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Abstract This study was conducted to investigate the effects
of excess dietary fluoride (F) on serum biochemical indices,
egg quality, and concentrations of F in soft tissues, eggs, and
serum of laying hens. Commercial laying hens (n = 576,
51 weeks of age) were randomly allotted to 6 treatments with
6 replicates of 16 birds. The basal diets contained fluorine
inclusions at a level of 16 mg/kg, and graded sodium fluoride
was added to the basal diet to achieve fluorine inclusions,
respectively, at a level of 200, 400, 600, 800, and 1000 mg/
kg in the experimental diets. Dietary F levels at 600, 800, and
1000 mg/kg decreased (P < 0.05) albumin height and yolk
color, while eggshell strength and eggshell thickness signifi-
cantly decreased at 800 and 1000 mg/kg, respectively, com-
pared with the control group. Fluoride concentrations in egg-
shell, albumin, yolk, liver, kidney, ovary, and oviduct
responded to dietary F levels positively, and F concentrations
in eggshell were the highest. Fluorine concentrations in albu-
min and yolk increased with the feeding time at the same
dietary F levels (P < 0.05). Dietary F level at 400 mg/kg
increased serum calcium level and activity of glutamic
oxalacetic transaminase (P < 0.05). In conclusion, dietary F
levels at 600 mg/kg decreased albumin height and yolk color,
while eggshell strength and eggshell thickness significantly
decreased at 800 and 1000 mg/kg, respectively. F concentra-
tions in soft tissues, albumin, yolk, and eggshell of layers had
a positive correlation with dietary F levels. By disturbing Ca
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and phosphorus metabolism, dietary F levels affected the for-
mation of eggshell, reducing eggshell strength and eggshell
thickness.

Keywords Fluoride - Laying hen - Egg quality - Retention -
Serum biochemical indices

Introduction

It was believed that fluorine (F), naturally existing in soil,
water, and food, is required in small quantities for the mainte-
nance of human’s and animals’ health. A report of World
Health Organization committee indicated that F is essential
for life [1]. Fluoride is required for mineralization of bone
and teeth; maintenance of fertility; and activation of certain
enzymes, such as alkaline phosphatase [2]. However, exces-
sive F intake for a long period of time may cause adverse
impacts on skeleton; teeth [3]; and many other systems such
as testicular tissues, liver, spleen, and kidney [4-9].

The rock phosphate, containing approximately 13—-14%
phosphorus and 3—4% fluoride, is the starting material for
almost all chemically processed phosphates in mineral mix-
ture and animal feed supplements. The defluoridation process
of rock phosphate increases the cost of the feed supplements;
hence, some manufacturers skip this step, leading to high
fluoride concentrations in mineral mixtures and animal feed
supplements [10]. There were several reports documenting
mineral supplements as a major source of F toxicity in live-
stock, such as dairy cattle and buffalo [11-13]. Fluorosis in the
layer industry have also appeared in different provinces of
China in recent years. However, the information on the effect
of excess dietary F on laying hens is unavailable. The aim of
this study was to evaluate the effects of excess dietary F levels
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on serum biochemical indices, egg quality, concentrations of F
in eggs, soft tissues, and serum of laying hens.

Materials and Methods

The research was conducted with reference to the Chinese
Guidelines for Animal Welfare and approved by the Animal
Welfare Committee of the Animal Science College of
Zhejiang University (Hangzhou, China).

Birds and Housing

Five-hundred and seventy-six 51-week-old Jinghong no. 1
commercial laying hens with similar performance, obtained
from a commercial layer farm (Hangzhou, China), were ran-
domly distributed to 6 treatments with 6 replicates of 16 hens.
There were four hens in an individual cage (45 x 45 x 50 cm)
equipped with two nipple drinkers and one feeder. Hens were
kept in three-layer complete ladder cages and were fed ad
libitum twice daily at 07:00 am and 15:00 pm, and water
was available all the time. Cages were randomly located in a
ventilated room with temperature between 20 and 25 °C and
16 h/day of illumination (10 to 20 Ix).

Experimental Diets

In the control group, hens were fed a corn-soybean meal basal
diet including 16-mg/kg F inclusion. Sodium fluoride (NaF;
99% purity, Hushi, Shanghai, China) was added to the basal
diet to achieve concentrations of 200, 400, 600, 800, and
1000 mg F/kg of diet in experimental groups, respectively.
The experiment lasted for 11 weeks, including a 2-week ad-
aptation period and a 9-week experimental period. The diets
were formulated in accordance with NY/T 33-2004 (Chicken
Feeding Standard, Agricultural Industry Standard of the
People’s Republic of China), and ingredients as well as nutri-
ent levels are presented in Table 1.

Sample Collection

At 61 weeks of age, 12 layers per treatment (2 layers per
replicate) were sacrificed by bleeding of the jugular vein after
12-h fasting (water offered ad libitum) to collect liver, kidney,
oviduct, and ovary samples. Samples were rinsed twice with
ice-cold PBS and then dried with filter paper to avoid blood
contamination. Blood samples collected during bleeding from
jugular vein were centrifuged for 10 min (958xg) to separate
out serum. In addition, 24 eggs (4 eggs from each replicate)
for each treatment were randomly selected for egg quality at
the end of the fourth week and ninth week and in the control,
400-, and 1000-mg/kg F groups; four eggs were collected
separately to detect the F in albumin, yolk, and eggshells
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Table 1  Ingredient and nutrient composition of the basal diet (air-dry
basis)
Items Composition
Ingredients Contents (%)
Corn 59
Soybean meal 239
Wheat bran 2
Limestone 8.45
Calcium hydrophosphate 1.65
Premix® 5
Total 100
Nutrient”

Metabolizable energy (MJ/kg) 10.45

Crude protein (%) 15.45

Lysine (%) 0.79

Methionine (%) 0.36

Calcium (%) 343

Total phosphorus (%) 0.60

The premix provided the following per kilogram of the diet: vitamin A,
7600 1U; vitamin D3, 2000 IU; vitamin E, 15 TU; vitamin K, 2 mg;
thiamine, 1 mg; riboflavin, 8.5 mg; calcium pantothenate, 50 mg; niacin,
32.5 mg, pyridoxine, 8 mg; biotin, 2 mg; folic acid, 5 mg; vitamin B12,
5 mg; choline, 500 mg; Mn, 65 mg; I, 1 mg; Fe, 65 mg; Cu, 10 mg; Zn,
66 mg; Se, 0.12 mg

® Estimated from Chinese feed database provided with tables of feed
composition and nutritive values in China (2015, 26th edition)

(eggshell membrane removed) at the end of the first, third,
fifth, seventh, and ninth weeks. All samples were kept at
—80 °C for analysis.

Experimental Parameters Measured

The contents of F in albumin, yolk, eggshell, serum, liver, kidney,
oviduct, and ovary were measured according to a potentiometric
method using an ion-selective electrode (Shanghai, Leici, PF-
101) [14]. Eggs were weighed and cracked, and then albumin
height, Haugh unit, yolk color, eggshell thickness, and eggshell
strength were determined with a digital egg tester (DET-6000;
Nabel Co. Ltd., Kyoto, Japan). Eggshell thickness (without the
eggshell membrane) was measured using the middle part of the
eggshell. The levels of serum total protein (TP), albumin (ALB),
urea nitrogen (BUN), urea acid (UA), calcium (Ca), and phos-
phorus (P) and activities of glutamic oxalacetic transaminase
(GOT) and glutamic pyruvic transaminase (GPT) were assayed
and calculated followed by the protocols of commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Statistical Analyses

Procedures of one-way ANOVA from SPSS 20.0 software
(SPSS Inc., Chicago, IL) were applied for egg quality,
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Table 2  Effects of dietary fluoride (F) levels on egg quality

Items Trail period F concentration in dietary (mg/kg) SEM P value

(week)
16 200 400 600 800 1000

Albumin height (mm) 4th 8.79 a 8.73 ab 8.78 a 8.17 be 8.22 abc 792 ¢ 0.19 0.000
9th 723 a 7.11 ab 7.09 ab 6.96 b 6.87b 6.92b 0.086 0.003

Yolk color 4th 7.59 a 7.46 ab 7.42 ab 7.33 ab 6.99 be 6.75¢ 0.18 0.000
9th 7.25a 7.08 ab 6.89 be 6.81 be 6.71 ¢ 6.33d 0.1 0.000

Haugh unit 4th 90.98 90.32 90.70 89.38 88.50 88.19 1.07 0.06
9th 82.76 a 83.0la 81.84 ab 81.41 ab 80.90 ab 79.25b 1.14 0.03

Eggshell strength (kgf/m?) 4th 374 a 3.38 ab 322 ab 3.14 be 2.90 be 2.62¢ 0.18 0.000
9th 327a 3.07 abc 3.16 ab 3.04 abc 282¢ 2.88 be 0.11 0.003

Eggshell thickness (mm) 4th 037 a 0.36 ab 0.35 ab 0.34 be 0.33 be 032¢ 0.01 0.000
9th 036a 0.35a 035a 0.34 ab 0.32 be 032¢ 0.01 0.000

Results are the mean and SEM of six replicates, with four eggs per replicate. Means within a row with no common lowercase letters differ significantly

(P<0.05)

biochemical indices, and F concentration-level data analysis.
When significant differences were found (P < 0.05), Tukey
post hoc tests were performed.

Results
Effect of Dietary F Levels on Egg Quality

The data of albumin height, yolk color, Haugh unit, eggshell
strength, and eggshell thickness are presented in Table 2.
Adding F to the basal diet significantly decreased (P < 0.05)
the levels of albumin height, yolk color, eggshell strength, and
eggshell thickness, both at the end of the fourth week and
ninth week, compared to the control groups, respectively. At
the end of ninth week, dietary F level at 1000 mg/kg signifi-
cantly decreased Haugh unit (P < 0.05), compared to the con-
trol group.

Effects of Dietary F Levels on Contents of F in Partial
Organs and Eggs of Laying Hens

Table 3 shows that the F residues in eggshell, liver, kidney,
ovary, and oviduct of laying hens increased significantly with
the increase of dietary F supplemental levels (P < 0.05).
Dietary F levels from 200 to 1000 mg/kg accelerated the F
deposition in eggshell, liver, kidney, ovary, and oviduct sig-
nificantly (P < 0.05).

Contents of F in albumin and yolk are illustrated in Fig. 1.
At the end of the first week, the contents of F in albumin and
yolk did not differ in 400-mg/kg F group, while those had a
significant increase in 1000-mg/kg F group (P < 0.05), com-
pared to the controls. At the end of the third, fifth, seventh, and
ninth weeks, the contents of F in albumin and yolk had a
significant increase in 400- and 1000-mg/kg F groups
(P < 0.05), as compared to those in the controls, and a signif-
icant difference was found between 400- and 1000-mg/kg F
groups (P < 0.05). The contents of F in albumin and yolk in

Table 3 Effects of dietary F level

on contents of fluoride (F) in egg Item F concentration in dietary (mg/kg) SEM P value

shell, serum, oviduct, ovary, liver,

and kidney 16 200 400 600 800 1000
Eggshell 6.58 f 19.15¢ 52.86d 79.15¢ 164.71'b 20326 a 1.93 0.000
Ovary 338¢ 3.56 de 497 cd 5.97 be 6.99b 9.16 ba 0.46 0.000
Oviduct 3.54d 3.75d 3.69d 4.88c 6.11b 6.63a 0.10 0.000
Liver 397d 432cd 5.26 bed 5.88 be 6.75b 8.56 a 0.59 0.000
Kidney 274c¢ 437c¢ 6.20b 6.76 b 947a 10.46 a 0.52 0.000
Serum 11.26 11.31 11.94 13.04 12.10 11.28 1.39 0.77

Each value represents the mean of six replicates of two birds each. Means within a row with no common
lowercase letters differ significantly (P < 0.05)
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Fig. 1 Effect of dietary F levels on F concentration in albumin and yolk
response to dietary F levels. Laying hens were treated with basal diet
containing concentrations of 16 (control), 400, and 1000 mg/kg F,
respectively. a F concentration in albumin response to dietary F levels.
b F concentration in yolk response to dietary F levels. x-z means that F

400- and 1000-mg/kg F groups increased (P < 0.05) at the end
of the end of third, fifth, seventh, and ninth weeks compared
with those at the end of the first week, respectively. Fluorine
concentrations in eggshell were higher than those in albumin,
yolk, liver, kidney, ovary, and oviduct.

Effects of Dietary F Levels on Biochemical Indices

As shown in Table 4, serum Ca, P, and UA levels and GOT
and GPT activities increased significantly in response to die-
tary F concentration (P < 0.05), compared to the control
groups, respectively. However, there were no significant
changes in serum TP, ALB, and BUN levels.
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concentration in albumin and yolk differed (P < 0.05) at the same time
point, X-Z means that F concentration in albumin and yolk differed
(P < 0.05) at the same point, and A-D means that F concentration in
albumin and yolk differed (P < 0.05) at the same dietary F levels. Data
are expressed as means £ SD, n =6

Discussion

Fluoride is an essential trace element for humans and animals,
while long-time or excessive exposure to F can result in body
damage and diseases [15, 16]. From the previous work in our
lab, we found that excess F in layer diet markedly decreased
the laying rate (data are now in the publication process; see
Table 5). In the feeding experiment, we also found that excess
fluoride made the eggs more fragile, so in the following ex-
periment, we examined the effect of fluoride on egg quality.
Haugh unit and albumin height are important characteristics
concerning internal egg quality. This study showed that die-
tary F levels at 1000 mg/kg significantly decreased Haugh
unit and F levels at 600 mg/kg or higher levels significantly

Table 4 Effects of dietary

fluoride (F) level on biochemical Item F concentration in dietary (mg/kg) SEM  Pvalue
index
16 200 400 600 800 1000
TP (g/L) 35.46 35.85 37.57 35.08 35.64 36.66 1.76 0.75
ALB (g/L) 16.70 16.70 18.18 16.60 19.40 16.67 1.43 0.32
BUN (mmol/L)  2.22 2.39 2.62 2.61 2.78 2.48 0.21 0.17
UA (mg/L) 18043b 186.07b 208.81ab 22983a 23394a 24899a 1225 0.001
Ca (mmol/L) 240¢ 2.74 be 2.80b 2.81 ab 3.05ab  3.17a 0.12 0.000
P (mmol/L) 0.95b 0.83b 1.12b 0.97b 1.00 b 1.96 a 0.18 0.000
GPT (IU/L) 40.07d  4232cd 43.82bcd 45.55bc  46.52b  5147a 1.38 0.000
GOT (IU/L) 585e 7.14 ¢ 10.39d 13.03 ¢ 15.67b 19.11 a 0.76 0.000

Results are the mean and SEM of six replicates, with two hens per replicate. Means within a row with no common
lowercase letters differ significantly (P < 0.05)

TP total protein, ALB albumin, BUN urea nitrogen, UA urea acid, Ca calcium, P phosphorus, GPT glutamic
pyruvic transaminase, GOT glutamic oxalacetic transaminase
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Table 5 Effects of dietary

fluoride (F) levels on laying F concentration

Laying performance

performance (mg/kg)
Laying rate (%) Egg weight (g) ADFI (g) FCR
Control (16) 87.50 a 64.65 a 105.97 a 1.89b
200 86.85a 64.53 a 105.68 a 1.87b
400 85.38a 64.50 a 105.50 a 1.95b
600 8343 a 63.74 a 102.79b 1.96 b
800 76.25b 62.73 ab 98.88 ¢ 212a
1000 67.78 ¢ 60.83 b 92.11d 224a
SEM 1.53 0.684 0.610 0.039

P value
Linear 0.000 0.000 0.000 0.001
Quadratic 0.000 0.014 0.000 0.001

Results are the mean and SEM of 6 replicates, with 16 hens per replicate. Means within a column with different
lowercase letters differ significantly (P < 0.05)

ADFT average daily feed intake, FCR feed conversion ratio

decreased albumin height of laying hens, respectively.
Eggshell strength and eggshell thickness are two important
indicators for reflecting eggshell quality. Eggshell strength
ultimately affects the soundness of the shell, and weaker
shelled eggs are more likely to have cracks and breakages
followed by subsequent microbial contamination [17]. In the
current research, dietary 800 and 1000 mg/kg of F significant-
ly decreased eggshell strength and eggshell thickness
(P < 0.05), both in the fourth week and ninth week.
However, previous studies reported that eggshell thickness
was unaffected under F exposure [18].

Results in Table 3 showed that F concentrations were gen-
erally high in eggshell, kidney, and ovary and the highest in
eggshell; lower in liver, oviduct, and yolk; and the lowest in
albumin (Fig. 1), which agreed with previous studies reporting
that F is mainly deposited in the eggshell and fluoride levels in
albumin and yolk are much lower than those in eggshell [19,
20]. Hence, eggshell F concentration is more sensitive to F
exposure than other soft organs [21].

Fluoride is absorbed from the gastrointestinal tract, respi-
ratory tract, or skin and mucous membrane, then reaching
different organs and body tissues via blood circulation. It
was demonstrated that the clearance of F from plasma mainly
depends on the skeleton, which acts as a natural sink for F [10,
22]; hence, its accumulation in soft tissues was very low. In
our study, we found that kidney F contents were higher than
other soft tissues. This phenomenon may be due to the osmot-
ic function of kidney, being capable to elaborate urine hyper-
tonic to blood and to excrete the urine out of the body [23],
accompanied by the exclusion of F; hence, kidney contained
higher F levels than any other soft tissues [24].

The metabolism of calcium and phosphorus is closely re-
lated to the formation of eggshell, and if one is deficient, the
other would be interfered with proper utilization [25]. Dietary
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calcium is absorbed into the blood stream, and then, it is either
stored in the bones until needed for shell formation or
transported directly to the shell gland to be used in the synthe-
sis of calcium carbonate in eggshell [26]. The current experi-
ment showed that F concentration in eggshell was the highest,
which was in agreement with previous observations [10, 20,
24], and serum calcium levels increased with the increase of
dietary F supplemental levels. The formation of eggshell ac-
companied with shell gland secreting calcium (Ca®*) and
HCO; , combining to sparingly soluble calcium carbonate,
which accounted for 94.03% of eggshell components [26,
27]. However, calcium ion is more likely to combine with F
to form insoluble calcium fluoride, with the increase of F
concentration, which disturbs the process of eggshell calcifi-
cation and diminishes absorption of calcium [28, 29]. In an-
other hand, eggshell formation is the most lengthy process in
the whole egg formation, taking roughly 18-20 h to create the
membranes and shell [26]. Therefore, the excess ingested F
was almost removed by eggshells, causing much lower accu-
mulation of F in album and yolk [20].

It was reported that serum TP and ALB levels were two
critical indexes for reflecting liver protein anabolism, and se-
rum BUN and UA were two important indexes for reflecting
liver protein catabolism [30]. Results of this study showed that
F supplementation did not affect serum TP, ALB, and BUN
levels, so it indicated that birds fed with excess dietary F (F
content 16 to 1000 mg/kg) for 9 weeks would not cause the
disorder of liver protein metabolism. However, previous stud-
ies indicated that serum TP and ALB levels decreased in fluo-
rotic cattle [31] and goats [32]. The inconsistent outcomes
triggered by dietary F addition might contribute to dose, du-
ration of exposure, and animal species [33].

Aminotransferases, such as GOT and GPT, are always used
as biomarker of hepatic cellular impairment in blood stream
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[34, 35]. This experiment showed that serum GOT and
GPT activities increased with the increase of dietary F
supplemental levels, which disagreed with previous in-
vestigations indicating that excessive F inhibited the ac-
tivities of serum transaminases [31, 32]. Hence, it was
speculated that the reason for the increase of serum
GPT and GOT activities might be the compensatory re-
generation of liver mild damage, and if the level of
dietary F exceeded 1000 mg/kg or the time of F expo-
sure prolonged over 9 weeks, the liver would be seri-
ously damaged. However, mechanism of this phenome-
non is not well understood.

In summary, our results indicated that F concentra-
tions in soft tissues and eggs had a positive correlation
with dietary F levels and dietary F might affect the
formation of eggshell by affecting the levels of serum
Ca and P. When dietary F levels reached 600 mg/kg, it
will significantly reduce the albumin height and yolk
color of laying hens and with the increase of dietary F
levels, eggshell strength and eggshell thickness will also
be significantly decreased.
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