
Submitted 25 February 2020
Accepted 17 April 2020
Published 14 May 2020

Corresponding author
Guoshi Liu, gshliu@cau.edu.cn

Academic editor
Dunxian Tan

Additional Information and
Declarations can be found on
page 21

DOI 10.7717/peerj.9147

Copyright
2020 Yao et al.

Distributed under
Creative Commons CC-BY 4.0

OPEN ACCESS

Effects of rumen bypass melatonin
feeding (RBMF) on milk quality and
mastitis of Holstein cows
Songyang Yao1, Hao Wu1, Hui Ma2, Yao Fu1, Wenjuan Wei2, Tiankun Wang3,
Shengyu Guan1, Hai Yang1, Xiubo Li4, Jiangpeng Guo5, Yongqiang Lu5,
Lu Zhang1, Changwang He2, Yi Chang2 and Guoshi Liu1

1Beijing Key Laboratory of Animal Genetic Improvement, Key Laboratory of Animal Genetics and Breeding of
the Ministry of Agriculture, National Engineering Laboratory for Animal Breeding, College of Animal Science
and Technology, China Agricultural University, Beijing, China

2Beijing Shounong Animal Husbandry Development Co. LTD, Beijing, China
3Beijing Changping District Animal Disease Prevention and Control Center, Beijing, China
4Chinese Academy of Agricultural Sciences Feed Research Institute, Beijing, China
5Beijing Animal Husbandry Station, Beijing, China

ABSTRACT
Cow mastitis is a major problem frequently encountered by dairy farmers and it is
manifested by the high number of somatic cells and the low quality of the milk. The
conventional treatment for mastitis is use of antibiotics. In the current study, a new
approach is applied to target this disorder: rumen bypass melatonin feeding (RBMF).
The RBMF significantly reducedmilk somatic cell count and improvedmilk nutritional
values with the elevated protein, fat and drymatter levels. This approach also suppresses
the stress and proinflammatory responses of the cows indicated by the reduced serum
cortisol, TNF-α and IL-6 and increased IL-10 levels. Importantly, the beneficial effects
of RBMF have lasted for several days after termination of the treatment. The effects
of melatonin on the mastitis are probably attributed to the antioxidant and anti-
inflammatory activities ofmelatonin. Considering the none or low toxicity ofmelatonin
to organisms and the no invasive nature of this approach, we recommend that RBMF
could be used in large scale in the dairy farming to target the cow mastitis.

Subjects Agricultural Science, Biochemistry, Veterinary Medicine
Keywords Melatonin, Mastitis, Inflammation, Milk quality

INTRODUCTION
Dairy Herd Improvement (DHI) is an important index to evaluate the milk productive
performance of a cow (Shock et al., 2015). DHI measurement includes somatic cell count
(SCC), protein, fat, lactose, dry matter in the milk. The most important parameter to
evaluate the quality of the milk is the SCC, which refers to the total number of somatic
cells, immune-related lymphocytes and shed agingmammary epithelial cells permilliliter of
milk. Actually, the white blood cells (WBC) account for 99% of the total number of somatic
cells (Shook & Schutz, 1994). The numbers of SCC reflect the status of the udder health for
the dairy cows (Caraviello et al., 2005). An increase in SCC is a substantial parameter that
indicates potential mastitis in cows, which not only affects the production, but also reduces
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the nutrient value of the milk (Sert et al., 2016; Kul et al., 2019). At present, antibiotics
are the conventional remedies for dairy cow mastitis(Fejzic et al., 2014). However, the
long-term use of antibiotics leads to the rise of drug resistance in animals and, in addition,
drug residues in the milk cause serious harm to human health as well as environmental
pollution (Martinez, 2009). Thus, to identify the effective alternatives which can replace
antibiotics is a good strategy to target the cow mastitis.

Melatonin (N-acetyl-5-methoxytryptamine) is an indolamine hormone (Reiter, 1991)
which was first isolated from the pineal gland of cow by Lerner et al. (1958). Melatonin
secretion exhibits a circadian rhythm with low level during the day and high level at
night. Its peak level usually occurs at the middle of the night and the peak level is several
times higher than that during the day in vertebrates (Reiter, 1993; Zhdanova et al., 1995).
Melatonin is a pleiotropic molecule with many physio-pathological functions including
its anti-stressful and anti-inflammatory activities, sleep promotion, mood improvement,
reproductive regulation and immune enhancement functions (Brzezinski, 1997; Nabavi et
al., 2019). In addition, melatonin is a potent free radical scavenger and antioxidant which
is much more potent than that of classic antioxidants, vitamin E and vitamin C (Pieri et
al., 1994). Melatonin can detoxify a variety of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) such as the highly toxic hydroxyl radical (OH), hydrogen peroxide
(H2O2), superoxide anion (O2

−), peroxynitrite anion (ONOO−), hypochlorous acid
(HOCI), etc. to slow down the inflammatory response-induced tissue damages (Poeggeler
et al., 1993; Pieri et al., 1994; Reiter, 2000; Reiter et al., 2001). It has been reported that
subcutaneously melatonin injection not only reduces the milk SCC but also reduces serum
cortisol, WBC, lymphocytes, serum IgG, IgM and increase albumin in the cows (Yang
et al., 2017). The continuous injection has a potential risk of infection and it is also a
stressful maneuver to the dairy cows. Obviously, the oral application of melatonin is the
better method for melatonin delivery and this method has been successfully used in many
animals (Kennaway & Seamark, 1980; Kennaway, Gilmore & Seamark, 1982; Bubenik &
Smith, 1987; Zetner, Andersen & Rosenberg, 2016). However, cows are the ruminants and
oral application melatonin needs to pass the rumen which may significantly decrease the
melatonin’s bioavailability since the digestive enzymes and microbes in the rumen can
metabolize melatonin. To avoid this obstacle, a new approach referred to as rumen bypass
melatonin feeding (RBMF) was applied in the current study. The results are reported
below.

MATERIALS & METHODS
Chemicals and agents
Melatonin was purchased from Sigma Aldrich (Burlington, Massachusetts, USA). The
preparation of rumen bypass melatonin is made by our laboratory and Beijing Oriental
Tianhe biotechnology co. LTD. Simply, rumen bypass melatonin preparation is composed
of two parts including coating and nucleation. The coating is rumen-passing fat powder.
Nucleation is a particle composed of the active ingredient melatonin and excipients. The
excipients consisted of primary excipients of calcium stearate or silicon dioxide and the
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Table 1 TMR daily ration formula.

Feed name Amount
(kg/cow/day)

Megalac 0.130
PalmFatT 0.200
Beet Pulp Pellet 0.300
soybean hull 0.300
extruded soybean 0.400
Corn vapor pressure tablet310 4.100
Shounong high yield20191015 9.600
cotton seed with fluffy 2.000
Domestic oats 0.500
Imports of alfalfa 3.200
corn silage 19.500

second excipients of starch, dextrin and sodium carboxymethyl cellulose. The rumen
bypass melatonin was made up of melatonin (4%∼6%), the first admixture (4.4%∼4.6%),
starch (21.52%∼22.34%), dextrin (15%∼17%), sodium carboxyformic acid cellulose
(0.08%∼0.1%) and rumen fatty powder (49.96%∼55%). The rumen bypass ratio of
RBMF is 83%∼85%.

Animals
Experimental female cows were raised in semi-enclosed cowsheds with 23∼25 ◦C (both
spray and fan were turned on to control the temperature) during the experiment. The
cows were exposed to the natural light/dark cycles without human interfering and were
free to feed. The variety of fodder was the lactating cow TMR daily ration (Table 1).
All the experimental cows were adapted to the same program except for the artificial
feeding of rumen bypass melatonin. The experimental animals were reviewed by the China
Agricultural University Laboratory Animal Welfare and Animal Experimental Ethical
Inspection Committee. The review number is AW20180502-1.

Study procedure
Holstein cows (n= 35) with high milk SCC (0.4∼0.7 million cells/ml) were randomly
divided into three groups, two melatonin-treated groups with different doses of melatonin
and a control group. One melatonin-treated group was feeding melatonin 40 mg/cow
and another was 80mg/cow. Then the melatonin-treated cows were sub-grouped into
melatonin-feeding 7-day group (40 mg group: N = 5, initial SCC average value: 0.432
million cells/ml. 80mg group: N = 5, initial SCC average value: 0.393 million cells/ml),
14-day group (40 mg group:N = 5, initial SCC average value: 0.412 million cells/ml. 80 mg
group: N = 5, initial SCC average value: 0.406 million cells/ml) and 21-day group (40 mg
group: N = 5, initial SCC average value: 0.489 million cells/ml. 80 mg group: N = 5, initial
SCC average value:0.5 million cells/ml), respectively. The control group was also included
5 cows with no treatment (N = 5, initial SCC average value: 0.425 million cells/ml). The
RBMF was carried out daily at 8:00 am. Simply, the prepared rumen bypass melatonin
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granules were quantitatively loaded into a paper package (digestible). For the deliverer,
one hand opened the mouth of the cow from the side, and the other hand with a long arm
glove deliver the rumen bypass melatonin paper package into the digestive duct around
the part of the throat of the cow.

During the experiment, milk and blood were collected every two days at 9:00 am.
Additionally, samples collection was also performed one week after RBMF termination in
each group, respectively, to observe the lasting effect of this method of RBMF.

Assay methods
DHI evaluation: the SCC was determined by FossomaticTM FC (Serial No.91755377,
Part No.60002326, made in Denmark) which was based on flow cytometry. Fossomatic
FC counts somatic cells by the following steps. Milk was incubated in a unique culture
medium, and then mechanically break up everything except the cells, whose colonies were
also divided into an individual cell. During the culture, the cells are stained with a specific
DNA-staining medium. At the measuring point, the red light was emitted by the stained
cells when exposed to a beam of laser light source produced a pulse of light. The entire
sample passed through the flow pool using a very precise syringe, and thus, cell passes
one by one without stacking. The electronic device counts the pulses and displays them
through the pulse height analysis diagram on the PC monitor and the numbers of cells
were calculated and recorded.

Milk protein, fat, dry matter and lactose were measured by MilkoScan FT+(Serial
No.91755049, Part No.60027086,made inDenmark) whichwas based on Fourier transform
infrared spectrum analysis. MilkoScanTM FT+ operates in the mid-infrared region, with a
spectral range of 3–10 µm corresponding to 1,000–5,000 cm−1. Fourier transform infrared
spectrometer scans the whole infrared spectrum, collecting data and measuring new
parameters. The assays were performed by the cow production performance laboratory of
Beijing Animal Husbandry Station.

Melatonin and cortisol assays: melatonin assay kit was used to determine melatonin level
by double antibody sandwich method followed by the manufacture’s instructions. Simply,
the purified melatonin antibody was used to coat the microporous plate to make solid
phase antibody. Melatonin was added to the microporous layer of the coated monoclonal
antibody in turn, and then combined with HRP-labeled melatonin antibody to form the
antibody-antigen-enzyme labeled antibody complex. After thorough washing, the substrate
TMB was added for color development. TMB is converted to blue by HRP enzyme and
to yellow by acid finally. The color depth was positively correlated with the melatonin
in the sample. The absorbance (OD value) was measured with an enzyme marker at the
wavelength of 450 nm, and the concentration of melatonin in the sample was calculated by
the standard curve. The method of cortisol detection was similar to melatonin detection
except for using cortisol antibody encased microporous plates.

Tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6) and interleukin-10 (IL-10)
assays.
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The methods of detecting TNF-α, IL-6 and IL-10 levels were similar to detecting
melatonin except for using TNF-α antibody encased microporous plates, IL-6 antibody
encased microporous plates and IL-10 antibody encased microporous plates, respectively.

The ELISA kits were purchased from Jiangsu Meimian Industrial Co., Ltd. (Jiangsu,
China).

Statistical analyses
The data were expressed as mean ± SEM. The one-way ANOVA was used to evaluate the
normality and followed by Duncan’s multiple tests for multiple comparisons. IBM SPSS
Statistic v20 was used to conduct these analyses. P < 0.05 was considered as significant
difference.

RESULTS
Effects of RBMF feeding on milk DHI in Holstein dairy cows
Somatic cell count
The results indicated that at day 7 after RBMF feeding, the milk SCC started to decline, but
it was not reached the significant difference compared to the controls (Fig. 1A). However,
after 14 days of RBMF the milk SCC significantly reduced in both melatonin dose treated
groups compared to the control group (P < 0.01, Fig. 1B). The similar results were observed
after 21 days of RBMF feeding, especially in the 40 mg/cow treated group (P < 0.05, Fig.
1C). Interestingly, when the RBMF was terminated, its milk SCC declining effect still lasted
for a few days. For example, in 14 days treated groups, the milk SCC declining effect has
lasted for 5 days (P < 0.05, Fig. 2B) and for the 21 days treated groups it lasts, at least, for
7 days (P < 0.05, Fig. 2C).

Milk protein
The results showed that RBMF at 40 mg group significantly increased the milk protein
in 7, 14 and 21 days treated groups, respectively (P < 0.05, Fig. 3). The milk protein was
3.39 ± 0.11 in 7-day 40 mg group (Fig. 3A), 3.55 ± 0.05 in 14-day 40 mg group (Fig. 3B)
and 3.54± 0.04 in 21-day 40 mg group (Fig. 3C), respectively. The milk protein increasing
effect was lasted for a few days even after the RBMF was terminated, especially in the 40
mg-treated groups (Fig. 4).

Milk fat
As shown in Fig. 5, rumen bypass melatonin feeding in the 40 mg group significantly
improved the content of milk fat in 14-day and 21-day groups compared to the control
group, respectively (P < 0.05). Milk fat contents were 4.13 ± 0.19 in the 14-day 40 mg
group (Fig. 5B) and 3.96 ± 0.10 in the 21-day 40 mg group (Fig. 5C), respectively. In
addition, this upsurge lasted for several days after the termination of the RBMF in 40 mg
group compared to the control group (Fig. 6), especially in 14-day 40 mg group, it was
observed for 7 days after the RBMF (Fig. 6B).

Lactose
The results showed that RBMF in 40 mg group at 14 days and 21 days significantly reduced
lactose content in milk (P < 0.05, Fig. 7). The lactose were 4.37 ± 0.14 in 14-day 40 mg
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Figure 1 Effects of RBMF on the milk SCC in different groups. (A) The SCC in the RBMF 7-day
group; (B) the SCC in the RBMF 14-day group; (C) the SCC in the RBMF 21-day group, respectively.
Mean± SEM (n= 5), ∗P < 0.05, ∗∗P < 0.01.

Full-size DOI: 10.7717/peerj.9147/fig-1
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Figure 2 The levels of SCC after termination of RBMF in different groups. (A) Seven-day RBMF group;
(B) 14-day RBMF group; (C) 21-day RBMF group. Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n=
5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-2
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Figure 3 Effects of RBMF on the milk protein in different groups. (A) Milk protein level in RBMF 7-
day group; (B) milk protein level in RBMF 14-day group; (C) milk protein level in RBMF 21 -day group.
Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-3
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Figure 4 The content of milk protein after RBMF termination in different groups. (A) The milk pro-
tein level in the 7-day feeding group; (B) the milk protein level in the 14-day feeding group; (C) the milk
protein level in the 21-day feeding group. Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n= 5), ∗P <
0.05.

Full-size DOI: 10.7717/peerj.9147/fig-4
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Figure 5 Effects of RBMF on the milk fat content in different groups. (A) Milk fat content in 7-day
feeding group; (B) milk fat content in 14-day feeding group; (C) milk fat content in 21-day feeding group.
Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-5
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Figure 6 The milk fat content after RBMF termination in different groups. (A) Milk fat content in the
7-day feeding group; (B) milk fat content in the 14-day feeding group; (C) milk fat content in the 21-day
feeding group. Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-6
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Figure 7 Effects of RBMF on the milk lactose content in different groups. (A) Milk lactose content in
7-day feeding group; (B) milk lactose content in 14-day feeding group; (C) milk lactose content in 21-day
feeding group. Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-7
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group (Fig. 7B) and 4.19 ± 0.10 in 21-day 40 mg group (Fig. 7C). This reduced lactose
content lasted for several days after the RBMF termination in 40 mg group compared to
the control group (P < 0.05, Fig. 8), especially in 14-day 40 mg group, it lasted 7 days after
the RBMF termination (Fig. 8B).

Milk dry matter
As shown in Fig. 9, the content of milk dry matter after 14 days of RBMF feeding in the
40 mg group RBMF was significantly higher than that in the control group (11.50 ± 0.29
vs 10.52 ± 0.19) (P < 0.05) (Fig. 9B). However, this increase was not shown a significant
difference compared to the control group after the RBMF termination. No significant
differences were observed in other feeding groups compared to the control group (Fig. 10).

Effects of RBMF feeding on melatonin levels in serum and in milk
The results showed that RBMF in both 40 mg/cow and 80 mg/cow groups significantly
increased the serum melatonin levels compared to the control group (P < 0.05, Fig. 11A)
and no significant difference was observed between the two different melatonin doses
feeding groups. In addition, RBMF at the current doses was not significantly increase the
milk melatonin levels compared to the control group (Fig. 11B).

Effects of RBMF on serum stress hormone, cortisol level
The results showed that RBMF significantly reduced the serum cortisol level in both 40
mg/cow and 80 mg/cow groups compared to the control group (P < 0.05, Fig. 12).

Effects of RBMF on pro and anti-inflammatory cytokines in the serum
and the milk
These cytokines include tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6) and
interleukin-10 (IL-10). The results indicated that RBMF significantly reduced the serum
TNF-α levels in both melatonin doses-feeding groups compared to the control groups
(P < 0.05, Fig. 13A). However, themilk TNF-α levels was not showed significant differences
among all the groups (Fig. 13B). For the proinflammatory cytokine IL-6, RBMF significantly
reduced its serum levels in both doses of melatonin feeding groups compared to the control
group (P < 0.05, Fig. 13C). In contrast, for the anti-proinflammatory cytokine IL-10, RBMF
significantly enhanced its serum levels in both doses of melatonin feeding groups compared
to the control group (P < 0.05, Fig. 13D) while no significant differences of IL-10 levels
were observed in the milk among all the groups (P > 0.05, Fig. 13E).

DISCUSSION
Cow mastitis is a frequently encountered problem for dairy farmers. It is manifested by the
elevated milk SCC and reduced milk quality (Baro, Perez & Grillo, 2005). Thus, mastitis
caused great economic loss for dairy farmers. It has been estimated that the economic cost
of mastitis ranges from texteuro61 to texteuro97 per cow with differences among farmers
(Hogeveen, Huijps & Lam, 2011). The antibiotics are the common practice to treat mastitis
with the obvious effects to reduce the milk SCC (Aungier & Austin, 1987). However, this
practice has far-reaching adverse bio-consequences. For example, the residue of antibiotics
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Figure 8 The milk lactose content after RBMF termination in different groups. (A) Milk lactose con-
tent in the 7-day feeding group; (B) milk lactose content in the 14-day feeding group; (C) milk lactose
content in the 21-day feeding group. Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-8
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Figure 9 Effects of RBMF on the milk dry matter content in different groups. (A) Milk dry matter in
7-day feeding group; (B) milk dry matter in 14-day feeding group; (C) milk dry matter in 21-day feeding
group. Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-9
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Figure 10 The content of milk dry matter after RBMF termination in different groups. (A) Milk dry
matter in the 7-day feeding group; (B) milk dry matter in the 14-day feeding group; (C) milk dry matter in
the 21-day feeding group. Mean± SEM (40 mg, n= 5; 80 mg, n= 5; control, n= 5) ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-10
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Figure 11 Effects of RBMF onmelatonin levels in serum and in milk. (A) Melatonin levels in serum;
(B) melatonin levels in milk. Mean ± SEM (40 mg, n= 15; 80 mg, n= 15; control, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-11

in the milk can cause serious health problems, especially in children (Chen, Huang &
Lin, 2004). The residue of antibiotics excreted from the cows also impact the ecosystem
by disturbance of the natural microbiota (Hammer et al., 2016). Thus, the alternative
approaches rather than the antibiotics for controlling the cow’s mastitis are not only
necessary but urgent.

In our lab, we have first reported that the muscle injection of melatonin significantly
reduced the milk SCC in cows with mastitis (Yang et al., 2017). The results are consistent
with the observation in goats in which subcutaneous implantation of melatonin also
reduced the SCC in their milk (Zinn et al., 1988; Jiménez, Andrés & Sánchez, 2009). As
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Figure 12 Effects of RBMF on serum cortisol levels.Mean± SEM (40 mg, n= 15; 80 mg, n= 15; con-
trol, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-12

we have realized that the daily melatonin injection is a continuously stressful maneuver
to the cows, especially under the high temperature during summer and its prolonged
injection also increases the chance of infection for the cows. As to the subcutaneous
melatonin implantation, it has its common shortcoming with the difficulty of exact dosing
controlling. Thus, the oral application seems a better method for melatonin delivery.
Indeed, melatonin is well absorbed by the gut and has high bioavailability after oral
application in mammals those are without rumens (Baro, Perez & Grillo, 2005). The cows
are ruminants. The challenge of oral application of melatonin in cows is difficult to control
its bioavailability because the oral melatonin must pass the rumen first before entering
into the body. However, some studies show that rumen can reduce the bioavailability of
some nutrients (Blum, Bruckmaier & Jans, 1999; Bach & Stern, 2000;Galbraith et al., 2016).
To overcome these obstacles, in the current study, a novel approach was used to deliver
melatonin to the cows, that is, melatonin delivery was bypassed the rumen. This approach
is referred as ‘‘rumen bypass melatonin feeding’’ (RBMF) (see methods). This approach
prevents melatonin to be metabolized by the enzymes and microbes contained in the
rumens and promotes its bioavailability in cows. The results showed that RBMF at the dose
of either melatonin 40 mg/day/cow or 80 mg/day/cow significantly reduced the milk SCC
and improved the milk quality compared to the control group. The potential mechanisms
may involve the antioxidant and anti-inflammatory activities of melatonin. Melatonin is
a mitochondrial-targeted antioxidant (Tan et al., 2016) and effectively scavenges the ROS
generated by mitochondrial metabolism, thus, it suppresses the oxidative stress occurring
in the mastitis. Melatonin also up-regulates Nrf2 and heme oxygenase-1 expression in the
antioxidant defense pathway and improves dityrosin level and inhibits RNS generation
(Yu et al., 2017). The antioxidative stress effect was indicated by the reduced serum
stress hormone, cortisol level after RBMF (Fig. 12). The anti-inflammatory activity of
melatonin is well documented. Melatonin inhibited LPS-binding protein to CD14–TLR4
in bovine mammary epithelial cells (bMECs) and decreased the expression of LPS-induced
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Figure 13 Effects of RBMF on the pro and anti-inflammatory cytokines. (A) TNF-α level in serum;
(B) TNF-α level in milk; (C) IL-6 level in serum; (D) IL-10 level in serum; (E) IL-10 level in milk.
Mean± SEM (40 mg, n= 15; 80 mg, n= 15; control, n= 5), ∗P < 0.05.

Full-size DOI: 10.7717/peerj.9147/fig-13

proinflammatory factors. Those factors include TNF-α, IL-1 β, IL-6, granulocyte-monocyte
colony-stimulating factor, chemokine CC motif ligand2(CCL2), CCL5, serum amyloid A,
haptoglobin, C-reactive protein, ceruloplasmin, and α-1 antitrypsin and increased anti-
inflammatory factors of IL-1Ra and the negative acute-phase proteins(APPs) fibrinogen (Yu
et al., 2017). Melatonin reduces the inflammatory process in a variety of ways. It removes
the highly toxic hydroxyl radical (-OH), peroxynitrite anion (ONOO-), and hypochlorous
acid (HOCl) Reiter et al., 2000), reduces the content of TNF-α, TNF-γ , IL-6 and increases
the expression of IL-10 and TGF-β (Huang et al., 2019). The anti-inflammatory effects of
melatonin are confirmed in the current study. After RBMF, the serum levels of TNF-α and
IL-6 were significantly reduced and the level of IL-10, on the other hand, was significantly
elevated compared to the control.
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In addition to the decreased milk SCC, the nutritional quality of the milk also
significantly improved by RBMF. It was reported that melatonin supplementation or
different photoperiodic exposure schedules modified feeding habit, milk production
and milk composition in cattle and sheep (Eisemann et al., 1984; Sanchez-Barcelo et al.,
1991; Auldist et al., 2007; Molik et al., 2011; Hogeveen, Huijps & Lam, 2011; Lacasse, Vinet
& Petitclerc, 2014; Yu et al., 2017;Huang et al., 2019). The authors claimed that the increase
in milk fat and protein in cows fed with melatonin was unlikely related to changes in
nutrient composition of the diet but may relate to the alterations of nutrient digestibility or
utilization by the cows (Eisemann et al., 1984). Sanchez-Barcelo et al. (1991) suggested that
melatonin feeding could affect progesterone production in cows. The altered progesterone
production would modify the rate of intestinal calcium absorption, finally, impacted
digestibility and efficiency of nutrient utilization in the cows. In addition, it was reported
that short photoperiod improved the feed efficiency of the heifer and increased milk
production in the following lactation period (Lacasse, Vinet & Petitclerc, 2014).Molik et al.
(2011) found that the subcutaneous implantation of melatonin significantly improved the
milk protein content and reduce the lactose and fatty acid content in sheep’s milk. Similar
results were reported by Auldist et al. (2007). They found that melatonin also reduced
lactose levels and increased fat, protein and casein levels in milk. These observations are
consistent with our discovery in the current study, that is, the milk protein, fat and dry
matter are increased by 29.8, 18.6 and 9.3%, respectively and milk lactose was reduced
by 9.71 percent with RBMF. Importantly, we first found that even after the termination
of RBMF, the beneficial effects of this approach on milk quality have lasted, at least, for
3 days to one week. Melatonin has a short half-life around 18∼27 min in lactating cows
and goats (Eriksson et al., 1998) and this lasting effect is unlikely attributed to melatonin
per se but may associate to its indirect effects on gene expressions which are related to
the inflammatory responses. Melatonin has the capacity to upregulate gene expressions of
anti-inflammatory enzymes and to downregulate the gene expression of pro-inflammatory
enzymes (Xia et al., 2012). The exact mechanisms for this lasting effect are warranted to
further investigations.

CONCLUSIONS
The new approach of RBMF was as effective as other melatonin delivery methods to reduce
the milk SCC and improve the milk quality, and at the same time RBMF dramatically
reduced the stressful conditions that occurred in other melatonin delivery methods such as
in muscle injection or under skin implantation. Most importantly, the beneficial effects of
this approach can last for a quite long period (at least one week) after the treatment, which
has not been reported in other methods. The speculated mechanisms are that melatonin
protects mammary epithelial cells from inflammation and oxidative stress, and promotes
the recovery ofmastitis (Yu et al., 2017). Melatonin is an environmentally friendlymolecule
with no or low toxicity to organisms and the RBMF is invasive and convenient. Based on
these factors, we recommend that RBMF can be used in the dairy farmers to replace the
antibiotics for treatment of themastitis. It would decrease the cost for mastitis management
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and improve the milk quality. RBMF is convenient with remarkable outcomes to improve
milk quality and cow’s health.

ACKNOWLEDGEMENTS
The second cattle farm of Nankou, Changping district, Beijing, provided all the
experimental animals for the experiment. Numerous staff of the farm generously donated
both time and effort to the this study. Dr. Shaokang Chen from Beijing animal husbandry
station provided reliable DHI data for this experiment.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the Beijing Municipal Science & Technology Commission
(grant number Z181100009318014); the Beijing dairy industry innovation team (grant
number BAIC06-2019); the National Natural Science Foundation of China (grant
number 31830091); and the National Transgenic Major Project of China (grant number
2018ZX0800801B). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Beijing Municipal Science & Technology Commission: Z181100009318014.
Beijing Dairy Industry Innovation Team: BAIC06-2019.
National Natural Science Foundation of China: 31830091.
The National Transgenic Major Project of China: 2018ZX0800801B.

Competing Interests
Hui Ma, Wenjuan Wei, Changwang He, and Yi Chang are employed by Beijing shounong
animal husbandry development co. LTD. The authors declare there are no competing
interests.

Author Contributions
• Songyang Yao and Hao Wu conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the paper, and approved the final draft.
• Hui Ma performed the experiments, prepared figures and/or tables, and approved the
final draft.
• Yao Fu conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, and approved the final draft.
• Wenjuan Wei, Tiankun Wang and Hai Yang performed the experiments, authored or
reviewed drafts of the paper, and approved the final draft.
• Shengyu Guan performed the experiments, prepared figures and/or tables, and approved
the final draft.

Yao et al. (2020), PeerJ, DOI 10.7717/peerj.9147 21/25

https://peerj.com
http://dx.doi.org/10.7717/peerj.9147


• Xiubo Li, Jiangpeng Guo and Changwang He analyzed the data, authored or reviewed
drafts of the paper, and approved the final draft.
• Yongqiang Lu and Guoshi Liu conceived and designed the experiments, analyzed the
data, prepared figures and/or tables, authored or reviewed drafts of the paper, and
approved the final draft.
• Lu Zhang analyzed the data, prepared figures and/or tables, authored or reviewed drafts
of the paper, and approved the final draft.
• Yi Chang analyzed the data, prepared figures and/or tables, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

China Agricultural University Laboratory Animal Welfare and Animal Experimental
Ethical Inspection Committee provided full approval for this research (AW20180502-1).

Data Availability
The following information was supplied regarding data availability:

The raw data are available in the Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.9147#supplemental-information.

REFERENCES
Auldist MJ, Turner S-A, McMahon CD, Prosser CG. 2007. Effects of melatonin on the

yield and composition of milk from grazing dairy cows in New Zealand. The Journal
of Dairy Research 74:52–57 DOI 10.1017/S0022029906002160.

Aungier SP, Austin FH. 1987. A study of the efficacy of intramammary antibiotics
in the treatment of clinical mastitis. The British Veterinary Journal 143:88–90
DOI 10.1016/0007-1935(87)90111-4.

Bach A, SternMD. 2000.Measuring resistance to ruminal degradation and bioavailability
of ruminally protected methionine. Animal Feed Science and Technology 84:23–32
DOI 10.1016/S0377-8401(00)00113-9.

Baro JA, Perez MA, Grillo GJ. 2005.Method comparison for diagnose of subclinical mas-
titis and milk quality determination in raw milk. In: 2005 IEEE instrumentationand
measurement technology conference proceedings. IEEE, 240–243.

Blum JW, Bruckmaier RM, Jans F. 1999. Rumen-protected methionine fed to dairy
cows: bioavailability and effects on plasma amino acid pattern and plasma
metabolite and insulin concentrations. Journal of Dairy Science 82:1991–1998
DOI 10.3168/jds.S0022-0302(99)75435-4.

Brzezinski A. 1997.Melatonin in humans. The New England Journal of Medicine
336:186–195 DOI 10.1056/NEJM199701163360306.

Yao et al. (2020), PeerJ, DOI 10.7717/peerj.9147 22/25

https://peerj.com
http://dx.doi.org/10.7717/peerj.9147#supplemental-information
http://dx.doi.org/10.7717/peerj.9147#supplemental-information
http://dx.doi.org/10.7717/peerj.9147#supplemental-information
http://dx.doi.org/10.1017/S0022029906002160
http://dx.doi.org/10.1016/0007-1935(87)90111-4
http://dx.doi.org/10.1016/S0377-8401(00)00113-9
http://dx.doi.org/10.3168/jds.S0022-0302(99)75435-4
http://dx.doi.org/10.1056/NEJM199701163360306
http://dx.doi.org/10.7717/peerj.9147


Bubenik GA, Smith PS. 1987. Circadian and circannual rhythms of melatonin in plasma
of male white-tailed deer and the effect of oral administration of melatonin. The
Journal of Experimental Zoology 241:81–89 DOI 10.1002/jez.1402410110.

Caraviello DZ,Weigel KA, Shook GE, Ruegg PL. 2005. Assessment of the im-
pact of somatic cell count on functional longevity in Holstein and Jersey cat-
tle using survival analysis methodology. Journal of Dairy Science 88:804–811
DOI 10.3168/jds.S0022-0302(05)72745-4.

Chen H, Huang Z, Lin Y. 2004. Summary about the residue and harm of antibiotics in
milk. Journal of Quanzhou Normal College (Natural Science) 22:102–106.

Eisemann JH, Bauman DE, Hogue DE, Travis HF. 1984. Evaluation of a role for
prolactin in growth and the photoperiod-induced growth response in sheep. Journal
of Animal Science 59:86–94 DOI 10.2527/jas1984.59186x.

Eriksson L, ValtonenM, Laitinen JT, PaananenM, KaikkonenM. 1998. Diurnal rhythm
of melatonin in bovine milk: pharmacokinetics of exogenous melatonin in lactating
cows and goats. Acta Veterinaria Scandinavica 39:301–310.

Fejzic N, Begagic M, Šerić Haračić S, Smajlovic M. 2014. Beta lactam antibiotics
residues in cow’s milk: comparison of efficacy of three screening tests used in
Bosnia and Herzegovina. Bosnian Journal of Basic Medical Sciences 14:155–159
DOI 10.17305/bjbms.2014.3.109.

Galbraith ML, VorachekWR, Estill CT,Whanger PD, Bobe G, Davis TZ, Hall JA.
2016. Rumen Microorganisms Decrease Bioavailability of Inorganic Selenium
Supplements. Biological Trace Element Research 171:338–343
DOI 10.1007/s12011-015-0560-8.

Hammer TJ, Fierer N, Hardwick B, Simojoki A, Slade E, Taponen J, Viljanen H, Roslin
T. 2016. Treating cattle with antibiotics affects greenhouse gas emissions, and
microbiota in dung and dung beetles. Proceedings. Biological Sciences 283:Article
20160150 DOI 10.1098/rspb.2016.0150.

Hogeveen H, Huijps K, Lam TJGM. 2011. Economic aspects of mastitis: new develop-
ments. New Zealand Veterinary Journal 59:16–23
DOI 10.1080/00480169.2011.547165.

Huang S-H, Liao C-L, Chen S-J, Shi L-G, Lin L, Chen Y-W, Cheng C-P, Sytwu H-
K, Shang S-T, Lin G-J. 2019.Melatonin possesses an anti-influenza potential
through its immune modulatory effect. Journal of Functional Foods 58:189–198
DOI 10.1016/j.jff.2019.04.062.

Jiménez A, Andrés S, Sánchez J. 2009. Effect of melatonin implants on somatic cell
counts in dairy goats. Small Ruminant Research 84:116–120
DOI 10.1016/j.smallrumres.2009.06.015.

Kennaway DJ, Gilmore TA, Seamark RF. 1982. Effect of melatonin feeding on serum
prolactin and gonadotropin levels and the onset of seasonal estrous cyclicity in sheep.
Endocrinology 110:1766–1772 DOI 10.1210/endo-110-5-1766.

Kennaway DJ, Seamark RF. 1980. Circulating levels of melatonin following its oral
administration or subcutaneous injection in sheep and goats. Australian Journal of
Biological Sciences 33:349–353 DOI 10.1071/bi9800349.

Yao et al. (2020), PeerJ, DOI 10.7717/peerj.9147 23/25

https://peerj.com
http://dx.doi.org/10.1002/jez.1402410110
http://dx.doi.org/10.3168/jds.S0022-0302(05)72745-4
http://dx.doi.org/10.2527/jas1984.59186x
http://dx.doi.org/10.17305/bjbms.2014.3.109
http://dx.doi.org/10.1007/s12011-015-0560-8
http://dx.doi.org/10.1098/rspb.2016.0150
http://dx.doi.org/10.1080/00480169.2011.547165
http://dx.doi.org/10.1016/j.jff.2019.04.062
http://dx.doi.org/10.1016/j.smallrumres.2009.06.015
http://dx.doi.org/10.1210/endo-110-5-1766
http://dx.doi.org/10.1071/bi9800349
http://dx.doi.org/10.7717/peerj.9147


Kul E, Şahin A, Atasever S, Uğurlutepe E, Soydaner M. 2019. The effects of somatic
cell count on milk yield and milk composition in Holstein cows. Veterinarski Arhiv
89:143–154 DOI 10.24099/vet.arhiv.0168.

Lacasse P, Vinet CM, Petitclerc D. 2014. Effect of prepartum photoperiod and melatonin
feeding on milk production and prolactin concentration in dairy heifers and cows.
Journal of Dairy Science 97:3589–3598 DOI 10.3168/jds.2013-7615.

Lerner AB, Case JD, Takahashi Y, Lee TH, MoriW. 1958. Isolation of melatonin, the
pineal gland factor that lightens melanocyteS1. Journal of the American Chemical
Society 80:2587–2587.

Martinez JL. 2009. Environmental pollution by antibiotics and by antibiotic resistance
determinants. Environmental Pollution (Barking, Essex : 1987) 157:2893–2902
DOI 10.1016/j.envpol.2009.05.051.

Molik E, Bonczar G, Zebrowska A, Misztal T, Pustkowiak H, Zięba D. 2011. Effect
of day length and exogenous melatonin on chemical composition of sheep milk.
Archives Animal Breeding 54:177–187 DOI 10.5194/aab-54-177-2011.

Nabavi SM, Nabavi SF, Sureda A, Xiao J, Dehpour AR, Shirooie S, Silva AS,
Baldi A, Khan H, Daglia M. 2019. Anti-inflammatory effects of Melatonin: a
mechanistic review. Critical Reviews in Food Science and Nutrition 59:S4–S16
DOI 10.1080/10408398.2018.1487927.

Pieri C, Marra M, Moroni F, Recchioni R, Marcheselli F. 1994.Melatonin: a peroxyl
radical scavenger more effective than vitamin E. Life Sciences 55:PL271–PL276
DOI 10.1016/0024-3205(94)00666-0.

Poeggeler B, Reiter RJ, Tan DX, Chen LD, Manchester LC. 1993.Melatonin, hydroxyl
radical-mediated oxidative damage, and aging: a hypothesis. Journal of Pineal
Research 14:151–168 DOI 10.1111/j.1600-079x.1993.tb00498.x.

Reiter RJ. 1991. Pineal melatonin: cell biology of its synthesis and of its physiological
interactions. Endocrine Reviews 12:151–180 DOI 10.1210/edrv-12-2-151.

Reiter RJ. 1993. The melatonin rhythm: both a clock and a calendar. Experientia
49:654–664 DOI 10.1007/bf01923947.

Reiter RJ. 2000.Melatonin: lowering the High Price of Free Radicals. News in Phys-
iological Sciences : an International Journal of Physiology Produced Jointly by the
International Union of Physiological Sciences and the American Physiological Society
15:246–250 DOI 10.1152/physiologyonline.2000.15.5.246.

Reiter RJ, Calvo JR, KarbownikM, QiW, Tan DX. 2000.Melatonin and its relation to
the immune system and inflammation. Annals of the New York Academy of Sciences
917:376–386 DOI 10.1111/j.1749-6632.2000.tb05402.

Reiter RJ, Tan DX, Manchester LC, QiW. 2001. Biochemical reactivity of melatonin
with reactive oxygen and nitrogen species: a review of the evidence. Cell Biochemistry
and Biophysics 34:237–256 DOI 10.1385/CBB:34:2:237.

Sanchez-Barcelo EJ, Mediavilla MD, Zinn SA, Buchanan BA, Chapin LT, Tucker HA.
1991.Melatonin suppression of mammary growth in heifers. Biology of Reproduction
44:875–879 DOI 10.1095/biolreprod44.5.875.

Yao et al. (2020), PeerJ, DOI 10.7717/peerj.9147 24/25

https://peerj.com
http://dx.doi.org/10.24099/vet.arhiv.0168
http://dx.doi.org/10.3168/jds.2013-7615
http://dx.doi.org/10.1016/j.envpol.2009.05.051
http://dx.doi.org/10.5194/aab-54-177-2011
http://dx.doi.org/10.1080/10408398.2018.1487927
http://dx.doi.org/10.1016/0024-3205(94)00666-0
http://dx.doi.org/10.1111/j.1600-079x.1993.tb00498.x
http://dx.doi.org/10.1210/edrv-12-2-151
http://dx.doi.org/10.1007/bf01923947
http://dx.doi.org/10.1152/physiologyonline.2000.15.5.246
http://dx.doi.org/10.1111/j.1749-6632.2000.tb05402
http://dx.doi.org/10.1385/CBB:34:2:237
http://dx.doi.org/10.1095/biolreprod44.5.875
http://dx.doi.org/10.7717/peerj.9147


Sert D, Mercan E, Aydemir S, CivelekM. 2016. Effects of milk somatic cell counts
on some physicochemical and functional characteristics of skim and whole milk
powders. Journal of Dairy Science 99:5254–5264 DOI 10.3168/jds.2016-10860.

Shock DA, LeBlanc SJ, Leslie KE, Hand K, GodkinMA, Coe JB, Kelton DF. 2015.
Exploring the characteristics and dynamics of Ontario dairy herds experiencing
increases in bulk milk somatic cell count during the summer. Journal of Dairy Science
98:3741–3753 DOI 10.3168/jds.2014-8675.

Shook GE, Schutz MM. 1994. Selection on somatic cell score to improve resis-
tance to mastitis in the United States. Journal of Dairy Science 77:648–658
DOI 10.3168/jds.S0022-0302(94)76995-2.

Tan D-X, Manchester LC, Qin L, Reiter RJ. 2016.Melatonin: a mitochondrial targeting
molecule involving mitochondrial protection and dynamics. International Journal of
Molecular Sciences 17:Article 2124 DOI 10.3390/ijms17122124.

XiaM-Z, Liang Y-L, Wang H, Chen X, Huang Y-Y, Zhang Z-H, Chen Y-H, Zhang
C, ZhaoM, Xu D-X, Song L-H. 2012.Melatonin modulates TLR4-mediated
inflammatory genes through MyD88- and TRIF-dependent signaling pathways
in lipopolysaccharide-stimulated RAW264.7 cells. Journal of Pineal Research
53:325–334 DOI 10.1111/j.1600-079X.2012.01002.x.

YangM, Shi J, Tian J, Tao J, Chai M,Wang J, Xu Z, Song Y, Zhu K, Ji P, Liu G. 2017.
Exogenous melatonin reduces somatic cell count of milk in Holstein cows. Scientific
Reports 7:43280 DOI 10.1038/srep43280.

Yu G-M, Kubota H, Okita M, Maeda T. 2017. The anti-inflammatory and antioxidant
effects of melatonin on LPS-stimulated bovine mammary epithelial cells. PLOS ONE
12:e017852 DOI 10.1371/journal.pone.0178525.

Zetner D, Andersen LPH, Rosenberg J. 2016. Pharmacokinetics of alternative ad-
ministration routes of melatonin: a systematic review. Drug Research 66:169–173
DOI 10.1055/s-0035-1565083.

Zhdanova IV,Wurtman RJ, Lynch HJ, Ives JR, Dollins AB, Morabito C, Mathe-
son JK, Schomer DL. 1995. Sleep-inducing effects of low doses of melatonin
ingested in the evening. Clinical Pharmacology and Therapeutics 57:552–558
DOI 10.1016/0009-9236(95)90040-3.

Zinn SA, Chapin LT, EnrightWJ, Schroeder AL, Stanisiewski EP, Tucker HA. 1988.
Growth, carcass composition and plasma melatonin in postpubertal beef heifers fed
melatonin. Journal of Animal Science 66:21–27 DOI 10.2527/jas1988.66121x.

Yao et al. (2020), PeerJ, DOI 10.7717/peerj.9147 25/25

https://peerj.com
http://dx.doi.org/10.3168/jds.2016-10860
http://dx.doi.org/10.3168/jds.2014-8675
http://dx.doi.org/10.3168/jds.S0022-0302(94)76995-2
http://dx.doi.org/10.3390/ijms17122124
http://dx.doi.org/10.1111/j.1600-079X.2012.01002.x
http://dx.doi.org/10.1038/srep43280
http://dx.doi.org/10.1371/journal.pone.0178525
http://dx.doi.org/10.1055/s-0035-1565083
http://dx.doi.org/10.1016/0009-9236(95)90040-3
http://dx.doi.org/10.2527/jas1988.66121x
http://dx.doi.org/10.7717/peerj.9147

