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Adjusting phosphate feeding regimen e

according to daily rhythm increases eggshell
quality via enhancing medullary bone
remodeling in laying hens
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Abstract

Background Body phosphorus metabolism exhibits a circadian rhythm over the 24-h daily cycle. The egg laying
behavior makes laying hens a very special model for investigating phosphorus circadian rhythms. There is lack of
information about the impact of adjusting phosphate feeding regimen according to daily rhythm on the phosphorus
homeostasis and bone remodeling of laying hens.

Methods and results Two experiments were conducted. In Exp. 1, Hy-Line Brown laying hens (n = 45) were sampled
according the oviposition cycle (at 0, 6, 12, and 18 h post-oviposition, and at the next oviposition, respectively; n =

9 at each time point). Diurnal rhythms of body calcium/phosphorus ingestions and excretions, serum calcium/phos-
phorus levels, oviduct uterus calcium transporter expressions, and medullary bone (MB) remodeling were illustrated.
In Exp. 2, two diets with different phosphorus levels (0.32% and 0.14% non-phytate phosphorus (NPP), respectively)
were alternately presented to the laying hens. Briefly, four phosphorus feeding regimens in total (each included 6
replicates of 5 hens): (1) fed 0.32% NPP at both 09:00 and 17:00; (2) fed 0.32% NPP at 09:00 and 0.14% NPP at 17:00; (3)
fed 0.14% NPP at 09:00 and 0.32% NPP at 17:00; (4) fed 0.14% NPP at both 09:00 and 17:00. As a result, the regimen fed
0.14% NPP at 09:00 and 0.32% NPP at 17:00, which was designed to strengthen intrinsic phosphate circadian rhythms
according to the findings in Exp. 1, enhanced (P < 0.05) MB remodeling (indicated by histological images, serum
markers and bone mineralization gene expressions), elevated (P < 0.05) oviduct uterus calcium transportation (indi-
cated by transient receptor potential vanilloid 6 protein expression), and subsequently increased (P < 0.05) eggshell
thickness, eggshell strength, egg specific gravity and eggshell index in laying hens.

Conclusions These results underscore the importance of manipulating the sequence of daily phosphorus ingestion,
instead of simply controlling dietary phosphate concentrations, in modifying the bone remodeling process. Body
phosphorus rhythms will need to be maintained during the daily eggshell calcification cycle.
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Introduction

Phosphate metabolism is involved in a variety of bio-
logic processes [1] and its influx-storage-efflux balance
is essential for life [2]. The two extremes of phosphate
homeostasis (deficiency and excess) have been inextrica-
bly linked to tissue mineralization disorders including but
not limit to osteopenia [3], osteoporosis [4], nephrocalci-
nosis [5] and vascular calcification [6]. Generally, dietary
phosphate regimen must be precisely managed to main-
tain the balance of body phosphate homeostasis when
problems occur during the intestinal absorption (phos-
phate influx) and/or bone mineralization (phosphate
storage) and/or renal resorption (phosphate influx) pro-
cesses [7]. In current practice, dietary phosphate regimen
interventions are mostly conducted in two approaches:
(1) direct controlling the concentrations of phosphate in
ingested food [8]; (2) using phosphate binders (e.g., seve-
lamer carbonate) to remove available phosphate [9, 10] or

using phosphate utilization promoters (e.g., calcitriol) to
increase available phosphate [10, 11]. However, the effec-
tiveness of these approaches has been questioned since
the body exhibits significant diurnal variations in serum
phosphate concentrations [12, 13], and a simple dietary
intervention (which ignores the diurnal variations) may
not enough for supporting a normal phosphate homeo-
stasis [12, 13].

The phosphate metabolism exhibits a circadian rhythm
over the 24-h daily cycle [14, 15]. Circadian rhythm dis-
turbance of intestinal, renal and skeletal functions could
induce abnormal phosphate rhythm and subsequently
cause tissue mineralization disorders [16, 17]. For exam-
ple, chronic kidney disease-mineral bone disorder,
which exhibits a decreased serum phosphate circadian
rhythm (amplitude decreases and phase shift) [18, 19],
is often accompanied by circadian rhythm disturbances
in the bone [20] and kidney [16]. In this case, simply
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increasing/decreasing dietary phosphate concentrations,
could only overall increase/decrease serum phosphate
concentrations, but could not normalize the circadian
rhythm of serum phosphate [18]. These results indicat-
ing that the daily rhythms of body phosphate metabolism
will need to be carefully maintained when developing
dietary phosphate intervention strategies in humans and
animals.

The egg laying behavior makes laying hens a very spe-
cial model for investigating phosphate circadian rhythms
[21]. Especially, the diurnal eggshell formation process in
laying hens was support by a strong circadian rhythm in
the remodeling of medullary bone (MB), which is unique
to avian and dinosaurs and could be quickly absorbed
and reformed during the 24-h egg-laying cycle [22]. It is
well documented that circulating level of phosphate is
highly dynamic during the MB cycle [21], and alterations
in dietary phosphate levels could influence the remod-
eling of MB [23]. In aged laying hens, the remodeling
efficiency of MB decreases and the frequency of cracked
eggs increases (unqualified eggshell formation) [24]. In
the field, attempts have been made to evaluate the most
appropriate dietary phosphate levels for maintaining MB
remodeling and increasing eggshell quality in aged laying
hens [25]. However, in conventional feeding systems, lay-
ing hens are provided with a single diet with a constant
phosphate level throughout the entire day without con-
sidering body phosphate circadian rhythms.

So, we hypothesized that a daily dynamic phosphate
feeding regimen that enhancing body phosphate circa-
dian rhythms would optimize the remodeling process
of MB and thereby improve eggshell quality in laying
hens. To test this hypothesis, we illustrated the circadian
rhythms of phosphate metabolism and diets with differ-
ent phosphate levels were alternately presented to the
laying hens to meet the specific phosphate requirement
during different stages of the daily egg-laying cycle. Our
objectives were to reveal the multi-organ interactions on
phosphate metabolism rhythms and to develop a simple
daily phosphate regimen for improving eggshell quality in
aged laying hens.

Materials and methods

Experimental animals, dosage regimen and sample
collection

The animals used (Hy-Line Brown laying hens) were all
purchased from Julong Poultry Farm (Wugong, Shaanxi,
China), and were individually housed in cages with raised
wire floors (depth x width x height = 45 cm x 35 cm
x 45 c¢m) at the Animal Nutrition & Healthy Feeding
Research Laboratory (Northwest A&F University, Yan-
gling, China). A photoperiod of 16-h-light:8-h-dark was
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applied (lights-on, 05:30; lights-off, 21:30). The hens were
fed twice daily (09:00 and 17:00).

Exp. 1

Hy-Line Brown laying hens were fed with a regular
diet (corn-soybean meal-based; containing 0.32% non-
phytate phosphorus (NPP); Table 1) start from 35
weeks of age. On the last day of age 40 weeks, a total of
60 hens that laid eggs between 07:30—08:30 were ran-
domly selected to evaluate the daily phosphorus rhythms.
Of them, 45 hens were euthanized for sample collec-
tion, and the other 15 hens were used to study the feed
intake and calcium/phosphorus excretion rhythms. For
sample collection, the 45 hens were sampled according
the oviposition cycle: at oviposition, at 6, 12, 18 h post-
oviposition, and at the next oviposition, respectively,
with 9 hens sampled at each of the time point. The fol-
lowing samples were collected: blood (for serum), uterine
(stored at —80 °C, for Western-blotting analysis), femur
(in 4% paraformaldehyde, for histological analysis) and
kidney (stored at —80 ‘C, for Western-blotting analysis).
For the other 15 hens, the feed intake was recoded and
the excreta was collected at the following intervals: from
oviposition to 6 h post-oviposition, from 7 to 12 h post-
oviposition, from 13 to 18 h post-oviposition, from 19 h
post-oviposition to the next oviposition.

Exp. 2

At the age of 70 weeks, a total of 120 hens were ran-
domly selected to evaluate dietary interventions of
body phosphorus rhythms. The hens were fed with 4
phosphorus regimens: (1) RR, provided with regular
phosphorus diet at both 09:00 and 17:00 (conventional
feeding without considering daily rhythms of body
phosphorus metabolism); (2) RL, provided with regu-
lar phosphorus diet at 09:00 and low phosphorus diet
at 17:00 (dynamic feeding converse to the body phos-
phorus rhythms found in Exp. 1); (3) LR, provided with
low phosphorus diet at 09:00 and regular phosphorus
diet at 17:00 (dynamic feeding consistent with the body
phosphorus rhythms found in Exp. 1); (4) LL, pro-
vided with low phosphorus diet at both 09:00 and 17:00
(direct restriction without considering daily rhythms of
body phosphorus metabolism). Each feeding regimens
included 6 replicates, and each replicate contained 5
hens. The regular and the low phosphorus diet con-
tained 0.32% and 0.14% NPP, respectively. The feeding
trial lasted for 12 weeks (according to the literature,
changes in eggshell and bone mineralization status
could be observed in 8 to 12 weeks after dietary phos-
phorus interventions in laying hens) [26, 27]. On the
last 3 d of the feeding trial, all the eggs were collected
for egg quality analysis. On the last day of the feeding
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Table 1 Composition and nutrient concentrations of basal diet (%, unless noted, as-is basis)

Item Low phosphorus Regular phosphorus

Ingredients
Corn 56.69 56.69
Soybean meal 25.77 2577
Distillers dried grains with solubles 4.00 4.00
Calcium carbonate 9.73 9.04
Dicalcium phosphate - 1.15
Soybean oil 1.51 1.51
Sodium chloride 0.26 0.26
DL-Methionine 0.18 0.18
Choline chloride 0.15 0.15
Montmorillonite 0.71 0.25
Premix’ 1 1
In total 100.00 100.00

Nutrient levels
Metabolizable energy, kcal/kg (calculated) 2,600 2,600
Crude protein (calculated) 16.5 16.5
Total phosphorus (calculated/analyzed) 0.34/0.34 0.53/0.49
Non-phytate phosphorus (calculated) 0.14 0.32
Calcium (calculated/analyzed) 3.50/3.47 3.50/3.52

! Provided per kilogram of diet: manganese 60 mg, copper 8 mg, zinc 80 mg, iodine 0.35 mg, selenium 0.3 mg, vitamin A 8000 IU, vitamin E 30 mg, vitamin K5 1.5 mg,
thiamine 4 mg, riboflavin 13 mg, pantothenic acid 15 mg, nicotinamide 20 mg, pyridoxine 6 mg, biotin 0.15 mg, folic acid 1.5 mg, and cobalamin 0.02 mg

trial, two egg-laying hens were randomly selected from
each replicate (sampled at 6 and 18 h post-oviposition,
respectively). The following samples were collected:
blood (for serum), uterine (stored at —80 “C, for West-
ern-blotting analysis ), femur (left side, stored in 4%
paraformaldehyde for histological analysis; right side,
stored at —80 C for the determination of mineraliza-
tion status and gene expressions).

Serum biochemical assay

Blood samples (3 mL, from wing veins) were clotted at
37 °C for 60 min in water bath and centrifuged (594 g,
15 min) for serum samples (stored at —80 “C). Serum
levels of calcium (catalogue no. CO004-2), phospho-
rus (catalogue no. C006-1) and tartrate-resistant acid
phosphatase (TRAP; catalogue no. A058-1) were ana-
lyzed using commercial kits purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, Jiangsu,
China). Serum levels of C-terminal telopeptide of type
I collagen (CTX-I) was analyzed using a commercial
kit (catalogue no. ml060903) purchased from Shang-
hai Enzyme-linked Biotechnology Co., Ltd (Shang-
hai, China). The spectrophotometric reactions were
detected using a Synergy HT plate reader (BioTek, Win-
ooski, VT, USA; for calcium and CTX-I analysis) or a
UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan;
for phosphorus and TARP analysis).

Determination of calcium and phosphorus contents

The excreta samples were oven dried, air equilibrated,
and ground before analysis. The femur samples were
cut at 25% and 75% from the proximal femur of the
length of the bone to separate mid-diaphysis (50%),
then this part was oven dried, defatted, cut longitu-
dinally, and MB was removed by scraping with aid of
scalpel. The pretreated samples were ashed using a
muffle furnace (550 C; 6 h) and dissolved in hydro-
chloric acid. Calcium and phosphorus contents of the
samples were determined using the ethylenediami-
netetraacetic acid method and the ammonium-vana-
dium-molybdate method, respectively [28]. The results
were calculated based on oven-dried-basis for excreta
and ash-basis for femur samples.

Histological analysis

The paraformaldehyde fixed femur samples were decalcified (6
weeks; in 10% EDTA phosphate buffer solution), dehydrated
(in ethyl alcohol), hyalinized (in xylene), and the proximal dia-
physis was embedded in paraffin wax. Sample sections (5 pm
thick; mounted on glass slides) were stained with toluidine
blue and scanned using an optical microscope (BX46; Olym-
pus, Japan). Three photomicrographs (40x magnification)
were taken from each sample. The area percentage of MB is
expressed as the percentage of MB in the region of the marrow
cavity where the MB is located (Image] 1.8.0. software).
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Western-blotting analysis

The protein isolation and western blotting procedures
were conducted as previously described [29]. Primary
antibodies (rabbit) to type 2a sodium-phosphate co-
transporter (NPt2a, catalogue no. A9460), type III
sodium-dependent phosphate transporter 1 (PiT1,
catalogue no. A4117), type III sodium-dependent
phosphate transporter 2 (PiT2, catalogue no. A6739),
transient receptor potential vanilloid 6 (TRPV6, cata-
logue no. A16128), and calbindin D-28k (CaBP-D28k,
catalogue no. A0802) were purchased from ABclonal
Technology (Wuhan, Hubei, China). Primary antibody
(mouse) to B-actin (ACTB, catalogue no. CW0096)
was purchased from CWBIO Co., Ltd. (Beijing,
China). The secondary goat anti-rabbit IgG (catalogue
no. DY60202) was purchased from Diyi Biotechnol-
ogy Co., Ltd. (Shanghai, China) and the secondary goat
anti-mouse IgG (catalogue no. bs-0296G-HRP) was
purchased from Bioss Biotechnology Co., Ltd. (Beijing,
China). The protein bands were visualized with a DNR
imaging system (Micro Chemi, Israel) and the blot
density was normalized to ACTB.

Quantitative real-time PCR

The quantitative real-time RCR analysis was performed
as previously described [30]. The sequences (Table S1) of
primers used in quantitative real-time PCR analysis were
designed with the Primer3 program. All reactions were run
in triplicate. Relative mRNA expressions were calculated
using the chicken ACTB (B-actin) gene as an internal refer-
ence (2722 method).

Statistical analysis

Data analysis was performed using SPSS version 23.0
(IBM Corp., Chicago, IL, USA). The individual laying hen
was considered as the statistical unit. Two-tailed Stu-
dents’ ¢-tests was conducted for the comparisons between
two groups. One-way ANOVA, followed by Duncan’s mul-
tiple-range post hoc test, was conducted to determine the
differences among multiple groups. The results are pre-
sented as means and standard error of the mean (SEM).
Statistical significance was considered at P < 0.05.

Results

Diurnal rhythms of serum calcium and phosphorus levels
and uterine protein expressions in laying hens

Serum calcium level of the laying hens was increased after
oviposition and peaked at 6 h post-oviposition (Fig. 1A,
P < 0.05). Then, the serum calcium level was gradually
decreased to its lowest level at 18 h post-oviposition (P
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Fig. 1 Diurnal rhythms of serum calcium and phosphorus levels

and uterine protein expressions in 40-week-old Hy-Line Brown

laying hens during the egg laying cycle. A) Serum calcium (n = 9 per
group); B) serum phosphorus (n = 9 per group); C) protein expression
of TRPV6 and CaBP-D28k (n = 4 per group). White and black bars
represent the light and dark. Data are presented as the mean £ SEM.
P < 0.05 by one-way ANOVA followed by Duncan’s multiple range
tests and the letters (a—d) indicate significant differences among all
treatment groups (P < 0.05). ACTB, 3-actin; CaBP-D28k, Calbindin
D-28k; TRPV6, Transient receptor potential vanilloid 6

< 0.05). Thereafter, increased at the next oviposition (P <
0.05). Serum phosphorus level (Fig. 1B) and uterine CaBP-
D28k expression (Fig. 1C) of the laying hens were gradu-
ally increased after oviposition (P < 0.05), peaked at 18 h
post-oviposition, and then deceased at the next oviposi-
tion (P < 0.05). Uterine expression of TRPV6 was higher at
12 h and 18 h post-oviposition (the period of eggshell fast
deposition) when compared to the other time points dur-
ing the egg laying cycle (Fig. 1C, P < 0.05).

Diurnal rhythms of MB remodeling in laying hens
Serum concentrations of bone resorption markers TRAP
(Fig. 2A) and CTX-I (Fig. 2B) were significantly changed
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Fig. 2 Diurnal rhythms of MB remodeling in 40-week-old Hy-Line Brown laying hens. A) Serum TARP (n = 9 per group); B) serum CTX-l (n = 9 per
group); C) area percentage of MB analyzed by toluidine blue staining (n = 3 per group); D) representative images of toluidine blue staining of femur
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(P < 0.05) during the daily egg laying cycle, and peaked at
12 h and 18 h post-oviposition (the period of eggshell fast
deposition), respectively. The area percentage of MB was
higher (P < 0.05) at 6 h and 12 h post-oviposition when
compared to the other time points during the egg laying
cycle (Fig. 2C, D).

Diurnal rhythms of the intake and excretion of calcium

and phosphorus in laying hens

Calcium and phosphorus intake of the laying hens
were majorly happened during the lighting period
(Fig. 3A, B). The excreta collected during 0 to 6 h post-
oviposition had increased (P < 0.05) calcium concen-
tration when compared to those collected from the
other period during the egg laying cycle (Fig. 3C). The
excreta collected during 7 to 12 h post-oviposition
had increased (P < 0.05) calcium concentration when
compared to those collected during 13 to 18 h post-
oviposition. Accordingly, body calcium excretion was
the highest during 0 to 6 h post-oviposition and was
the lowest during 13 to 18 h post-oviposition (Fig. 3D,
P < 0.05). Body phosphorus excretion was majorly hap-
pened during the lighting period (Fig. 3E). The excreta
collected during 13 to 18 h post-oviposition had the
highest phosphorus concentration and the excreta col-
lected during O to 6 h post-oviposition had the lowest
phosphorus concentration (Fig. 3F, P < 0.05). Kidney
expression of NPt2a of the laying hens was gradually
increased after oviposition (Fig. 3G, P < 0.05), peaked
at 12 h post-oviposition, and then deceased all the way
down until the next oviposition (P < 0.05).

Daily dynamic phosphorus feeding regimen increased
uterine calcium transportation and eggshell quality

in laying hens

Laying hens on the RL and LR phosphorus feeding
regimen had increased eggshell thickness (P < 0.05)
when compared to those on the regimens of RR and LL
(Fig. 4A). Laying hens on the LR phosphorus feeding
regimen had: (1) increased (P < 0.05) eggshell strength,
egg specific gravity and eggshell index when compared
to those on the regimens of RR and LL (Fig. 4B—D);
(2) increased (P < 0.05) uterine TRPV6 expression
when compared to those on the regimens of RR and RL
(Fig. 4E). Laying hens on the RL phosphorus feeding regi-
men had: (1) increased (P < 0.05) eggshell strength, egg
specific gravity and eggshell index when compared to
those on the LL regimen (Fig. 4B—D); (2) decreased (P <
0.05) uterine TRPV6 expression when compared to those
on the regimens of LL (Fig. 4E).

Daily dynamic phosphorus feeding regimen improved MB
remodeling in laying hens

At 6 h post-oviposition: (1) laying hens on the LR phos-
phorus feeding regimen had increased serum calcium
(Fig. 5A, P < 0.05) when compared to those on the RR, RL
and LL regimens; (2) laying hens on the RR phosphorus
feeding regimen had increased serum phosphorus (Fig. 5B,
P < 0.05) when compared to those on the LL regimen. At
18 h post-oviposition: (1) laying hens on the RR and RL
phosphorus feeding regimens had increased MB calcium
content (Fig. 5C, P < 0.05) when compared to those on LL
regimen; (2) laying hens on the RL phosphorus feeding
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all treatment groups (P < 0.05). ACTB, B-actin; NPt2a, Type 2a sodium-phosphate co-transporters; PiT1, Type lll sodium-dependent phosphate

transporter 1; PiT2, Type Ill sodium-dependent phosphate transporter 2

regimen had increased MB percentage (Fig. 5F, G, P <
0.05) when compared to those on the LR and LL regi-
mens; (3) laying hens on the LR phosphorus feeding regi-
men had increased serum phosphorus (Fig. 5B, P < 0.05)
when compared to those on the RR, RL and LL regimens.
Within each feeding regimen: (1) laying hens on the RL
phosphorus feeding regimen had increased serum phos-
phorus (Fig. 5B, P < 0.05) at 18 h post-oviposition when
compared to 6 h post-oviposition; (2) laying hens on the
LR phosphorus feeding regimen had decreased serum cal-
cium (Fig. 5A, P < 0.05), MB calcium content (Fig. 5C, P
< 0.05), MB calcium/phosphorus ratio (Fig. 5E, P < 0.05),
and MB percentage (Fig. 5F, G, P< 0.05), and increased

serum phosphorus (Fig. 5B, P < 0.05) at 18 h post-ovipo-
sition when compared to 6 h post-oviposition; (3) laying
hens on the LL phosphorus feeding regimen had increased
serum phosphorus (Fig. 5B, P < 0.05), and decreased MB
calcium content (Fig. 5C, P < 0.05) and MB calcium/phos-
phorus ratio (Fig. 5E, P < 0.05) at 18 h post-oviposition
when compared to 6 h post-oviposition. No difference was
observed among treatments on MB phosphorus content
(Fig. 5D, P > 0.05).

At 6 h post-oviposition, laying hens on the LR phos-
phorus feeding regimen had: (1) increased MB alka-
line phosphatase (ALPL) mRNA expression (Fig. 6A,
P < 0.05) when compared to those on the RR and RL
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regimens; (2) increased MB runt related transcription
factor 2 (RUNX2) mRNA expression (Fig. 6B, P < 0.05)
when compared to those on the RR and LL regimens;
(3) increased MB gamma-carboxyglutamate protein
(BGLAP) mRNA expression (Fig. 6C, P < 0.05) when
compared to those on the RL and LL regimens. At 18
h post-oviposition, laying hens on the LL phospho-
rus feeding regimen had increased MB ALPL mRNA
expression (Fig. 6A, P < 0.05) when compared to those
on RR, RL and LL regimens. Within the LR phosphorus
feeding regimen, laying hens had decreased MB ALPL,
RUNX2, BGLAP and collagen type I alpha 2 chain
(COL1A2) mRNA expressions at 18 h post-oviposition
when compared to 6 h post-oviposition (Fig. 6A—D).

(See figure on next page.)

Discussion

The phosphate metabolism of laying hens exhibits a char-
acteristic circadian rhythm over the course of the 24-h
egg-laying cycle [21]. A nadir of serum phosphate con-
centration was observed at the time of oviposition (which
happened during 07:30—08:30 in the current study). After
oviposition, serum phosphate concentration was gradu-
ally increased and raised to the peak at 01:30—02:30 in
the next morning (18-h after oviposition). The presence
of serum phosphate oscillations was initially thought to
be a simple result of the eggshell formation cycle [31].
However, recent advances in phosphorus nutrition
mechanisms indicting that serum phosphate oscillations
may play vital roles in regulating the fast MB remodeling

Fig. 5 Daily dynamic phosphorus feeding regimen improved MB remodeling in 70-week-old Hy-Line Brown laying hens for 12 weeks. A) serum

calcium (n = 6 per group); B) serum phosphorus (n = 6 per group); C) calcium content of MB (n = 6 per group); D) phosphorus content of MB (n =
6 per group); E) calcium/phosphorus ratio of MB (n = 6 per group); F) area percentage of MB analyzed by toluidine blue staining (n = 3 per group);
G) representative images of toluidine blue staining of femur transverse sections, bar represents 100 um. Data are presented as the mean & SEM. P
< 0.05 by one-way ANOVA followed by Duncan’s multiple range tests, the letters (A, B) and the letters (a, b) indicate significant differences among
all treatment groups chosen from 6 h post-oviposition and 18 h post-oviposition, respectively (P < 0.05). The significance of difference between 6 h
and 18 h post-oviposition for each group was analyzed using two-tailed students' t-tests, P < 0.05, "P < 0.01,"P < 0.001. RR, provided with reqular
phosphorus diet at both 09:00 and 17:00 for 12 weeks; RL, provided with regular phosphorus diet at 09:00 and low phosphorus diet at 17:00 for 12
weeks; LR, provided with low phosphorus diet at 09:00 and regular phosphorus diet at 17:00 for 12 weeks; LL, provided with low phosphorus diet at
both 09:00 and 17:00 for 12 weeks; MB, medullary bone
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process which directly determined the quality of eggshell
formation [32]. What need to be studied is whether the
MB remodeling and eggshell formation efficiency could
be improved by strengthening the phosphate circadian
rhythms, especially when the serum phosphate lost its
rhythms in cases of metabolic diseases, aging and nutri-
tional disorders [17, 33, 34]. Indeed, abnormal phosphate
rhythm has repeatedly been described as a typical symp-
tom in bone and kidney related diseases in humans and
animals [19, 32]. Not surprisingly, the management of
phosphate rhythm is difficult, and, despite multifaceted
approaches have been tested regarding nutritional inter-
vention [35, 36] and metabolic regulation [37], it remains
unsuccessful or at least inefficient. The daily egg-laying
physiology makes avian systems excellent models for
understanding the underlining mechanisms and devel-
oping effective strategies for managing body phosphate
rhythms.

Daily oscillation of serum phosphate concentrations
is the sum of multi-organ interactions among intestine,
kidneys, and bone [38]. What is particular in laying hens

is the existence of MB (which provides a rapidly accessi-
ble reservoir for calcium and phosphate) [21] and oviduct
uterus (which secrets all necessary ionic and organic pre-
cursors for the eggshell formation process) [39]. The egg-
shell formation process can be divided into three stages:
initial phase (from 5 to 10 h after oviposition), growth
phase (from 10 to 22 h after oviposition) and terminal
phase (from 22 to 24 h after oviposition) [40]. In the
current study, increased protein productions of calcium
tunnels/transporters (i.e., TRPV6 and CaBP-D28k) were
observed in oviduct uterus during the eggshell formation
period, indicating an increasing of calcium secretion. As
a result, serum calcium decreased and the absorption of
MB was stimulated. When the eggshell formation was
mostly completed in the early morning, serum calcium
started to increase as a result of decreased calcium secre-
tion and increased feed intake. Accordingly, the MB was
reformed. The above-mentioned changes clearly demon-
strated the interactions between MB and body calcium-
phosphate nutritional conditions. Of particular note, in
this study, serum phosphate oscillation in laying hens
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was apparently not simply derived by MB remodeling,
because kidney protein productions of NPt2a (a major
phosphate transporter in the kidney) was significantly
increased before serum phosphate concentration reached
the peak. Seemly, during the fast-deposition period of
eggshell formation, the high-phosphate status in serum
was achieved by both MB releasing and kidney resorp-
tion. These observations brought up a concept that the
increased serum phosphate concentration is physiologi-
cally required by the laying hens for eggshell formation.
In this sense, improving phosphate circadian rhythms
may benefit MB remodeling and eggshell formation.

Manipulating the sequence of nutrient ingestion has
been shown as effective in preventing circadian misalign-
ment and metabolic disorders [41]. In the current study,
layer on the LR phosphate feeding regimen (fed 0.14%
NPP at 09:00 and 0.32% NPP at 17:00) had increased lev-
els of egg specific gravity, shell index, eggshell thickness
and eggshell strength, when compared to layers on the RR
phosphate feeding regimen (fed 0.32% NPP at both 09:00
and 17:00). Possibly, the LR phosphate feeding regimen
induced an increase in uterus TRPV6 protein production,
and thereby increased uterus calcium secretion, which
directly determines the quality of the fast-deposition egg-
shell [42]. Impaired eggshell quality was also observed in
layers on the LL phosphate feeding regimen, which rep-
resent a direct deprivation of dietary inorganic phosphate
without considering the body phosphate rhythms. These
results support the hypothesis that eggshell quality could
be improved by a sequential phosphate feeding regimen
that designed to enhancing body phosphate circadian
rhythms in aged laying hens. We previously showed that
when laying hens were fed with the LR regimen, egg pro-
duction performance was well supported with significant
decreases in phosphorus excretion [43]. Thus, dynamic
phosphorus feeding regimen has the potential to be used
in commercial laying hen farms. To give concrete conclu-
sions, many more different feeding regimes, with more
dietary phosphorus levels and feeding time points, will
need to be tested in future studies. In the current study,
phosphorus feeding regimens were simply adjusted by
the changes in dietary phosphorus levels. Indeed, part of
the phosphorus may be given via drinking water [44]. So,
it is worth exploring to adjust phosphorus feeding regi-
mens by controlling water phosphorus concentrations. In
humans, the sequential nutrition of phosphate has rarely
been studied [12, 13]. Even in patients with serious phos-
phate metabolic diseases, phosphate is simply intervened
by controlling overall dietary concentrations [45, 46].
Future studies will need to further illustrate the mecha-
nisms and potential applications of sequential phosphate
regimens in humans and animals.
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MB is a special bone tissue that forms in the bone mar-
row cavities of egg-laying birds which provides calcium
for eggshell formation [40]. In the present study, layers
on the LR phosphate feeding regimen had increased MB
remodeling ability (shown as increased absorption rate
during eggshell formation period), when compared to
those on all the other phosphate regimens. These results
well explained the increased shell quality in layers on the
LR phosphate feeding regimen. In retrospect, the impor-
tance of phosphate nutrition in regulating bone remod-
eling has been well documented in humans and animals
[47, 48]. The fact that daily dynamic phosphate feeding
regimen regulated MB remodeling further suggesting the
possibility of using sequential phosphate nutrition tech-
nologies in control bone mineralization diseases [49]. In
humans and animals, bone remodeling markers exhibit
typical diurnal variations, and circadian disruption (by
sleep alterations or metabolism disorders) is associ-
ated with the bone remodeling disorder osteoporosis
[50, 51]. Especially, considering the circadian disruption
and progressive bone loss in aged individuals, strate-
gies to strengthen intrinsic calcium-phosphate circadian
rhythms are highly warranted [49, 52]. Such strategies
should preferably involve nutritional interventions (e.g.,
daily dynamic dietary regimens) instead of pharmaceu-
tical drugs that are costly and may cause adverse effects
[41, 53].

Conclusion

In conclusion, we demonstrate that a simple daily
dynamic phosphate feeding regimen (i.e., fed 0.14% NPP
at 09:00 and 0.32% NPP at 17:00), which was designed
to strengthen intrinsic phosphate circadian rhythms,
enhanced MB remodeling, elevated oviduct uterus cal-
cium secretion, and subsequently increased eggshell
quality in laying hens. These results underscore the
importance of manipulating the sequence of phosphate
ingestion, instead of simply controlling dietary phos-
phate, in modifying the bone remodeling process.

Abbreviations

ACTB B-actin
ALPL Alkaline phosphatase
BGLAP Gamma-carboxyglutamate protein

CaBP-D28k Calbindin D-28k

COL1A2  Collagen type | alpha 2 chain

CTXA C-terminal telopeptide of type | collagen

MB Medullary bone

NPP Non-phytate phosphorus

NPt2a Type 2a sodium-phosphate co-transporters

PiT1 Type lll sodium-dependent phosphate transporter 1
PiT2 Type lIl sodium-dependent phosphate transporter 2
RUNX2 Runt related transcription factor 2

TRAP Tartrate-resistant acid phosphatase

TRPVE Transient receptor potential vanilloid 6



Yan et al. Journal of Animal Science and Biotechnology (2023) 14:17

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540104-023-00829-0.

Additional file 1: Table S1. Sequences of primers used for the quantita-
tive real-time PCR analysis'.

Acknowledgements

The authors thank members of the Innovative Research Team of Animal Nutri-
tion & Healthy Feeding (Northwest A&F University) for their help in animal care
and sample collection.

Authors’ contributions

JY: Investigation, Methodology, Data curation, Writing-Original draft prepara-
tion. JW: Animal care, Sample analysis. JC: Animal care, Sample analysis. HS:
Animal care, Sample analysis. XL: Animal care, Sample analysis. CP: Animal
care, Sample analysis. YL: Animal care, Data analysis. XY: Data analysis,
Writing-Reviewing and Editing. ZR: Conceptualisation, Methodology, Writing-
Reviewing and Editing, Supervision. XY: Conceptualisation, Methodology,
Writing-Reviewing and Editing, Supervision. The author(s) read and approved
the final manuscript.

Funding

This study was supported by National Natural Science Foundation of
China (32172759), Shaanxi Provincial Science and Technology Department
(2022QFY11-05, 2021KJXX-97, 2021TD-30).

Availability of data and materials
The data produced or analyzed during the current study are available from the
corresponding author by reasonable request.

Declarations

Ethics approval and consent to participate

All animal procedures were approved (DK2021005) by College of Animal Sci-
ence and Technology Animal Care and Use Committee at the Northwest A&F
University and were performed in accordance with the guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
!College of Animal Science and Technology, Northwest A&F University, Yan-
gling 712100, Shaanxi, China.

Received: 11 August 2022 Accepted: 3 January 2023
Published online: 10 March 2023

References

1. Bowler MW, Cliff MJ, Waltho JP, Blackburn GM. Why did nature
select phosphate for its dominant roles in biology? New J Chem.
2010;34(5):784-94.

2. LeviM, Gratton E, Forster IC, Hernando N, Wagner CA, Biber J, et al. Mech-
anisms of phosphate transport. Nat Rev Nephrol. 2019;15(8):482-500.

3. Khosla S, Melton LJ 3rd. Clinical practice. Osteopenia. N Engl J Med.
2007;356(22):2293-300. https://doi.org/10.1056/NEJMcp070341.

4. RachnerTD, Khosla S, Hofbauer LC. Osteoporosis: now and the future.
Lancet. 2011;377(9773):1276-87.

5. Shavit L, Jaeger P, Unwin RJ. What is nephrocalcinosis? Kidney Int.
2015;88(1):35-43.

6. Sage AP, TintutY, Demer LL. Regulatory mechanisms in vascular calcifica-
tion. Nat Rev Cardiol. 2010;7(9):528-36.

7. Kalantar-Zadeh K, Fougue D. Nutritional management of chronic kidney
disease. N Engl J Med. 2017;377(18):1765-76.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 12 of 13

Sullivan C, Sayre SS, Leon JB, Machekano R, Love TE, Porter D, et al. Effect
of food additives on hyperphosphatemia among patients with end-stage
renal disease a randomized controlled trial. JAMA-J Am Med Assoc.
2009;301(6):629-35.

Liabeuf S, Ryckelynck JP, El Esper N, Urena P, Combe C, Dussol B, et al.
Randomized clinical trial of sevelamer carbonate on serum klotho

and fibroblast growth factor 23 in CKD. Clin J Am Soc Nephrol.
2017;12(12):1930-40.

Selim S, Abdel-Megeid NS, Khalifa HK, Fakiha KG, Majrashi KA, Hussein

E. Efficacy of various feed additives on performance, nutrient digest-
ibility, bone quality, blood constituents, and phosphorus absorption
and utilization of broiler chickens fed low phosphorus diet. Animals.
2022;12(14):1742.

. Imel EA, DiMeglio LA, Hui SL, Carpenter TO, Econs MJ. Treatment of

X-linked hypophosphatemia with calcitriol and phosphate increases
circulating fibroblast growth factor 23 concentrations. J Clin Endocrinol
Metab. 2010;95(4):1846-50.

Isakova T, Block G. The phosphate bucket list. Kidney Int.
2018;93(5):1033-5.

Barreto FC, Barreto DV, Massy ZA, Drueke TB. Strategies for phosphate
control in patients with CKD. Kidney Int Rep. 2019;4(8):1043-56.
Markowitz M, Rotkin L, Rosen JF. Circadian rhythms of blood minerals in
humans. Science. 1981;213(4508):672-4.

Becker GJ, Walker RG, Hewitson TD, Pedagogos E. Phosphate levels-time
for a rethink? Nephrol Dial Transplant. 2009;24(8):2321-4.

Motohashi H, Tahara Y, Whittaker DS, Wang HB, Yamaji T, Wakui H, et al.
The circadian clock is disrupted in mice with adenine-induced tubuloint-
erstitial nephropathy. Kidney Int. 2020,97(4):728-40.

Egstrand S, Olgaard K, Lewin E. Circadian rhythms of mineral metabolism
in chronic kidney disease-mineral bone disorder. Curr Opin Nephrol
Hypertens. 2020;,29(4):367-77.

Nordholm A, Egstrand S, Gravesen E, Mace ML, Morevati M, Olgaard

K, et al. Circadian rhythm of activin A and related parameters of

mineral metabolism in normal and uremic rats. Pflugers Arch.
2019;471(8):1079-94.

Svajger BA, Riddoch JLH, Pruss CM, Laverty KJ, Ward E, Holden RM, et al.
Development of experimental chronic kidney disease and vascular calci-
fication alters diurnal variation of phosphate and its hormonal regulators.
Physiol Rep. 2020;8(21):e14626.

Haarhaus M, Evenepoel P. Differentiating the causes of adynamic bone in
advanced chronic kidney disease informs osteoporosis treatment. Kidney
Int. 2021;100(3):546-58.

Kerschnitzki M, Zander T, Zaslansky P, Fratzl P, Shahar R, Wagermaier W.
Rapid alterations of avian medullary bone material during the daily egg-
laying cycle. Bone. 2014;69:109-17.

Wang M, O'Connor JK, Bailleul AM, Li Z. Evolution and distribution of
medullary bone: evidence from a new Early Cretaceous enantiornithine
bird. Natl Sci Rev. 2020;7(6):1068-78.

Bar A, Hurwitz S. Egg shell quality, medullary bone ash, intestinal calcium
and phosphorus absorption, and calcium-binding protein in phospho-
rus-deficient hens. Poult Sci. 1984,63(10):1975-9.

Habig C, Weigend A, Baulain U, Petow S, Weigend S. Influence of age and
phylogenetic background on blood parameters associated with bone
metabolism in laying hens. Front Physiol. 2021;12:678054.

Bar A, Razaphkovsky V, Vax E. Re-evaluation of calcium and phosphorus
requirements in aged laying hens. Br Poult Sci. 2002;43(2):261-9.

Sohail SS, Roland DA Sr. Influence of dietary phosphorus on performance
of Hy-line W36 hens. Poult Sci. 2002;81(1):75-83.

Pongmanee K, Kuhn |, Korver DR. Effects of phytase supplementation on
eggshell and bone quality, and phosphorus and calcium digestibility in
laying hens from 25 to 37 wk of age. Poult Sci. 2020;99(5):2595-607.

Nie W, Yang Y, Yuan J, Wang Z, Guo Y. Effect of dietary nonphytate phos-
phorus on laying performance and small intestinal epithelial phosphate
transporter expression in Dwarf pink-shell laying hens. J Anim Sci
Biotechnol. 2013;4(1):34.

Yan J, Pan C, LiuY, Liao X, Chen J, Zhu Y, et al. Dietary vitamin D3 depriva-
tion suppresses fibroblast growth factor 23 signals by reducing serum
phosphorus levels in laying hens. Anim Nutr. 2022;9:23-30.

LiuY, Shen J, Yang X, Sun Q, Yang X. Folic acid reduced triglycerides
deposition in primary chicken hepatocytes. J Agric Food Chem.
2018;66(50):13162-72.


https://doi.org/10.1186/s40104-023-00829-0
https://doi.org/10.1186/s40104-023-00829-0
https://doi.org/10.1056/NEJMcp070341

Yan et al. Journal of Animal Science and Biotechnology

31

32.

33

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

(2023) 14:17

Nys Y, Le Roy N. Calcium homeostasis and eggshell biomineralization in
female chicken. In: Feldman D, editor. Vitamin D. Fourth Edition. Academic;
2018. p. 361-82. https://doi.org/10.1016/B978-0-12-809965-0.00022-7.
Nys Y, N'Guyen TM, Williams J, Etches RJ. Blood levels of ionized calcium,
inorganic phosphorus, 1,25-dihydroxycholecalciferol and gonadal
hormones in hens laying hard-shelled or shell-less eggs. J Endocrinol.
1986;111(1):151-7.

Trivedi H, Szabo A, Zhao S, Cantor T, Raff H. Circadian variation of

mineral and bone parameters in end-stage renal disease. J Nephrol.
2015;28(3):351-9.

Masood T, Kushwaha RS, Singh R, Sailwal S, Pandey H, Varma A, et al.
Circadian rhythm of serum 25 (OH) vitamin D, calcium and phosphorus
levels in the treatment and management of type-2 diabetic patients.
Drug Discov Ther. 2015;9(1):70-4.

Portale AA, Halloran BP, Morris RC Jr. Dietary intake of phosphorus
modulates the circadian rhythm in serum concentration of phosphorus.
Implications for the renal production of 1,25-dihydroxyvitamin D. J Clin
Invest. 1987;80(4):1147-54.

Frost TJ, Roland DA Sr, Marple DN. The effects of various dietary phospho-
rus levels on the circadian patterns of plasma 1,25-dihydroxycholecalcif-
erol, total calcium, ionized calcium, and phosphorus in laying hens. Poult
Sci. 1991,70(7):1564-70.

Isakova T, Xie H, Barchi-Chung A, Smith K, Sowden N, Epstein M, et al.
Daily variability in mineral metabolites in CKD and effects of dietary
calcium and calcitriol. Clin J Am Soc Nephrol. 2012;7(5):820-8.

Hernando N, Gagnon K, Lederer E. Phosphate transport in epithelial and
nonepithelial tissue. Physiol Rev. 2021;101(1):1-35.

Gautron J, Stapane L, Le Roy N, Nys Y, Rodriguez-Navarro AB, Hincke MT.
Avian eggshell biomineralization: an update on its structure, mineralogy
and protein tool kit. BMC Mol Cell Biol. 2021;22:11.

Stapane L, Le Roy N, Ezagal J, Rodriguez-Navarro AB, Labas V, Combes-
Soia L, et al. Avian eggshell formation reveals a new paradigm for
vertebrate mineralization via vesicular amorphous calcium carbonate. J
Biol Chem. 2020;295(47):15853-69.

Ruan W, Yuan X, Eltzschig HK. Circadian rhythm as a therapeutic target.
Nat Rev Drug Discov. 2021;20(4):287-307.

Yang JH, Zhao ZH, Hou JF, Zhou ZL, Deng YF, Dai JJ. Expression of TRPV6
and CaBP-D28k in the egg shell gland (uterus) during the oviposition
cycle of the laying hen. Br Poult Sci. 2013;54(3):398-406.

Liao X, Yan J, Chen J,Huang Z, Xiao T, Li C, et al. A simple daily dynamic
feeding regimen for reducing phosphorus consumption and excretion in
laying hens. Anim Nutr. 2022;11:132-41.

Sharma RK; Ravikanth K, Maini S, Rekhe DS, Rastogi SK. Influence of cal-
cium and phosphorus supplements with synergistic herbs on egg shell
quality in late layers. Vet World. 2009,2(6):231-3.

Isakova T, Barchi-Chung A, Enfield G, Smith K, Vargas G, Houston J, et al.
Effects of dietary phosphate restriction and phosphate binders on FGF23
levels in CKD. Clin J Am Soc Nephrol. 2013;8(6):1009-18.

Isaka Y, Hamano T, Fujii H, Tsujimoto Y, Koiwa F, Sakaguchi Y, et al. Optimal
phosphate control related to coronary artery calcification in dialysis
patients. J Am Soc Nephrol. 2021;32(3):723-35.

Trautvetter U, Jahreis G, Kiehntopf M, Glei M. Consequences of a high
phosphorus intake on mineral metabolism and bone remodeling in
dependence of calcium intake in healthy subjects — a randomized
placebo-controlled human intervention study. Nutr J. 2016;15(1):7.
Chande S, Bergwitz C. Role of phosphate sensing in bone and mineral
metabolism. Nat Rev Endocrinol. 2018;14(11):637-55.

Winter EM, Kooijman S, Appelman-Dijkstra NM, Meijer OC, Rensen PC,
Schilperoort M. Chronobiology and chronotherapy of osteoporosis. JBMR
Plus. 2021;5(10):10504.

Swanson C, Shea SA, Wolfe P, Markwardt S, Cain SW, Munch M, et al.
24-hour profile of serum sclerostin and its association with bone bio-
markers in men. Osteoporosis Int. 2017;28(11):3205-13.

Swanson CM, Shea SA, Kohrt WM, Wright KP, Cain SW, Munch M, et al.
Sleep restriction with circadian disruption negatively alter bone turnover
markers in women. J Clin Endocrinol Metab. 2020;105(7):2456-63.

Imerb N, Thonusin C, Chattipakorn N, Chattipakorn SC. Aging, obese-insulin
resistance, and bone remodeling. Mech Ageing Dev. 2020;191:111335.
Lewis P, Oster H, Korf HW, Foster RG, Erren TC. Food as a circadian

time cue - evidence from human studies. Nat Rev Endocrinol.
2020;16(4):213-23.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/B978-0-12-809965-0.00022-7

	Adjusting phosphate feeding regimen according to daily rhythm increases eggshell quality via enhancing medullary bone remodeling in laying hens
	Abstract 
	Background 
	Methods and results 
	Conclusions 

	Introduction
	Materials and methods
	Experimental animals, dosage regimen and sample collection
	Exp. 1
	Exp. 2
	Serum biochemical assay
	Determination of calcium and phosphorus contents
	Histological analysis
	Western-blotting analysis
	Quantitative real-time PCR
	Statistical analysis

	Results
	Diurnal rhythms of serum calcium and phosphorus levels and uterine protein expressions in laying hens
	Diurnal rhythms of MB remodeling in laying hens
	Diurnal rhythms of the intake and excretion of calcium and phosphorus in laying hens
	Daily dynamic phosphorus feeding regimen increased uterine calcium transportation and eggshell quality in laying hens
	Daily dynamic phosphorus feeding regimen improved MB remodeling in laying hens

	Discussion
	Conclusion
	Acknowledgements
	References


