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ABSTRACT

To evaluate the effect of recombinant bovine interleukin-8 (rbIL-8) on uterine health and milk production, 2 separate studies were conducted. For study 1,
postpartum Holstein cows (n = 213) were randomly
allocated into 1 of 3 intrauterine treatment groups: control (CTR, 250 mL of saline solution), low dose (L-IL8,
11.25 µg of rbIL-8 diluted in 250 mL of saline solution),
and high dose (H-IL8, 1,125 µg of rbIL-8 diluted in 250
mL of saline solution). Intrauterine delivery of treatments was performed within 12 h of parturition. Cows
were evaluated for retained fetal membranes, puerperal
metritis, and clinical endometritis. Blood samples were
collected immediately before treatment and 1, 2, and
3 d in milk for assessment of IL-8, haptoglobin, fatty
acids, and β-hydroxybutyrate concentrations. Treatment with rbIL-8 reduced the incidence of puerperal
metritis in multiparous cows (CTR = 34.3, L-IL8 =
8.11, and H-IL8 = 6.35%). Both the L-IL8 and H-IL8
groups produced significantly more milk, fat-corrected
milk, and energy-corrected milk yields when compared
with placebo-treated controls. A second study was performed to confirm the effect of rbIL-8 on milk production. In study 2, 164 primiparous cows were randomly
allocated into 1 of 4 treatment groups: control (CTR,
250 mL of saline solution), low dose (L-IL8, 0.14 µg of
rbIL-8), medium dose (M-IL8, 14 µg of rbIL-8), and
high dose (H-IL8, 1,400 µg of rbIL-8). Treatments were
prepared and administered as described for study 1.
Cows in the L-IL8, M-IL8, and H-IL8 groups produced
significantly more milk, fat-corrected milk, and energycorrected milk yields when compared with control
cows. In conclusion, treatment with rbIL-8 decreased
the incidence of puerperal metritis in multiparous cows.
The administration of rbIL-8 was repeatedly associated
with a dramatic and long-lasting improvement of lactation performance.
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INTRODUCTION

Postpartum uterine diseases such as metritis, endometritis, and retained fetal membranes (RFM) are
extremely relevant for animal welfare and economic
reasons. Such diseases are often painful and cause discomfort, increase costs with treatments, reduce milk
production and reproductive efficiency, and increase the
risk of culling (Gilbert et al., 2005; Han and Kim, 2005;
Overton and Fetrow, 2008). Metritis and endometritis
are commonly associated with mixed bacterial infection
of the uterus, including by Escherichia coli, Trueperella
pyogenes, and Fusobacterium necrophorum (Bicalho et
al., 2012). A physiological factor contributing to the
increased susceptibility to uterine disease is the natural
immunosuppression experienced by cows during the
periparturient period (Drackley, 1999; Hammon et al.,
2006; Galvao et al., 2010).
Neutrophils are the main leukocyte involved in the
release of fetal membranes as well as in bacterial clearance after uterine infection (Hussain, 1989; Kimura et
al., 2002). Neutrophil function begins to decline before
parturition, reaches a nadir shortly after parturition,
and slowly returns to prepartum levels by about 4 wk
postpartum (Kehrli and Goff, 1989; Goff and Horst,
1997). Several factors contribute to this decline in neutrophil function including an increase in blood estradiol
and cortisol concentrations around calving and nutrient
deficiencies such as vitamins A and E, calcium, and
selenium (Goff and Horst, 1997; Kimura et al., 2002;
Hammon et al., 2006). In fact, neutrophils from cows
with RFM have decreased migration ability and impaired myeloperoxidase activity (Kimura et al., 2002).
On the other hand, cows with greater neutrophil influx
to the uterus are less susceptible to bacterial infections
and are at a lower risk of developing endometritis (Gilbert et al., 2005).
Interleukin-8 is a pro-inflammatory cytokine and the
main chemoattractant for neutrophils. It is produced
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by smooth muscle, epithelial cells, endothelial cells,
and cells of the innate immune system with toll-like
receptors (Mitchell et al., 2003). Binding of IL-8 to its
receptors CXCR1 and CXCR2 on neutrophil surface
induces neutrophil activation, stimulates chemotaxis,
and increases phagocytosis and killing ability (Mitchell
et al., 2003). Kimura et al. (2002) studied plasma IL-8
concentrations in cows with and without RFM from
15 d before parturition to 15 d postparturition and observed that cows that did not develop RFM had greater
plasma IL-8 concentrations, both before and after calving. Thus, the presence of an effector molecule such
as IL-8 to attract neutrophils into the uterus seems
essential for maintenance of uterine health.
Our group has developed a recombinant bovine interleukin-8 (rbIL-8) molecule with the original objective
of improving postpartum uterine health (Bicalho et al.,
2019). We conducted a series of experiments to evaluate the safety of rbIL-8 administration and to assess
its biological activity in vitro and in vivo. We demonstrated that our rbIL-8 molecule elicited the expected
biological responses: strong chemoattractant properties
in vitro and in vivo (following intravaginal and intrauterine administrations). More importantly, systemic,
intrauterine, and intravaginal administration of rbIL8 did not result in detectable undesirable side effects
such as fever, increased respiratory rate, dehydration,
or signs of pain and discomfort (Bicalho et al., 2019).
Therefore, our original hypothesis was that intrauterine administration of rbIL-8 would reduce the incidence
of postpartum uterine diseases. The objectives of the
first study were to evaluate the effects of 2 different
doses of rbIL-8 administered intrauterinely within 12 h
of parturition on incidence of RFM, puerperal metritis,
and endometritis. Upon completion of this randomized
clinical trial we identified an unexpected association of
rbIL-8 with an increase in milk production, FCM, and
ECM yields when compared with controls. To validate
our initial results and further investigate the effects
of rbIL-8 on milk production, we conducted a second
study (study 2) to evaluate the hypothesis that a single
administration of rbIL-8 within 12 h of parturition
improves lactation performance in Holstein cows. The
objective of study 2 was to validate the association of
postpartum intrauterine administration of rbIL-8 with
increased milk production.
MATERIALS AND METHODS
Ethics Statement

The research protocol was reviewed and approved by
the Cornell University Institutional Animal Care and
Use Committee (protocol number 2013–0039). The
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methods were carried out in accordance with approved
guidelines.
Farm and Management

Two studies were conducted in a large commercial
dairy farm located in Cayuga County, New York. The
farm milked approximately 3,800 Holstein cows thrice
daily in a rotary parlor with integrated milk meters
that record individual production at every milking
(DeLaval, Tumba, Sweden). Cows were housed in naturally ventilated freestall barns with concrete stalls bedded with manure solids. All cows were offered a TMR
and feed was pushed up 8 times a day. Diets consisted
of approximately 55% forage and 45% concentrate on a
DM basis. Diets were formulated to meet or exceed the
NRC nutrient requirements for lactating Holstein cows
weighing 650 kg and producing 45 kg of 3.5% FCM
(NRC, 2001). Cow displaying signs of calving were
moved to individual maternity pens for delivery, where
trained farm personnel assisted with parturition as
needed. After calving, cows were transferred to a postpartum pen where they remained for approximately 40
d. Reproductive management on farms for the first service was a Presynch-Ovsynch protocol in combination
with estrus detection (Pursley et al., 1995; Moreira et
al., 2001). A Resynch (Fricke et al., 2003) protocol was
started in nonpregnant cows 33 ± 3 d after previous
inseminations. A voluntary waiting period of 50 d was
used. Estrus was detected based only on electronic activity sensors worn around the neck (Alpro, DeLaval).
Study Design, Treatments, and Sample Collection

Two randomized clinical trials were conducted to
evaluate the effect of a single intrauterine administration of rbIL-8 shortly after parturition on uterine health
and milk production.
Study 1. In total, 213 cows (primiparous, n = 104;
multiparous, n = 109) were enrolled in the study from
July 2014 to August 2014. Cows were blocked by parity
and, within block, randomly allocated into 1 of 3 treatment groups: control (CTR; n = 67), low dose of rbIL8 (L-IL8; n = 80), and high dose of rbIL-8 (H-IL8; n
= 66). Cows allocated to L-IL8 and H-IL8 received an
intrauterine administration of 250 mL of saline solution
containing 11.25 and 1,125 µg of rbIL-8, respectively.
Control cows received an intrauterine administration
of 250 mL of saline solution. Recombinant bovine IL-8
was produced and purified according to the methods
described previously (Bicalho et al., 2019). Treatments
were administered by the research team within 12 h
of parturition. Cows were restrained in headlock stanchions and the perineal area was cleansed with paper
Journal of Dairy Science Vol. 102 No. 11, 2019

10318

ZINICOLA ET AL.

towels and disinfected with 70% ethanol. A sterile
gilt AI catheter (Livestock Concepts, Hawarden, IA)
attached to a 250-mL saline bag was introduced into
the cranial vagina. The catheter was manipulated into
the uterus, the tip was exposed to the uterine lumen,
and the treatment was administered into the uterus.
To avoid biases, treatment identification was not listed
in the data collection forms or in the on-farm management software. Moreover, researchers were masked
while performing assays and data analysis.
Blood samples were collected from 60 cows (20 cows
per treatment) on d 0 (before treatment), 1, 2, and 3
relative to calving via coccygeal vein/artery puncture
into an evacuated tube without anticoagulant (Becton,
Dickinson and Company, Franklin Lakes, NJ). Blood
samples were transported to the laboratory on ice and
centrifuged at 2,000 × g for 15 min at 4°C. Serum was
harvested and frozen at −80°C until assayed. For each
cow, BCS was recorded at enrollment and at 35 DIM by
a single investigator using a 5-point scale with a quarter-point system, as previously described (Edmonson
et al., 1989). Rectal temperature (RT) was measured
at enrollment and at 3, 6, and 9 DIM using a digital
thermometer (GLA M750, GLA Agriculture Electronics, San Luis Obispo, CA). Milk yield was recorded at
every milking using on-farm milk meters, and monthly
averages obtained during the first 6 mo postpartum
were used for statistical analyses.
Study 2. A total of 164 primiparous cows were
enrolled in the study from October 2015 to December
2015. Cows were randomly allocated into 1 of 4 treatment groups: control (CTR; n = 41), low dose of rbIL-8
(L-IL8; n = 41), medium dose of rbIL-8 (M-IL8; n =
41), and high dose of rbIL-8 (H-IL8; n = 41). Cows
allocated to L-IL8, M-IL8, and H-IL8 received a single
intrauterine administration of 250 mL of saline solution
containing 0.14, 14, and 1,400 µg of rbIL-8, respectively.
Control cows received an intrauterine administration of
250 mL of saline solution. Treatments were administered within 12 h of parturition as described in study
1. Body condition score was scored at enrollment and
at 35 DIM. Rectal temperature was recorded at enrollment. Milk yield was recorded at every milking using
on-farm milk meters and monthly averages obtained
during the first 6 mo postpartum were used for statistical analyses.
Analyses of IL-8 and Metabolites in Serum (Study 1)

Concentrations of IL-8 in serum was determined
using a human IL-8 ELISA kit (R&D Systems Inc.,
Minneapolis, MN), validated for bovine serum (Shuster et al., 1996). Plasma concentrations of fatty acids
(NEFA-C kit, Wako Pure Chemical Industries, RichJournal of Dairy Science Vol. 102 No. 11, 2019

mond, VA) and BHB (Williamson and Mellanby, 1974;
Sigma-Aldrich, St. Louis, MO) were determined by
colorimetric methods. Haptoglobin concentrations were
determined using a colorimetric procedure as previously
described (Bicalho et al., 2014), and reported as optical
density readings at 450 nm of wavelength. Endotoxin
levels from purified rbIL-8 were measured by a chromogenic assay (Pierce, Chromogenic Endotoxin Quant
Kit, Thermo Fisher Scientific, Waltham, MA) following manufacturer instructions. Endotoxin levels were
<5 endotoxin units/mL (data not shown). A total of 3
mL of purified rbIL-8 was used for treatments. Thus,
cows treated with rbIL-8 received a solution containing
endotoxin levels under the FDA limit of <5 endotoxin
units/kg.
Disease Definitions

Retained fetal membranes assessed by trained farm
personnel were defined as failure to deliver fetal membranes by 24 h after calving. Puerperal metritis diagnosis was performed by the researcher and by trained
farm personnel. Researcher puerperal metritis was diagnosed based on evaluation of vaginal mucus retrieved
using a Metricheck device (Metricheck, SimcroTech,
Hamilton, New Zealand). Vaginal discharge was scored
using a modified 0 to 5 scale (0 = no secretion material
retrieved; 1 = clear mucus; 2 = clear mucus with flecks
of pus; 3 = mucopurulent discharge containing <50%
of pus; 4 = mucopurulent discharge containing ≥50%
of pus; 5 = watery, red-brown, fetid vaginal discharge).
Cows with a score = 5 and with a RT >39.5°C were
considered to have puerperal metritis (Sheldon et al.,
2006). Farm diagnosis of puerperal metritis was performed daily by trained farm employees. Cows were
flagged for a physical examination when showing signs
of dullness and depression or when a milk deviation
of more than 4.5 kg was detected. At the physical examination, cows were considered as having puerperal
metritis when a fetid, watery, and red-brown uterine
discharge combined with systemic illness was observed.
For the purpose of this study, cows diagnosed with
puerperal metritis by the research team or by farm employees (or both) were grouped together and considered
positive for puerperal metritis. Furthermore, information regarding puerperal metritis diagnosis was not
exchanged between the researchers and farm personnel.
Clinical ketosis (CK) diagnosis was performed by farm
personnel and defined as cows with decreased milk production, low rumen fill, weakness, dullness, depression,
and high blood concentration of BHB (>1.9 mmol/L).
Diagnosis of clinical endometritis was performed by
research personnel at 35 DIM based on evaluation of
vaginal mucus using a Metricheck device. Cows with a
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score ≥3 were considered to have clinical endometritis.
Hyperketonemia (HYK) was defined as cows with serum BHB concentrations ≥1.2 mmol/L on d 1, 2, or 3.
Statistical Analysis

Before the initiation of study 1, sample size calculation was performed using JMP PRO version 12 (SAS
Institute Inc., Cary, NC). We assumed that the difference on puerperal metritis incidence between treatment
groups would be of 20 percentage units. Considering
a type I error rate of 5% and a power of 80%, a total
of 60 animals per treatment group was considered sufficient. To further investigate the effects of rbIL-8 on
milk production, sample size calculation for study 2
was performed considering a standard deviation of 1.5
kg/d for milk yield and assuming a type I error of 5%
and a power of 80%. A total of 30 cows per group were
deemed necessary to detect a significant difference of
2 kg/d between groups. An additional ~15% of cows
were enrolled in the studies to compensate for cows
removed from the herd during the study period beyond
the control of the investigators.
Descriptive statistical analyses were performed with
JMP PRO using the ANOVA function for continuous
data and chi-squared and Fisher’s tests for categorical
data. Body condition score loss was assessed using the
GLIMMIX procedure of SAS. Continuous data collected over time were analyzed using general linear mixed
models with the MIXED procedure of SAS. Normality
and homoscedasticity of residuals were assessed using
residual plots. Initial statistical models included the
fixed effects of treatment, parity, dystocia, stillbirth,
BCS at calving, days of gestation at calving, RT at
calving, sire PTA for milk yield, age in days at calving,
time, and the 2-way interaction terms between independent variables. Several covariance structures were
tested, and the Akaike information criterion was used
to select the best model fit. Variables and their respective interaction terms were retained in the model when
P ≤ 0.15. Significances were considered when P ≤ 0.05
or a trend if 0.05 < P ≤ 0.10. For all models, Tukey’s
honest significance test for multiple comparisons was
used. Data are reported as LSM ± SEM unless otherwise stated.
Categorical variables were analyzed by logistic regression models using the binary distribution of the GLIMMIX procedure of SAS. Initial models included the fixed
effects of treatment, parity, dystocia, stillbirth, BCS at
enrollment, RT at enrollment, and the interaction term
treatment by parity. Variables and their respective interaction terms were retained in the model when P ≤
0.15. Dunnett’s significance test for multiple comparisons was used. To evaluate the effect of all rbIL-8 treat-
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ments on the incidence of CK, Fisher’s exact test was
used. Finally, the effect of treatment on reproduction
was analyzed by Cox’s proportional hazard using the
PHREG procedure in SAS. Control groups were used
as reference for comparison. Treatment, parity, twin,
stillbirth, dystocia, BCS at enrollment, and the interaction treatment by parity were offered to the model as
independent variables, and retained when P ≤ 0.15.
RESULTS
Descriptive Data

Descriptive statistics regarding the number of multiparous and primiparous animals enrolled, BCS at
enrollment, RT at enrollment, days carried calf, and the
incidence of twins, dystocia, stillbirth, and male calf for
studies 1 and 2 are depicted in Table 1.
Incidence of Uterine Diseases, Hyperketonemia,
and Clinical Ketosis (Study 1)

Treatment did not affect the incidence of RFM
(CTR = 4.5, L-IL8 = 2.5, H-IL8 = 4.6%; P = 0.78).
The effect of treatment on puerperal metritis incidence
is presented in Table 2. A significant treatment by
parity interaction was observed for puerperal metritis
(P = 0.02). Multiparous cows treated with rbIL-8 had
(P = 0.03) lower incidence of puerperal metritis when
compared with control cows, and no differences were
observed between treatment groups for primiparous
cows (Table 2). Figure 1 illustrates the effect of rbIL-8
administration on RT. Treatment did not affect RT
during the first 9 d postpartum (Figure 1). Intrauterine
administration of rbIL-8 did not affect the incidence
of HYK when compared with controls (CTR = 30.0,
L-IL8 = 15.0, H-IL8 = 20.0%; P = 0.46). The incidence
of CK was not affected by treatment (CTR = 6.0, L-IL8
= 3.7, H-IL8 = 0.0%; P = 0.15).
Concentration of IL-8, Fatty Acids, BHB,
and Haptoglobin (Study 1)

The effect of treatment on serum IL-8 concentration
is presented in Figure 2. Serum levels of IL8 was significantly increased (P = 0.04) for H-IL8 cows when
compared with CTR cows (Figure 2). However, we
detected that both L-IL8 and H-IL8 groups had higher
(P < 0.05) IL-8 serum concentration at d 3 compared
with CTR group (Figure 2).
The effect of treatment on serum fatty acid, BHB,
and haptoglobin levels is illustrated on Figure 3A–D. A
treatment by parity interaction was observed for fatty
acid serum concentrations (P < 0.001). Multiple comJournal of Dairy Science Vol. 102 No. 11, 2019
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Table 1. Descriptive data for cows enrolled in studies 1 and 21
Study 1

Study 2

Item

L-IL8

H-IL8

CTR

P-value2

L-IL8

M-IL8

H-IL8

CTR

P-value2

Median parity
No.primiparous
No. multiparous
Total enrolled animals, no.
Average BCS at enrollment
Average RT3 at enrollment, °C
Average days carried calf, d
Twins, %
Dystocia, %
Stillbirth, %
Male calf, %

1.5
41
39
80
3.41
38.8
277.4
0.00
3.75
6.25
46.0

1.5
31
35
66
3.40
38.8
275.2
3.00
1.50
3.03
38.0

1.5
32
35
67
3.36
38.7
274.9
5.00
3.00
4.48
34.0

—
—
—
—
0.42
0.60
0.17
0.08
0.87
0.66
0.31

—
41
—
41
3.59
38.9
278.0
0.00
4.88
4.88
36.6

—
41
—
41
3.59
38.9
277.6
2.44
9.76
12.2
34.1

—
41
—
41
3.67
38.9
280.0
0.00
4.88
7.32
46.3

—
41
—
41
3.62
39.0
277.4
0.00
4.88
4.88
34.1

—
—
—
—
0.60
0.52
0.13
0.98
0.84
0.68
0.62

1
One-way ANOVA and chi-squared analysis were used for comparing continuous and categorical data, respectively. Study 1: CTR = 250 mL of
saline solution; L-IL8 = 11.25 µg of recombinant bovine interleukin-8 (rbIL-8) diluted in 250 mL of saline solution; H-IL8 = 1,125 µg of rbIL-8
diluted in 250 mL of saline solution. Study 2: CTR = 250 mL of saline solution; L-IL8 = 0.14 µg of rbIL-8 diluted in 250 mL of saline solution;
M-IL8 = 14 µg of rbIL-8 diluted in 250 mL of saline solution; H-IL8 = 1,400 µg of rbIL-8 diluted in 250 mL of saline solution.
2
For the chi-squared test, we followed the assumption that no cell should have an expected frequency of less than 5; when the assumption was
not satisfied, Fisher’s exact test was used.
3
RT = rectal temperature.

parison tests depicted that primiparous cows treated
with H-IL8 had lower (P = 0.008) concentrations of
fatty acids in serum compared with CTR (Figure 3A).
Conversely, multiparous cows treated with H-IL8 had
higher (P = 0.01) serum fatty acid concentrations than
CTR cows (Figure 3A). We also observed that multiparous cows treated with rbIL-8 had higher (P ≤ 0.05)
fatty acid levels at d 1 than CTR multiparous cows.
Serum concentrations of BHB did not differ (P = 0.18)
between treatment groups (Figure 3C). Finally, haptoglobin concentrations were not different (P = 0.96)
between treatment groups (Figure 3D).

BCS and Reproductive Performance

Study 1. Body condition score loss from calving
until 35 d after parturition is illustrated in Figure 4A.
Body condition score loss was not affected (P = 0.30)
by treatment (Figure 4A). Additionally, treatment did
not alter (P = 0.95) the hazard of pregnancy during
the first 280 DIM (adjusted hazard ratio: L-IL8 = 0.91,
95% CI: 0.57 to 1.47; H-IL8 = 0.98, 95% CI: 0.59 to
1.63).
Study 2. Body condition score loss from calving
until 35 d after parturition is illustrated in Figure 4B.

Table 2. Effects of different recombinant bovine interleukin-8 (rbIL-8) doses on the incidence of puerperal
metritis and endometritis in cows from study 11
% Incidence (no./no.)
Group
Primiparous
CTR
L-IL8
H-IL8
Multiparous
CTR
L-IL8
H-IL8

P-value

Puerperal metritis

Odds ratio
(95% CI)

12.5 (4/32)
26.8 (11/41)
32.3 (10/31)

Referent
2.71 (0.59–12.4)
4.65 (0.94–22.8)

34.3 (12/35)
8.11 (5/39)
6.35 (5/35)

Referent
0.13 (0.02–0.70)
0.18 (0.04–0.91)

Trt2

Trt × parity

0.63

0.02

D3

0.26
0.11
0.03
0.03

Endometritis
CTR
L-IL8
H-IL8

15.25 (9/59)
12.68 (9/71)
12.28 (7/57)

Referent
0.43 (0.01–1.89)
0.33 (0.06–1.80)

0.32

0.68

—

1
Study 1: CTR = 250 mL of saline solution, n = 67; L-IL8 = 11.25 µg of rbIL-8 diluted in 250 mL of saline
solution, n = 80; H-IL8 = 1,125 µg of rbIL-8 diluted in 250 mL of saline solution, n = 66.
2
Trt = treatment.
3
D = different rbIL-8 treatment groups were tested against the control group using Dunnett’s procedure.
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DISCUSSION

Figure 1. Rectal temperature (°C) of cows treated with different recombinant bovine interleukin-8 (rbIL-8) doses and controls from
study 1. Postpartum cows (n = 213) were randomly allocated into 1 of
3 intrauterine treatment groups: control (CTR; 250 mL of saline solution), low dose (L-IL8; 11.25 µg of rbIL-8 diluted in 250 mL of saline
solution), and high dose (H-IL8, 1,125 µg of rbIL-8 diluted in 250 mL
of saline solution). Results are presented at LSM ± SEM.

No differences were observed (P = 0.95) on BCS loss
among treatment groups (Figure 4B).

Herein we demonstrated in 2 independent studies
that intrauterine rbIL-8 administration in the immediate postpartum was associated with a significant increase in milk production. The first study was designed
to investigate the effect of intrauterine administration
of rbIL-8 on the prevention of postpartum uterine diseases; an unexpected increase in milk production was
observed as a result of rbIL-8 treatment. To further
validate the effect of rbIL-8 administration on milk
production, a second study was conducted. In study 1,
the administration of rbIL-8 reduced the incidence of
puerperal metritis in multiparous cows. Moreover, cows
treated with intrauterine rbIL-8 at calving produced
approximately 3.3, 2.7, and 3.0 kg/d more milk, FCM,
and ECM yields, respectively, compared with CTR cows
during the first 6 mo after parturition. The observed effect of rbIL-8 on milk yield in study 1 was replicated in
study 2, where rbIL-8 cows produced significantly more
milk, FCM, and ECM yields when compared with CTR
cows. This is the first scientific manuscript that has
demonstrated that milk production can be enhanced
with the use of rbIL-8.
Interleukin-8 is a chemokine that binds to G proteincoupled receptors (CXCR1 or CXCR2) to activate and
promote chemotaxis of neutrophils (Holmes et al., 1991;

Lactation Performance

Study 1. The effects of treatment on milk, FCM,
and ECM yields during the first 6 mo after calving
are presented on Table 3 and Figure 5A. Treated cows
produced approximately 3.3 kg/d more (P < 0.05)
milk compared with controls (Table 3). Relative to
CTR, rbIL-8 cows produced approximately 2.7 kg/d
more FCM (P = 0.004; Table 3). We observed that
cows treated with rbIL-8 produced approximately 3.0
kg/d more ECM compared with CTR cows (P = 0.001;
Table 3).
Study 2. The effect of treatment on milk, FCM, and
ECM yields during the first 6 mo after calving are presented in Table 3 and Figure 5B. As observed in study
1, treatment increased milk, FCM, and ECM yields (P
< 0.001). We observed that L-IL8, M-IL8, and H-IL8
cows produced 1.2 (P = 0.06), 2.2 (P < 0.05), and
2.4 (P < 0.05) kg/d more milk when compared with
controls, respectively (Table 3). Cows in the L-IL8,
M-IL8, and H-IL8 groups produced 2.2, 3.0, and 3.4
kg/d more (P < 0.05) FCM than CTR cows, respectively (Table 3). Moreover, cows in the L-IL8, M-IL8,
and H-IL8 groups produced 1.8, 2.8, and 3.2 kg/d more
(P < 0.05) ECM when compared with the CTR group,
respectively (Table 3).

Figure 2. Interleukin-8 plasma concentrations of cows treated with
different recombinant bovine interleukin-8 (rbIL-8) doses and controls
from study 1. Postpartum cows (n = 213) were randomly allocated
into 1 of 3 intrauterine treatment groups: control (CTR; 250 mL of
saline solution), low dose (L-IL8; 11.25 µg of rbIL-8 diluted in 250 mL
of saline solution), and high dose (H-IL8, 1,125 µg of rbIL-8 diluted
in 250 mL of saline solution). Blood samples were harvested from a
subset of cows (20/treatment group). Results are presented at LSM ±
SEM. *P ≤ 0.05.
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Figure 3. Fatty acid serum levels of primiparous (A) and multiparous (B) cows, and BHB (C) and haptoglobin (D) serum levels of cows
treated with recombinant bovine interleukin-8 (rbIL-8) and controls from study 1. Postpartum cows (n = 213) were randomly allocated into 1
of 3 intrauterine treatment groups: control (CTR; 250 mL of saline solution), low dose (L-IL8; 11.25 µg of rbIL-8 diluted in 250 mL of saline
solution), and high dose (H-IL8, 1,125 µg of rbIL-8 diluted in 250 mL of saline solution). Blood samples were harvested from a subset of cows
(20/treatment group). Results are presented at LSM ± SEM. *P ≤ 0.05. OD = optical density.

Mitchell et al., 2003). In the last decades the list of
functions attributed to IL-8 is expanding. For instance,
due to the presence of a sequence motif (Glu-Leu-Arg),
named ELR, IL-8 belongs to a subset of chemokines
associated with angiogenic properties (Onuffer and
Horuk, 2002). Moreover, recent experiments have demonstrated that IL-8 exerts mitogenic and antiapoptotic
effects (Colletti et al., 1998; Hogaboam et al., 1999;
Osawa et al., 2002).
Lipolysis is dramatically increased during the postpartum period because of increased responsiveness of
adipose tissue to catecholamines, low blood insulin
concentration, and decreased peripheral insulin sensitivity (McNamara and Hillers, 1986; De Koster
and Opsomer, 2013; Saremi et al., 2014). All these
metabolic changes are part of the homeorhetic shifts
Journal of Dairy Science Vol. 102 No. 11, 2019

that postpartum cows experience to support lactation
nutrient demands (Bell and Bauman, 1997). Upon
binding to its receptor, insulin triggers a cascade of
events that involve several proteins, such as insulin
receptor substrates, phosphatidylinositol-3-kinase, and
3-phospohoinositide-dependent protein kinase 1, which
leads to the activation of AKT protein kinase (Chang
et al., 2004). Activation of AKT results in GLUT-4
translocation and glucose uptake (Kohn et al., 1996).
Interleukin-8 is a pro-inflammatory cytokine associated
with development of insulin resistance (Fujishiro et al.,
2003; Kobashi et al., 2009; Hardy et al., 2011). Kobashi et al. (2009) demonstrated in vitro that IL-8 can
promote insulin resistance via the inhibition of AKT
activation through MAPK/ERK pathway. In addition,
stimulation of toll-like receptors of adipocytes with
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Figure 4. Body condition score loss from day of enrollment (day of parturition) until 35 DIM of cows treated with different doses of recombinant bovine interleukin-8 (rbIL-8) and controls from studies 1 (A) and 2 (B). For study 1, 213 cows were randomly allocated into 1 of 3
intrauterine treatment groups: control (CTR; 250 mL of saline solution), low dose (L-IL8; 11.25 µg of rbIL-8 diluted in 250 mL of saline solution), and high dose (H-IL8, 1,125 µg of rbIL-8 diluted in 250 mL of saline solution). For study 2, 164 cows were randomly allocated into 1 of
4 treatment groups: control (CTR, 250 mL of saline solution), low dose (L-IL8, 0.14 µg of rbIL-8), medium dose (M-IL8, 14 µg of rbIL-8), and
high dose (H-IL8, 1,400 µg of rbIL-8). Results are presented at LSM ± SEM.

bacterial particles induced the expression of IL-8, impaired insulin-mediated glucose transport, stimulated
lipolysis, and led to insulin resistance (Franchini et
al., 2010), which are all metabolic changes that ensure
glucose availability to support the immune response to
lipopolysaccharides. Therefore, it is possible that the
dramatic increases in milk production herein observed
because of rbIL-8 use is a consequence of increased
insulin resistance, which could be supporting nutrient
partitioning toward the mammary gland.
The increase in milk production observed in dairy
cows treated with exogenous bST occurs through
complex and coordinated physiological processes that
involve multiple tissues, metabolites, and hormones.

One of the major effects of bST is to promote insulin
resistance (Bauman and Vernon, 1993). Furthermore,
a recent study revealed that feeding mid-lactation
cows with palmitic acid promotes insulin resistance
through sphingolipid ceramide-dependent mechanisms
(Mathews et al., 2016). In that study, treated cows
showed increased milk yield even after the palmitic
acid was removed from the diet (Mathews et al., 2016).
Therefore, facilitating glucose partitioning by decreasing insulin action seems to be a key strategy to enhance
milk production.
Growth hormone (GH) stimulates the liver to produce IGF-I. However, during the early lactation, high
blood GH concentration cannot restore blood IGF-1

Table 3. Effect of different recombinant bovine interleukin-8 (rbIL-8) doses on production parameters of cows from studies 1 and 2 during the
first 6 mo after calving1
Item, kg/d
Study 1
CTR
L-IL8
H-IL8
Study 2
CTR
L-IL8
M-IL8
H-IL8

Milk
(LSM ± SEM)

P-value2

FCM
(LSM ± SEM)

31.5 ± 1.2
34.8 ± 1.3
34.8 ± 1.3

<0.001

35.0 ± 1.2
37.6 ± 1.6
37.7 ± 1.6

31.7
32.9
33.9
34.1

±
±
±
±

1.8
1.8
1.7
1.7

<0.001

32.5
34.7
35.5
35.9

±
±
±
±

1.9
1.9
1.8
1.8

P-value2

0.004
<0.001

ECM
(LSM ± SEM)
33.5 ± 1.2
36.4 ± 1.3
36.6 ± 1.3
32.6
34.4
35.4
35.9

±
±
±
±

1.9
1.9
1.8
1.8

P-value2

0.001
<0.001

1
Study 1: CTR = 250 mL of saline solution, n = 67; L-IL8 = 11.25 µg of rbIL-8 diluted in 250 mL of saline solution, n = 80; H-IL8 = 1,125 µg
of rbIL-8 diluted in 250 mL of saline solution, n = 66. Study 2: CTR = 250 mL of saline solution, n = 41; L-IL8 = 0.14 µg of rbIL-8 diluted in
250 mL of saline solution, n = 41; M-IL8 = 14 µg of rbIL-8 diluted in 250 mL of saline solution, n = 41; H-IL8 = 1,400 µg of rbIL-8 diluted in
250 mL of saline solution, n = 41.
2
P-values indicate overall treatment effects.
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Figure 5. Monthly milk yields (kg/d), 3.5% FCM yields (kg/d), and ECM yields (kg/d) after parturition of cows treated with different doses
of recombinant bovine interleukin-8 (rbIL-8) and controls from studies 1 (A) and 2 (B). For study 1, 213 cows were randomly allocated into 1
of 3 intrauterine treatment groups: control (CTR; 250 mL of saline solution), low dose (L-IL8; 11.25 µg of rbIL-8 diluted in 250 mL of saline
solution), and high dose (H-IL8, 1,125 µg of rbIL-8 diluted in 250 mL of saline solution). For study 2, 164 cows were randomly allocated into
1 of 4 treatment groups: control (CTR, 250 mL of saline solution), low dose (L-IL8, 0.14 µg of rbIL-8), medium dose (M-IL8, 14 µg of rbIL-8),
and high dose (H-IL8, 1,400 µg of rbIL-8). The P-values for the fixed effect of treatment (Trt), time, and the interaction term treatment by time
are included in each graph. Results are presented at LSM ± SEM.

levels due to the reduced expression and abundance
of liver-specific GH receptor (Rhoads et al., 2007). A
negative feedback control of GH actions occurs via the
increased concentration of IGF-1. It has been shown
that GH signaling could be altered via the production
of suppressors of cytokine signaling (SOCS) proteins
Journal of Dairy Science Vol. 102 No. 11, 2019

(Rico-Bautista et al., 2006). Interleukin-8 promotes the
production of SOCS (Stevenson et al., 2004). Thus,
it is possible that IL-8 inhibited the GH signaling via
SOCS production, which will result in lower production
of IGF-1, thus exacerbating the un-coupling of the GH/
IGF-1 axis that characterizes a postpartum dairy cow
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during the early lactation. Further studies evaluating
plasma IGF-1 and GH concentrations in Holstein cows
treated with rbIL-8 during the early lactation are necessary to address this hypothesis.
Optimal hepatic function is critical for proper transition into lactation. The hepatic release of glucose
increases from 1.4, to 2.7, and to 3.5 kg/d between
−9, 11, and 33 d relative to parturition due to greater
uptake of substrates and expression of gluconeogenesis
rate-limiting enzymes (Greenfield et al., 2000; Reynolds
et al., 2003; Selim et al., 2014). Moreover, the liver
extracts about 20% of the circulating fatty acids and is
the major organ involved with lipid metabolism during
the transition period (Reynolds et al., 2003). Within
the hepatocytes, fatty acids can be esterified into triglycerides, completely oxidized to generate ATP, or
partially oxidized into ketone bodies that can be used
as an energy source by other tissues and as a substrate
for milk fat synthesis.
In the present study, intrauterine rbIL-8 treatment
reduced the incidence of postpartum HYK and CK,
both only numerically. Studies with human and rat hepatocytes showed that recombinant IL-8 reduced apoptosis and stimulated cell proliferation in vitro (Colletti
et al., 1998; Osawa et al., 2002). For instance, antibody
neutralization of CXC chemokines impaired liver regeneration in rats subjected to 70% hepatectomy (Colletti
et al., 1998). Moreover, mice treated with recombinant
IL-8 and concanavalin A-induced liver damage resulted
in lower transaminase activities (AST and ALT) and
significantly reduced liver damage (Osawa et al., 2002).
It is possible that the treatment with rbIL-8 in our
study reduced hepatocyte apoptosis and increased
cell proliferation, thus increasing the number of cells
available to process nutrients and metabolites. As a
result, the liver would have been able to oxidize a larger
amount of fatty acids before the tricarboxylic acid cycle
was inhibited due to excess ATP/NADH and depression of appetite associated with hepatic oxidation; the
upshot would be reduced BHB production and reduced
lipid accumulation within hepatocytes. However, further investigation is needed to address this hypothesis.
Further studies with a larger sample size are needed to
evaluate whether differences in HYK and CK during
the early postpartum should be expected with the use
of rbIL-8.
Moreover, the observed positive effect on milk yield
was not associated with increased BCS loss. Therefore,
rbIL-8 treatment might stimulate appetite and increase
feed intake, and therefore it would not significantly affect BCS and would reduce the incidence of HYK and
CK. More studies are needed to evaluate the effect of
rbIL-8 treatment during the early lactation in Holstein
cows on DMI.
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The activation of NF-κB during mammary gland
development is critical for mammary cell differentiation (Brantley et al., 2001; Cao et al., 2001). Prolactin
and progesterone are the primary hormones necessary
to ensure proper mammary gland development during
pregnancy. Interestingly, it has been demonstrated that
both hormones induced the expression of receptor activator of NF-κB ligand (RANKL), which is essential to
activate NF-κB and upregulate cycling D1 (Srivastava
et al., 2003). Interleukin-8 is also known as an activator
of RANKL (Bendre et al., 2003). Therefore, it is also
possible that the observed effect of IL-8 administration on milk yield might be, at least in part, due its
potential direct effects on mammary gland tissue development. Furthermore, IL-8 also promotes angiogenesis
through the stimulation of a potent vasculogenic and
angiogenic factor, named vascular endothelial growth
factor (VEGF), by the activation of different signaling
pathways (Strieter et al., 1995; Martin et al., 2009; Hou
et al., 2014). Along this line, we speculate that IL-8
might also increase mammary gland and liver blood
flow, which would result in an increased oxygen and
nutrient supply and ultimately promote tissue proliferation in those organs.
Taken together, considering the effects of rbIL-8
treatment that we observed on circulating metabolites
and on milk production, and the evidence that IL-8
might induce insulin resistance (Kobashi et al., 2009),
increase SOCS proteins (Stevenson et al., 2004), promote angiogenesis (Martin et al., 2009), and reduce
apoptosis and stimulate cell proliferation (Colletti et
al., 1998; Osawa et al., 2002), we hypothesize that a
single administration of rbIL-8 at the day of calving
might involve one or several biological processes: increase insulin resistance in peripheral tissues, favor the
un-coupling of the GH/IGF-1 axis, increase mammary
cell proliferation, increase DMI, and enhance hepatic
function during lactation, thus improving metabolic
health and milk yield in Holstein cows. However, the
precise mechanism underlying the role of rbIL-8 on
milk yield in dairy cows, particularly in controlling
homeorhesis, remains to be studied.
Uterine diseases are highly correlated with bacterial contamination and immune suppression (Dubuc et
al., 2010; Bicalho et al., 2012). Thus, recruitment of
neutrophils to the uterine lumen is a key factor for
early clearance of bacterial contamination (Kimura et
al., 2002; Hammon et al., 2006). Herein, the intrauterine administration of rbIL-8 significantly reduced the
incidence of puerperal metritis in multiparous cows.
Although, in the present study, we did not evaluate
the proportion of neutrophils in the reproductive tract,
we have previously demonstrated that Holstein heifers
and nonpregnant lactating cows that received vaginal
Journal of Dairy Science Vol. 102 No. 11, 2019
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and intrauterine administration of rbIL-8 had a higher
proportion of neutrophils in their reproductive tract
when compared with controls (Bicalho et al., 2019).
Additionally, our previous work also demonstrated its
chemoattractant properties in vitro (Bicalho et al.,
2019). Thus, we suggest that intrauterine administration of rbIL-8 within 12 h of parturition increases neutrophil migration and activation to the reproductive
tract, which would result in early clearance of bacterial
contamination.
We did not observe an effect of treatment on puerperal metritis for primiparous cows. Antibodies are the
major and most important opsonin molecules of the
adaptive immune system (Hiemstra and Daha, 1998).
As neutrophils encounter a bacterium, opsonins neutralize the bacterium electrostatic charge by coating
them with positively charged molecules, facilitating
the interaction of the negatively charged neutrophils
with the opsonin-coated bacteria. More importantly,
antibodies are required to recognize specific bacteria
to signal neutrophils to initiate phagocytosis (Hiemstra
and Daha, 1998; Rosales et al., 2016). Because primiparous animals have never been exposed to postpartum
uterine disease, they are very susceptible to reproductive tract infections in the early postpartum period. It
is possible that the lack of effect of rbIL-8 treatment
on puerperal metritis in primiparous cows was due to
absence of specific antibodies against pathogens associated with puerperal metritis. Another possible explanation is that the dose used in the present study was too
high for primiparous cows. Although the intrauterine
administration of rbIL-8 did not significantly increase
the incidence of puerperal metritis in primiparous cows,
we observed a numerical increase in a dose-dependent
manner. Therefore, is possible that an excessive migration and activation of neutrophils triggered by rbIL-8
treatment could cause a more robust inflammatory
response and thus more cows exhibiting altered uterine
discharge and systemic clinical signs. More studies are
needed to evaluate these hypotheses.
Moreover, it has been hypothesized that RFM is
caused by an impaired immune function during the peripartum period, with a special emphasis on neutrophil
function and migration. Thus, the failure of placental
detachment seems to be, at least in part, due to a reduced ability of neutrophils to digest the cotyledon-caruncle attachment after parturition. Interleukin-8 plays
a key role in the pathogenesis of RFM. It was previously demonstrated that cows that developed RFM had
impaired neutrophil function and lower plasma IL-8
concentrations before and after calving compared with
cows that did not develop RFM (Kimura et al., 2002).
In addition, IL-8 was reported to induce neutrophil collagenase and elastase expression, which are enzymatic
Journal of Dairy Science Vol. 102 No. 11, 2019

activities involved in fetal membrane detachment and
cervical dilation (Kanayama et al., 1988; Rath et al.,
1998). This study was not powered to compare the effect of treatment on incidence of RFM. Therefore, the
results presented here on RFM are inconclusive. In the
present study, we did not have the power to compare
the effect of treatment on incidence of uterine diseases
of cows treated early or those treated closer to 12 h
after calving. It is possible that rbIL-8 could have a
beneficial effect on RFM if it was applied earlier, either
before parturition or immediately after delivery of the
calf. This hypothesis remains to be evaluated.
Although our study evaluated the effect of rbIL-8
treatment in 2 separate randomized clinical trials, the
external generalization of the results must be made
cautiously because it was limited to a single dairy farm.
CONCLUSIONS

In summary, intrauterine rbIL-8 treatment reduced
the incidence of puerperal metritis in multiparous
cows. More research with a larger sample size is needed
to evaluate immediate administration of rbIL-8 after
delivery of the calf on RFM. More importantly, treatment with intrauterine rbIL-8 within 12 h after calving
increased milk, FCM, and ECM yields in the long term.
Further research on lactating cows is needed to evaluate rbIL-8 effects on liver function, DMI, cell proliferation and apoptosis in the liver and mammary gland,
metabolic parameters, and its potential effect on the
homeorhetic shifts that occur after calving to support
lactation.
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