosphate buffer. The 
cecal microbiota was sampled, frozen in liquid nitrogen, and stored at 
−80°C until gut microbiota analysis.

2.3. Laboratory analysis

2.3.1. Production performance
All eggs were collected daily to measure egg production and egg 

weight, while feed residual quantity were recorded weekly to calculate 
the average daily feed intake and feed conversion ratio.

Abbreviations: BUN, urea nitrogen; GSH, glutathione; GSH-Px, glutathione 

peroxidase; HDL-C, high-density liptein cholesterol; LDL-C, low-density liptein 

cholesterol; MDA, malondialdehyde; RE, rare earth; SOD, superoxide dismutase; 

T-AOC, total antioxidant capacity; T-CHO, total cholesterol.
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2.3.2. Egg quality
Twelve eggs per treatment were measured for egg quality, with 

six replicates per treatment and 2 eggs per replicate. The egg 
diameter was measured longitudinally and transversely using a 
caliper (Guilin Guanglu Measuring Instrument Co., Ltd., 111-101B). 
The longitudinal diameter was divided by the transverse diameter 
to calculate the shape index. Eggshell thickness was measured at 3 
different positions (equator, air cell end, and small end position), 
and the averaged value was considered eggshell thickness 
(Dongguan Sanliang Measuring Instrument Co., Ltd). Eggshell 
strength was measured with an Egg Force Reader (Tenovo 
International Co., Ltd., Produced KQ-1A Egg Shell tester). Haugh 
units, albumen height, and yolk color were measured with a 
multifunctional egg quality tester (EMT-5200, Robotmation Co., 
Ltd., Tokyo, Japan). The yolk color was determined using a Roche 
color fan (6 to 15 color grades).

2.3.3. Serum biochemical parameters
The concentrations of total protein, calcium, high-density liptein 

cholesterol (HDL-C), low-density liptein cholesterol (LDL-C), total 
cholesterol (T-CHO), triglycerides, urea nitrogen (BUN), glucose, and 
phosphorus were measured using commercial kits according to the 
manufacturer’s instructions (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China).

2.3.4. Antioxidant indices in serum, liver and yolk
The malondialdehyde (MDA) concentration, total antioxidant 

capacity (T-AOC), glutathione peroxidase (GSH-Px) activity, 
superoxide dismutase (SOD) activity, and glutathione (GSH) 
concentration were measured using commercial assay kits 
according to the manufacturer’s instructions (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). Take a certain amount 
of liver (0.1 g) with saline in a 1:9 ratio, add 2–3 steel balls, then 
3,500 r/min centrifuge for 10 min; take the supernatant for indicator 
detection. The liver and yolk protein concentrations were tested 
using a BCA protein assay kit (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China).

2.3.5. Intestinal morphology
Intestinal morphology was evaluated using the method described 

in our previous study (Zeng et  al., 2021). Briefly, samples were 
dehydrated, followed by paraffin embedment. Then, the embedded 
samples were sectioned and stained with hematoxylin and eosin. 
Motic Images Advanced 3.2 software (Motic, Xiamen, China) 
analyzed the villus height and crypt depth. At least 15 well-oriented 
intact villi and their associated crypts were measured in each intestinal 
section of each hen. The villus height was divided by crypt depth to 
calculate the villus height/crypt depth ratio.

2.3.6. Gut microbiota
Gut microbiota analysis was performed as described in our 

previous study (Zeng et al., 2021). Briefly, genomic DNA was extracted, 
followed by bacterial 16S rRNA gene amplification. PCR products 
were mixed in equidensity ratios and purified. 16S rRNA sequencing 
was performed on an Illumina HiSeq2500 PE250 platform (Illumina 
Technologies, San Diego, CA, United States). Sequencing data were 
analyzed according to the results of our previous study (Zeng et al., 
2021). Briefly, the Qiime software (Version 1.9.1) was used to calculate 
the Observed, Chao1, Shannon, Simpson, ACE, Goods-coverage, 
PD_whole_tree indices. Dilution curves, rank abundance curves, 
species accumulation curves, and inter-group variation analysis of 
alpha diversity indices were performed using R software (Version 
2.15.3). Analysis of differences between groups in beta diversity index 
were carried out using R software with and without parametric tests, 
respectively. ADONIS was used to analyze the explanatory degree of 
different grouping factors to sample differences, and permutation test 
was used to analyze the statistical significance of grouping. All of the 
sequencing data are available in the Sequence Read Archive (SRA) 
database at NCBI under accession number of SRP421449.

2.4. Statistical analysis

Statistical analysis was conducted using SPSS 22.0 (SPSS, INC., 
Chicago, IL, United States). All raw data were statistically analyzed by 

TABLE 1 The ingredient composition and nutritional level of the basal diet (as-fed basis).

Item Composition Item Nutritional level

Ingredient, g/kg Calculated composition, unit

Corn 625.00 ME, MJ/kg 11.05

Soybean meal 240.00 Crude protein, % 16.22

Soybean oil 5.00 Calcium, % 3.91

Limestone 95.00 Total phosphorus, % 0.49

Dicalcium phosphate 10.00 Methionine, % 0.43

Salt 3.00 Lysine, % 0.85

Choline chloride (50%) 1.00

DL-methionine 1.75

L-lysine hydrochloride 0.75

Vitamin and mineral Premixa 2.00

Zeolite 16.50

Total 1000.00

aVitamin and mineral premix provided per kilogram of complete diet: vitamin A, 12,500 IU; vitamin D3, 4,125 IU; vitamin E, 15 IU; vitamin K3, 2.2 mg; vitamin B1, 1 mg; vitamin B2, 8.5 mg; 
vitamin B12, 0.025 mg; niacin, 30 mg; pantothenic acid, 5.0 mg; biotin, 2 mg; folic acid, 1.25 mg; iron, 80 mg; copper, 8 mg; manganese, 60 mg; zinc, 75 mg; iodine, 0.35 mg; selenium, 0.3 mg.
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one-way analysis of variance (ANOVA). Duncan’s multiple comparison 
test was performed to analyze the differences among treatments for 
significant effects. Linear and quadratic effects were tested by SPSS 22.0. 
The results are described as means and SEM. p < 0.05 was significant.

3. Results

3.1. Production performance

As shown in Table 2, the egg production, average daily feed intake, 
and feed conversion ratio of laying hens were unaffected by dietary 
treatments (p > 0.05). Compared with the control group, hens fed a 
150 g/t rare earth (RE) diet had a greater average egg weight during 
the third week of the experimental period (p < 0.05). However, dietary 
supplements with 300, 450, or 600 g/t RE did not influence the average 
egg weight compared to the control group (p > 0.05).

3.2. Egg quality

The effects of dietary RE supplementation on egg quality and the 
yolk antioxidant index in laying hens are summarized in Table 3. 
There were no significant differences in egg shape index, eggshell 
strength, albumen height, yolk color, or Haugh unit among dietary 
treatments (p  > 0.05). However, dietary 150, 300, or 600 g/t RE 

supplementation decreased the eggshell thickness of laying hens 
compared to the control group (p < 0.05).

3.3. Serum biochemical parameters

The effects of dietary RE supplementation on serum biochemical 
parameters are displayed in Table 4. No differences were observed in 
the serum biochemical parameters of laying hens among treatments 
except for the HDL-C concentration, higher in the 300 or 450 g/t 
RE-supplemented group than in the control group (p < 0.05).

3.4. Antioxidant index in serum, liver and 
yolk

Dietary RE supplementation had no significant effect on the 
concentrations of MDA and GSH or T-AOC and SOD activity in the 
serum of laying hens (p > 0.05) (Table 5). However, GSH-Px activity 
increased when hens were fed the 600 vs. 0 g/t RE diet (p < 0.05).

Dietary RE supplementation did not affect the MDA 
concentration, T-AOC, or SOD activity in the liver of laying hens 
(p > 0.05). However, the hepatic GSH-Px activity was more significant 
when hens were fed 450 or 600 g/t RE diet instead of the control diet 
(p < 0.05). In addition, the hepatic GSH concentration was decreased 
when hens were fed the 600 vs. 150 g/t RE diet (p < 0.05).

TABLE 2 Effects of dietary rare earth supplementation on production performance in laying hens during the late laying stage (n = 6).

Items

Dietary rare earth level p-value

0 150 g/t 300 g/t 450 g/t 600 g/t
One-way 
ANOVA

Linear Quadratic

Egg production (%)

  First week 84.40 ± 1.45 83.29 ± 1.39 87.41 ± 1.82 82.99 ± 1.41 85.05 ± 2.48 0.425 0.858 0.935

  Second week 84.39 ± 1.97 83.49 ± 1.79 84.43 ± 2.71 80.36 ± 2.10 84.42 ± 2.78 0.681 0.674 0.780

  Third week 84.31 ± 1.61 84.90 ± 1.78 84.78 ± 2.56 82.46 ± 0.75 82.88 ± 2.92 0.879 0.403 0.671

  Overall 84.37 ± 1.61 83.89 ± 1.47 85.54 ± 2.33 81.94 ± 1.33 84.12 ± 2.67 0.776 0.687 0.924

Average egg weight (g)

  First week 58.15 ± 0.30 58.61 ± 0.23 58.43 ± 0.36 58.13 ± 0.58 57.80 ± 0.12 0.553 0.289 0.245

  Second week 58.23 ± 0.23 58.77 ± 0.31 58.29 ± 0.24 58.27 ± 0.48 58.10 ± 0.22 0.616 0.432 0.528

  Third week 57.94 ± 0.28b 59.16 ± 0.45a 58.33 ± 0.16ab 58.01 ± 0.57b 57.58 ± 0.33b 0.079 0.163 0.075

  Overall 58.11 ± 0.25 58.84 ± 0.25 58.35 ± 0.21 58.14 ± 0.54 57.83 ± 0.17 0.245 0.219 0.153

Average daily feed intake (g/d)

  First week 102.32 ± 2.53 101.84 ± 3.35 104.48 ± 1.42 101.72 ± 1.39 103.37 ± 3.56 0.938 0.801 0.962

  Second week 104.28 ± 2.63 102.79 ± 3.24 105.25 ± 1.54 101.77 ± 1.47 105.23 ± 2.96 0.816 0.910 0.906

  Third week 100.95 ± 2.43 102.69 ± 4.15 101.62 ± 1.74 100.09 ± 1.64 99.67 ± 2.93 0.938 0.536 0.737

  Overall 102.53 ± 2.51 102.45 ± 3.50 103.78 ± 1.50 101.20 ± 1.45 102.77 ± 2.98 0.968 0.919 0.993

Feed conversion ratio

  First week 2.09 ± 0.08 2.09 ± 0.05 2.05 ± 0.07 2.11 ± 0.05 2.10 ± 0.03 0.954 0.761 0.883

  Second week 2.13 ± 0.09 2.10 ± 0.07 2.15 ± 0.08 2.18 ± 0.07 2.15 ± 0.04 0.945 0.572 0.852

  Third week 2.14 ± 0.08 2.03 ± 0.04 2.19 ± 0.12 2.14 ± 0.03 2.21 ± 0.05 0.456 0.267 0.468

  Overall 2.10 ± 0.08 2.07 ± 0.05 2.09 ± 0.07 2.13 ± 0.05 2.11 ± 0.04 0.973 0.632 0.876

a-b Values in the same row with different superscripts were significantly different. The results are described as means and SEM.
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No differences were found in yolk antioxidant indices of laying 
hens among dietary treatments, including MDA concentration, 
T-AOC, and GSH concentration (p > 0.05).

3.5. Intestinal morphology

As displayed in Table 6, dietary RE supplementation did not impact 
the morphology of the duodenum and jejunum of laying hens, including 
villus height, crypt depth, and the ratio of villus height to crypt depth 
(p > 0.05). However, dietary supplementation with 600 g/t RE increased the 
ileum’s crypt depth in laying hens compared to the control group (p < 0.05).

3.6. The alpha diversity and beta diversity 
of cecum microbiota

The effect of dietary RE supplementation on the alpha diversity 
indices of the cecum microbiota in laying hens is shown in Table 7. No 

significant differences were observed for the alpha diversity indices of 
the cecum in laying hens among dietary treatments (p > 0.05). As 
shown in Figure 1, principal coordinate analysis (PCoA) based on 
unweighted UniFrac was performed to visualize the beta diversity of 
the cecum microbiota in laying hens fed the 5 experimental diets. 
There were significant differences in beta diversity of cecum 
microbiota in laying hens fed a 600 g/t RE diet in place of the other 4 
experimental diets (p < 0.05, adonis analysis).

3.7. Cecum microbiota composition

The relative microbial abundance (phylum level, top 10; genus level, 
top 30) of the cecum microbiota in laying hens fed the 5 experimental 
diets is presented in Figure  2. The most abundant phyla were 
Bacteroidetes, followed by Firmicutes in all treatment groups. Compared 
with the control diet, dietary 600 g/t RE supplementation significantly 
decreased the relative abundance of Fusobacteriota (phylum) and 
Fusobacterium (genus) while markedly increasing the relative abundance 

TABLE 3 Effects of dietary rare earth supplementation on egg quality and yolk antioxidant index in laying hens during the late laying stage (n = 6).

Items

Dietary rare earth level p-value

0 150 g/t 300 g/t 450 g/t 600 g/t
One-way 
ANOVA

Linear Quadratic

Egg quality1

  Egg shape index 1.332 ± 0.012 1.340 ± 0.011 1.342 ± 0.018 1.298 ± 0.012 1.353 ± 0.021 0.144 0.469 0.622

  Eggshell thickness (mm) 0.395 ± 0.011a 0.367 ± 0.006b 0.362 ± 0.009b 0.375 ± 0.002ab 0.367 ± 0.007b 0.031 0.177 0.216

  Eggshell strength (N/m2) 49.55 ± 3.11 46.38 ± 2.17 44.26 ± 3.36 47.25 ± 1.13 47.67 ± 2.74 0.707 0.139 0.309

  Albumen height (mm) 6.05 ± 0.28 6.51 ± 0.23 6.75 ± 0.23 6.54 ± 0.25 6.54 ± 0.30 0.435 0.154 0.332

  Yolk color 11.83 ± 0.28 11.92 ± 0.24 11.92 ± 0.15 12.42 ± 0.15 12.17 ± 0.21 0.307 0.096 0.227

  Haugh unit 77.27 ± 2.06 80.69 ± 1.47 82.01 ± 1.58 80.24 ± 1.92 80.52 ± 2.05 0.475 0.287 0.538

Yolk antioxidant index

  MDA (nmol/mgprot) 2.59 ± 0.59 2.42 ± 0.54 2.65 ± 0.53 3.91 ± 0.73 1.80 ± 0.26 0.137 0.935 0.196

  T-AOC (mmol/gprot) 0.95 ± 0.01 0.97 ± 0.01 0.97 ± 0.01 0.97 ± 0.01 0.96 ± 0.01 0.344 0.592 0.170

  GSH (mmol/gprot) 182.29 ± 40.34 140.86 ± 24.59 145.19 ± 22.41 131.84 ± 19.39 227.22 ± 22.17 0.077 0.351 0.038

1There were 6 replicates in each treatment, and 2 eggs per replicate were measured for egg quality. 
a-b Values in the same row with different superscripts were significantly different. MDA, malondialdehyde; T-AOC, total antioxidant capacity; GSH, glutathione. The results are described as 
means and SEM.

TABLE 4 Effects of dietary rare earth supplementation on serum biochemical parameters in laying hens during the late laying stage (n = 6).

Items Dietary rare earth level p-value

0 150 g/t 300 g/t 450 g/t 600 g/t One-way 
ANOVA

Linear Quadratic

Total protein (g/L) 33.39 ± 1.86 35.92 ± 3.25 35.67 ± 4.42 32.48 ± 1.52 33.60 ± 3.52 0.647 0.268 0.281

Calcium (mmol/L) 2.19 ± 0.11 2.41 ± 0.20 2.18 ± 0.19 2.27 ± 0.25 1.93 ± 0.20 0.535 0.279 0.310

HDL-C (mmol/L) 3.75 ± 0.25c 3.98 ± 0.17bc 4.99 ± 0.28a 5.11 ± 0.32a 4.78 ± 0.50ab 0.018 0.005 0.006

LDL-C (mmol/L) 1.29 ± 0.25 1.39 ± 0.25 1.48 ± 0.23 1.77 ± 0.28 1.11 ± 0.23 0.440 0.987 0.373

T-CHO (mmol/L) 4.31 ± 0.34 4.20 ± 0.62 3.72 ± 0.35 4.19 ± 0.68 3.86 ± 0.72 0.936 0.590 0.840

Triglyceride (mmol/L) 25.83 ± 2.74 25.50 ± 3.72 24.77 ± 1.65 30.24 ± 2.33 27.87 ± 4.19 0.720 0.357 0.648

BUN (mmol/L) 1.87 ± 0.50 2.25 ± 0.66 1.12 ± 0.34 1.91 ± 0.51 2.48 ± 0.67 0.571 0.620 0.378

Glucose (mmol/L) 23.36 ± 2.13 22.71 ± 3.83 24.59 ± 1.22 18.46 ± 3.83 21.61 ± 3.47 0.687 0.422 0.729

Phosphorus (mmol/L) 0.39 ± 0.03 0.40 ± 0.03 0.36 ± 0.04 0.39 ± 0.07 0.28 ± 0.02 0.274 0.092 0.137

a-b Values in the same row with different superscripts were significantly different. HDL-C, high-density liptein cholesterol; LDL-C, low-density liptein cholesterol; T-CHO, total cholesterol; 
BUN, urea nitrogen. The results are described as means and SEM.
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TABLE 5 Effects of dietary rare earth supplementation on the antioxidant index in the serum and liver of laying hens during the late laying stage (n = 6).

Items

Dietary rare earth level p-value

0 150 g/t 300 g/t 450 g/t 600 g/t
One-

wayANOVA
Linear Quadratic

Serum

  MDA (nmol/L) 6.53 ± 0.85 5.08 ± 0.87 4.61 ± 0.26 6.06 ± 1.02 6.63 ± 1.13 0.404 0.170 0.130

  T-AOC (mmol/L) 0.93 ± 0.17 1.22 ± 0.16 1.22 ± 0.07 0.88 ± 0.16 1.04 ± 0.20 0.379 0.185 0.154

  GSH-Px (U/mL) 1917.3 ± 123.8b 1646.0 ± 129.9b 2065.3 ± 110.9b 2321.1 ± 309.5ab 2738.4 ± 61.9a 0.002 0.024 0.043

  SOD (U/mL) 212.06 ± 41.57 128.20 ± 16.79 140.30 ± 35.43 146.55 ± 25.73 109.73 ± 11.17 0.150 0.120 0.176

  GSH (mmol/L) 316.00 ± 42.36 258.00 ± 84.59 357.33 ± 38.57 418.00 ± 92.71 402.67 ± 84.02 0.570 0.181 0.384

Liver

  MDA (nmol/gprot) 0.48 ± 0.03 0.43 ± 0.07 0.37 ± 0.04 0.35 ± 0.05 0.42 ± 0.04 0.345 0.065 0.057

  T-AOC (mmol/gprot) 0.77 ± 0.11 0.51 ± 0.08 0.53 ± 0.08 0.57 ± 0.13 0.70 ± 0.06 0.270 0.786 0.433

  GSH-Px (U/mgprot) 167.67 ± 21.42b 113.66 ± 22.20b 125.25 ± 28.05b 270.60 ± 30.71a 251.77 ± 24.43a 0.001 0.030 0.038

  SOD (U/mgprot) 262.64 ± 31.23 203.90 ± 26.06 245.47 ± 11.32 397.79 ± 74.76 372.62 ± 95.85 0.095 0.019 0.011

  GSH (ummol/gprot) 208.25 ± 41.94ab 110.95 ± 24.59c 145.19 ± 22.41bc 131.84 ± 19.39bc 227.22 ± 22.17a 0.024 0.622 0.238

a-c Values in the same row with different superscripts were significantly different. MDA, malondialdehyde; T-AOC, total antioxidant capacity; GSH-Px, glutathione peroxidase; SOD, 
superoxide dismutase; GSH, glutathione. The results are described as means and SEM.

TABLE 6 Effects of dietary rare earth supplementation on the intestinal morphology of laying hens during the late laying stage (n = 6).

Items Dietary rare earth level p-value

0 150 g/t 300 g/t 450 g/t 600 g/t One-way 
ANOVA

Linear Quadratic

Duodenum

  Villus height (μm) 802.30 ± 42.24 842.65 ± 49.20 820.00 ± 50.59 729.48 ± 30.49 849.93 ± 25.07 0.264 0.895 0.843

  Crypt depth (μm) 102.83 ± 8.33 121.55 ± 12.14 130.03 ± 10.56 104.68 ± 11.83 101.87 ± 8.71 0.230 0.591 0.140

  Villus height/crypt depth 8.75 ± 0.57 7.59 ± 0.85 7.21 ± 0.70 7.83 ± 1.00 9.03 ± 0.65 0.420 0.746 0.133

Jejunum

  Villus height (μm) 601.13 ± 56.79 727.33 ± 53.69 642.77 ± 51.26 664.27 ± 45.46 688.38 ± 29.55 0.444 0.474 0.676

  Crypt depth (μm) 125.93 ± 19.03 133.38 ± 16.43 116.03 ± 14.53 100.62 ± 11.10 92.72 ± 9.60 0.275 0.033 0.092

  Villus height/crypt depth 5.47 ± 0.64 6.23 ± 0.39 6.27 ± 0.97 7.43 ± 0.97 8.51 ± 1.05 0.124 0.008 0.026

Ileum

  Villus height (μm) 334.90 ± 26.23 339.57 ± 34.60 426.50 ± 45.62 377.08 ± 33.35 431.97 ± 43.81 0.226 0.057 0.164

  Crypt depth (μm) 55.18 ± 7.60b 49.65 ± 3.37b 62.97 ± 3.89ab 50.25 ± 2.25b 72.95 ± 9.26a 0.050 0.083 0.101

  Villus height/crypt depth 6.60 ± 0.48 7.48 ± 0.47 6.94 ± 0.37 8.01 ± 0.70 6.41 ± 0.80 0.314 0.940 0.337

a-b Values in the same row with different superscripts were significantly different. The results are described as means and SEM.

TABLE 7 Effects of dietary rare earth supplementation on alpha diversity indices of cecum microbiota in laying hens during the late laying stage (n = 6).

Items

Dietary rare earth level p-value

0 150 g/t 300 g/t 450 g/t 600 g/t
One-way 
ANOVA

Linear Quadratic

Observed species 695.67 ± 31.57 711.83 ± 17.99 727.00 ± 16.27 668.00 ± 23.78 695.17 ± 23.94 0.486 0.550 0.706

Shannon 6.48 ± 0.14 6.59 ± 0.09 6.59 ± 0.08 6.32 ± 0.14 6.27 ± 0.09 0.153 0.061 0.064

Chao1 754.38 ± 30.97 774.32 ± 18.32 790.90 ± 18.54 727.20 ± 19.46 810.41 ± 80.78 0.571 0.403 0.581

ACE 760.09 ± 34.08 773.65 ± 17.26 791.03 ± 14.60 729.86 ± 27.14 797.33 ± 50.18 0.575 0.759 0.927

Simpson 0.971 ± 0.003 0.970 ± 0.005 0.972 ± 0.004 0.963 ± 0.006 0.964 ± 0.004 0.425 0.103 0.255

goods_coverage 0.998 ± 0.001 0.998 ± 0.001 0.998 ± 0.001 0.998 ± 0.001 0.998 ± 0.001 0.507 0.375 0.212

PD_whole_tree 51.76 ± 1.73 61.45 ± 3.45 60.10 ± 2.51 53.32 ± 4.22 58.62 ± 3.77 0.178 0.614 0.488

The results are described as means and SEM.
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of Ruminococcus (genus) and Subdoligranulum (genus) (p < 0.05). 
Furthermore, Figure 3 displays the significantly differentiated bacterial 
taxa among treatments using linear discriminant analysis coupled with 
effect size (LEfSe) with the default parameters (threshold >3.0).

4. Discussion

4.1. Production performance

The primary objective of this study was to evaluate the effects 
of dietary RE supplementation on production performance, egg 
quality, serum biochemical parameters, antioxidant capacity, 
intestinal morphology, and gut microbiota in late-phase laying 
hens. In this study, the egg production, average daily feed intake, 
and feed conversion ratio of laying hens were unaffected by 
dietary treatments. However, compared with the control group, 
hens fed the 150 g/t RE diet had a greater average egg weight 
during the third week of the experimental period, which indicates 
that a moderate dosage of RE could improve egg performance. 
Still, a high dosage of RE did not affect the egg performance of 
laying hens. The best explanation is that a moderate RE dosage 
could contribute to nutrient absorption and utilization, thus 
resulting in a greater productivity performance of poultry (He 
et  al., 2010; Cai et  al., 2015). He et  al. (2010) also found that 
feeding 70 mg/kg RE to broilers for 5 weeks increased broilers’ feed 
intake and body weight gain from Days 22 to 35 and Days 1 to 35 
of the experimental period, respectively. In laying hens, Cai et al. 
(2016) reported that dietary supplementation with rare earth 
element-enriched yeast (0, 500, and 1,000 mg/kg) linearly 
increased egg production in ISA brown late-phase laying hens in 
a 5-week feeding trial (Cai et al., 2016). Like our results, Ham et al. 
(2006) reported that dietary supplementation with 300 and 
600 mg/kg RE slightly increased the egg weight of 158-day-old 
Ross broiler breeder hens during a 13-week experimental period 
(Ham et  al., 2006). Therefore, dietary supplementation with 
150 mg/kg RE had beneficial effects on the egg performance of 
laying hens during the late-laying phase.

FIGURE 1

The beta diversity of the cecal microbiota in laying hens fed the 5 
experimental diets using principal component analysis (PCoA). There 
were 6 replicates (birds) in each treatment (n = 6). Group A (A.1-A.6): 
0 g/t rare earth diet; Group B (B.1-B.6): 150 g/t rare earth diet; Group C 
(C.1-C.6): 300 g/t rare earth diet; Group D (D.1-D.6): 450 g/t rare earth 
diet; Group E (E.1-E.6): 600 g/t rare earth diet. To test the significant 
differences in beta diversity of bacterial communities among treatment 
groups, PERMANOVA (Adonis procedure with 999 permutations) was 
conducted to calculate p values. There were significant differences 
between Group A and Group E (R2 = 0.191, p = 0.002), Group B and 
Group E (R2 = 0.201, p = 0.004), Group C and Group E (R2 = 0.153, 
p = 0.008), and Group D and Group E (R2 = 0.166, p = 0.006).

FIGURE 2

The relative abundance of cecal microbiota in laying hens fed the 5 experimental diets at the phylum level (top 10, A) and genus level (top 30, B). (C–F) 
shows the changes in 4 district genera in the gut microbiota composition of laying hens, including Fusobacteriota (phylum), Fusobacterium (genus), 
Ruminococcus (genus), and Subdoligranulum (genus). Six replicates (birds) were analyzed in each treatment (n = 6). Group A (A.1-A.6): 0 g/t rare earth 
diet; Group B (B.1-B.6): 150 g/t rare earth diet; Group C (C.1-C.6): 300 g/t rare earth diet; Group D (D.1-D.6): 450 g/t rare earth diet; Group E (E.1-E.6): 
600 g/t rare earth diet.
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4.2. Egg quality and yolk antioxidant index

There were no significant differences in the egg shape index, 
eggshell strength, albumen height, yolk color, Haugh unit, or yolk 
antioxidant indices among dietary treatments in the present study. 
Dietary supplementation with 150, 300, or 600 g/t RE decreased the 
eggshell thickness of laying hens compared to the control group. 
However, Durmuş and Bölükbaşı (2015) found that dietary addition 
of 100, 200, 300, or 400 mg/kg lanthanum oxide for 6 weeks did not 
impact the eggshell thickness of 22-week-old brown Lohman laying 
hens (Durmuş and Bölükbaşı, 2015). Additionally, Bölükbaşı et al. 
(2016) reported no significant effects of 100–400 mg/kg cerium oxide 
on the eggshell thickness of laying hens in a 10-week study (Bölükbaşı 
et al., 2016). It is most likely that RE (especially lanthanum, La3+) is 
competing with Ca2+ for binding sites in biological systems, inhibiting 
calcium absorption and metabolism (Flachowsky et al., 2019; Malhotra 
et al., 2020) and thus resulting in decreased eggshell thickness by RE 
supplementation in the diet of laying hens. For instance, it had been 
demonstrated that a Ln (III) ion will readily replace the Ca (II) ion at 
site with the concomitant expulsion of its double site Ca (II) partner 
(Horrocks et al., 1979). In this regard, further research is warranted to 
investigate whether dietary calcium levels need to be adjusted when 
150 g/t RE is supplemented for late-phase laying hens.

4.3. Serum biochemical parameters

Serum biochemical indices can reflect the function and 
metabolism of nutrients (Hu et  al., 2016). No differences were 
observed in serum biochemical parameters of laying hens among 
treatments except for the concentration of high-density liptein 

cholesterol (HDL-C), which was higher in the 300 or 450 g/t 
RE-supplemented group than in the control group. These results 
indicate that dietary RE supplementation positively affected lipid 
metabolism. The increased serum HDL-C content could accelerate 
cholesterol transportation and improve excretion and metabolism 
(März et al., 2017). For calcium and phosphorus, similar results were 
observed by Durmuş and Bölükbaşı (2015). They reported that dietary 
RE supplementation had no significant effect on calcium and 
phosphorus concentrations in the serum of livestock (Durmuş and 
Bölükbaşı, 2015). However, inconsistent with our results, Bölükbaşı 
et al. (2016) found that the calcium and phosphorus contents in the 
serum of laying hens were increased when hens were fed 100 mg/kg 
cerium oxide (Bölükbaşı et al., 2016). The discrepancy may be due to 
environmental factors, animal species, or supplemental duration and 
dosage of RE elements.

4.4. Antioxidant index in serum and liver

Aging is a natural and irreversible physiological process, which will 
result in harmful reactive oxygen species overproduction (Lee et al., 
2004). When endogenous antioxidants are not enough to neutralize 
excessive free radicals in the body, the redox balance in the body will 
be  destroyed, resulting in oxidative stress (Estevez, 2015). In the 
antioxidant defense system, SOD detoxifies superoxide radicals into 
hydrogen peroxide, which is then converted into water by CAT or into 
nontoxic hydroxyl compounds by glutathione peroxidase (GSH-Px) (He 
et al., 2017). In the current study, serum GSH-Px activity was increased 
when laying hens were fed a 600 vs. 0 g/t RE diet. In addition, hepatic 
GSH-Px activity was more significant when hens were fed a 450 or 
600 g/t RE diet in place of the control diet. GSH-PX is an important 
antioxidant enzyme that converts hydrogen peroxide into nontoxic 

FIGURE 3

Cladogram (A) and LDA value distribution histogram (B). The bacterial taxa were significantly differentiated among treatments using linear discriminant 
analysis coupled with effect size (LEfSe) with the default parameters (threshold >3.0).
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water. The increase in GSH-Px activity may be interpreted as a defense 
mechanism against stress environment by high dosage supply of 
RE. Similarly, Durmuş and Bölükbaşı (2015) found that dietary RE 
addition with lanthanum oxide markedly reduced oxidative stress status, 
as indicated by decreased MDA content in the serum of laying hens 
(Durmuş and Bölükbaşı, 2015). These results suggest that high-dosage 
RE supplementation could enhance the antioxidant status of laying hens.

4.5. Intestinal morphology

The intestinal villus is the primary nutrient absorption, while villus 
epithelial cells are characterized by digestion and absorption functions 
(Hu et al., 2016). The villus height, crypt depth, and the ratio of villus 
height to crypt depth are usually measured as meaningful markers to 
reflect the absorption ability of the small intestine of livestock (Zeng 
et al., 2021). In the present study, dietary RE supplementation did not 
impact the intestinal morphology of the duodenum and jejunum in 
laying hens, including villus height, crypt depth, and the ratio of villus 
height to crypt depth. However, dietary supplementation with 600 g/t 
RE increased the crypt depth of the ileum in laying hens compared to 
that of the control group, which suggests that a high dosage of RE could 
lead to intestinal morphology injury. As reported by Cheng et  al. 
(2022), dietary supplementation of RE-chitosan chelate improved 
intestinal immune status, as reflected by reduced pro-inflammatory 
factor levels. Interestingly, dietary addition with 2.5–5.0 g/kg Azomite 
has been found to elevate the height, width, and density of intestinal 
villus in tilapia (Xu et al., 2021). The villus height and width were also 
increased in largemouth bass fed diets supplemented with 2.0–4.0 g/kg 
Azomite (Xu et al., 2021). Still, according to our results, a high dosage 
of RE is not suggested to be added to the diet of laying hens from the 
perspective of intestinal morphology.

4.6. Gut microbiota

The gut microbiota plays an essential role in maintaining intestinal 
health and normal physical functions. A balanced microbiota 
population provides a healthy intestinal tract environment, resulting in 
better control of gut pathogens (Song et al., 2019). In this study, no 
significant differences were observed for the alpha diversity indices of 
the cecum in laying hens among dietary treatments. However, there 
were significant differences in beta diversity of cecum microbiota in 
laying hens fed a 600 g/t RE diet in place of the other 4 experimental 
diets. These results indicate that a high RE dosage altered the 
microbiota diversity of laying hens. For cecum microbiota composition, 
compared with the control diet, dietary 600 g/t RE supplementation 
significantly decreased the relative abundance of Fusobacteriota 
(phylum) and Fusobacterium (genus) while markedly increasing the 
relative abundance of Ruminococcus (genus) and Subdoligranulum 
(genus). Fusobacterium contributes to butyric acid production and bile 
acid metabolism (Khan et  al., 2020). Ruminococcus is beneficial 
bacteria that can break down cellulose in the intestinal tract and obtain 
decomposed nutrients. These results suggest that a high dosage of RE 
supplementation altered the diversity and composition of the cecum 
microbiota of late-phase laying hens. In contrast, a low or moderate 
dosage of RE supplementation had no effects on the cecum microbiota 
of hens. The gut microbiota results confirmed that a high dosage of RE 

is not recommended for supplementation in the diet of late-phase 
laying hens.

5. Conclusion

In conclusion, a high RE dosage negatively affects egg quality 
and intestinal morphology. It alters gut microbiota diversity and 
composition, while a moderate RE dosage has beneficial effects on 
production performance in late-phase laying hens. In terms of 
eggshell thickness, further research is necessary to investigate 
whether dietary calcium levels must be adjusted when 150 g/t RE is 
supplemented for late-phase laying hens.
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