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ABSTRACT

Inflammatory bowel disease (IBD) is a poorly un-
derstood chronic immune disorder for which there is
no medical cure. Milk and colostrum are rich sources
of bioactives with immunomodulatory properties. Here
we compared the therapeutic effects of oral delivery
of bovine milk-derived iron-saturated lactoferrin (Fe-
bLF), angiogenin, osteopontin (OPN), colostrum whey
protein, Modulen IBD (Nestle Healthsciences, Rhodes,
Australia), and cis-9,trans-11 conjugated linoleic acid
(CLA)-enriched milk fat in a mouse model of dextran
sulfate-induced colitis. The CLA-enriched milk fat sig-
nificantly increased mouse body weights after 24 d of
treatment, reduced epithelium damage, and downregu-
lated the expression of proinflammatory cytokines and
nitrous oxide. Modulen IBD most effectively decreased
the clinical score at d 12, and Modulen IBD and OPN
most effectively lowered the inflammatory score. My-
eloperoxidase activity that denotes neutrophil infiltra-
tion was significantly lower in mice fed Modulen IBD,
OPN, angiogenin, and Fe-bLF. A significant decrease
in the numbers of T cells, natural killer cells, dendritic
cells, and a significant decrease in cytokine expression
were observed in mice fed the treatment diets compared
with dextran sulfate administered mice. The Fe-bLF,
CLA-enriched milk fat, and Modulen IBD inhibited
intestinal angiogenesis. In summary, each of the milk
components attenuated IBD in mice, but with differing
effectiveness against specific disease parameters.
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INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic im-
mune disorder affecting over 1.4 million people in the
United States and 12 to 13/100,000 people worldwide
(Podolsky, 1991). In healthy individuals, the intestine
becomes inflamed in response to a pathogen then re-
turns to a state of immunological tolerance once the
pathogen is eradicated. However, in individuals with
IBD, inflammation is not downregulated and the muco-
sal immune system remains chronically activated, lead-
ing to persistent intestinal inflammation (Kaser et al.,
2010). Epidemiological and family studies demonstrate
that genetic factors play a key role in susceptibility
to IBD (Ek et al., 2014). Inflammatory bowel disease
manifests as 2 clinical diseases, namely Crohn’s disease
and ulcerative colitis (UC; Podolsky, 1991; Kaser et
al., 2010). Crohn’s disease affects the entire wall of any
region of the gastrointestinal tract, whereas the pathol-
ogy associated with UC is confined to the mucosa of the
colon and rectum. Even though UC and Crohn’s dis-
ease are generally accepted as being clinically distinct
conditions with distinguishing clinical, anatomical,
and histological findings, no diagnostic procedure has
been established to distinguish between them (Sands,
2004). Nearly 10% of patients suffering with IBD have
indeterminate features between UC and Crohn’s dis-
ease that cannot be clearly classified (Podolsky, 1991).
Inflammatory bowel disease often predisposes to other
diseases including arthritis, pyoderma gangrenosum,
primary sclerosing cholangitis, and nonthyroidal illness
syndrome (Liu et al., 2013). Neither Crohn’s disease
nor UC is medically curable; current treatment involves
administration of high-dose steroids, immunomodula-
tors, and surgery (Triantafillidis et al., 2011).

Milk and colostrum are rich sources of bioactives,
including proteins, peptides, and lipids that play cru-
cial roles in both neonates and adults, and represent
potential health-enhancing nutraceuticals (Krissansen,
2007; Kanwar et al., 2009). Dairy bioactives have
demonstrated bioavailability and anti-inflammatory
and immunomodulatory properties capable of treating
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various human disorders (Krissansen, 2007; Kanwar et
al., 2009). Orally administered bovine lactoferrin (LF)
has been reported to reduce zymosan-induced ear-skin
inflammation in mice (Hartog et al., 2007), adjuvant-
induced arthritis in rats (Hayashida et al., 2004) and
mice (Samarasinghe et al., 2014), and inflammation in
other inflammatory disorders (Conneely, 2001); oral bo-
vine milk-derived iron-saturated lactoferrin (Fe-bLF)
inhibits cancer in mice (Kanwar et al., 2008a, 2012).
Lactoferrin promotes intestinal cell growth (Nemet and
Simonovits, 1985), inhibits myelopoesis (Gentile and
Broxmeyer, 1983), and has beneficial effects on iron
(Ke et al., 2015) and lipid metabolism (Ono et al.,
2013). It inhibits the formation of toxic reactive oxygen
species by chelation and storage of plasma iron in the
liver and spleen, which contributes to the amelioration
of inflammatory states (Artym, 2009). For an average
adult person, 1.4 to 3.4 g of lactoferrin can be adminis-
tered per day without inducing any side effects (EFSA,
2012).

Angiogenin is a potent stimulator of the formation
of new blood vessels (neoangiogenesis; Gao and Xu,
2008). It promotes the migration, invasion, and pro-
liferation of endothelial and smooth muscle cells, as
well as the formation of tubular structures. It activates
inositol-specific phospholipase C, which promotes a
transient increase in the intracellular levels of 1,2-dia-
cylglycerol and inositol trisphosphate that facilitate
angiogenesis (Bicknell and Vallee, 1988). Milk-derived
angiogenin (also known as ribonuclease 5) induced
myogenic differentiation and promoted muscle weight
gain and grip strength when orally administered to
mice (Knight et al., 2014).

Osteopontin  (OPN) is a highly phosphorylated
sialoprotein, which forms a prominent component of
the mineralized extracellular matrices of bones and
teeth (Butler, 1989). It plays a role in wound healing,
immunological responses, tumorigenesis, bone resorp-
tion, calcification, obesity, and diabetes (Kahles et al.,
2014). A short spliced from of OPN, termed OPN-c,
upregulates several metabolic pathways to generate
energy and acts as inhibitor of apoptosis (Shi et al.,
2014). Osteopontin is a potent neuroprotectant that
protects cortical neuron cultures against death induced
by oxygen and glucose deprivation (Meller et al., 2005).
It is regarded as a proinflammatory cytokine that fa-
cilitates the recruitment of monocytes or macrophages
and stimulates cytokine secretion in leukocytes (Uede,
2011), it has also been associated with various inflam-
matory diseases (Uede, 2011); however, few studies
have examined the effects of oral administration of
OPN. Orally administered bovine OPN suppressed
the growth of subcutaneous tumors in mice through a
process involving inhibition of angiogenesis by blocking
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peptides that were absorbed into the circulation (Rit-
tling et al., 2014). Bovine milk OPN dissolved in drink-
ing water was orally administered to dextran sulfate
(DSS)-treated mice in a model of IBD (da Silva et al.,
2009). The treated mice experienced less weight loss,
reduced colon shortening and disease activity, improved
red blood cell counts, and reduced gut neutrophil activ-
ity.

The ingestion of colostrum is believed to play an es-
sential role in gut growth and development in the neo-
nate (Van Barneveld and Dunshea, 2011). Supplement-
ing formula-fed piglets with a low-molecular weight
fraction of bovine colostrum whey resulted in improved
intestinal barrier function (De Vos et al., 2014). It has
been reported that the colostrum whey proteins can be
administered at 30 g/d for 6 mo without inducing side
effects in humans (Kennedy et al., 1995).

Conjugated linoleic acid consists of a series of po-
sitional and geometric dienoic isomers of linoleic acid
that occur naturally in foods (Sébédio et al., 1999).
It was reported that cis-9,trans-11 CLA, which is the
major form of CLA in milk, improved weight gain and
feed efficiency in rats (Chin et al., 1994). The ability of
cis-9,trans-11 CLA to reduce the incidence and severity
of atherosclerotic lesions is widely studied and hotly
debated (Lee et al., 1994). It modified cardiovascular
risk biomarkers in spontaneously hypertensive rats
(Herrera-Meza et al., 2013). Dietary milk fat naturally
enriched with cis-9,trans-11 CLA and vaccenic acids at-
tenuated allergic dermatitis and airway disease in mice
(Kanwar et al., 2008b). Oral cis-9,trans-11 CLA inhib-
ited allergic sensitization and airway inflammation in
mice via a peroxisome proliferator-activated receptor-~
(PPAR~y)-related mechanism (Jaudszus et al., 2008).
The dose rate of CLA has been speculated to be 3.5 g
for a 70-kg individual (MacDonald, 2000).

Modulen IBD (Nestle Healthsciences, Rhodes, Aus-
tralia) is a powdered casein extract naturally enriched
in the anti-inflammatory factor transforming growth
factor (TGF)-32, intended for use as a sole source of
nutrition in the active phase of Crohn’s disease and for
nutritional support during the remission phase (Fell et
al., 2000). It has been shown to reduce inflammation in
the gut and promotes gut mucosal healing (Fell, 2005),
and was reported to significantly increase the BW of
pediatric Crohn’s disease patients (Buchanan et al.,
2009). Modulen IBD is generally administered at 800
mg 3 times a day for a period of 6 mo (Triantafillidis
et al., 2010).

Previous studies have acknowledged that consuming
probiotics in milk and acidified milk can provide protec-
tion against weight loss and intestinal inflammation in
a DSS-induced murine model of UC (Lee et al., 2015),
Thus, in the present study, we sought to compare the

Journal of Dairy Science Vol. 99 No. 4, 2016



2490

effects of oral delivery of the immunomodulatory dairy
components on different parameters of disease patho-
genesis in a mouse model of chronic colitis.

MATERIALS AND METHODS
Material

The various milk components including Fe-bLF,
angiogenin, OPN, colostrum whey protein (WP), and
cis-9,trans-11 CLA-enriched milk fat were prepared
in-house at the Fonterra Research Centre, Palmerston
North, New Zealand. Preparation of Fe-bLF and cis-
9,trans-11 CLA-enriched milk fat has been described
previously (Kanwar et al., 2008a,b). Modulen IBD was
obtained from Nestle Australia.

Colostrum WP was prepared by adjusting the pH
of fresh bovine skimmed colostrum to pH 6, followed
by dialysis overnight against milliQ) water with several
changes. The precipitated casein was removed by cen-
trifugation (3,000 x g, 30 min) and the remaining whey
was dried by lyophilization.

Angiogenin was prepared by loading fresh bovine
skim milk onto a column of Sepharose SP Big Beads
(GE Healthcare Australia, Parramatta, Australia) to
bind the basic milk protein fraction. Bound proteins
were stepwise eluted with a 0.35 M NaCl solution, fol-
lowed by a solution of 1.0 M NaCl. The 1.0 M NaCl
eluate was ultrafiltered using a cartridge with a cut-off
of 30 kDa (Millipore Prep/Scale TFF cartridge, Mil-
lipore, Billerica, MA). Permeate was diafiltered with
MilliQ water (Millipore), using a UF cartridge with a
cut-off of 3 kDa, to remove salt and then lyophilized.

Osteopontin was prepared from reconstituted acid
whey protein concentrate (WPC80, Fonterra Co-oper-
ative Group, Palmerston North, New Zealand). Briefly,
reconstituted whey protein concentrate (5% TS) was
adjusted to pH 4.6 and loaded onto a Q Sepharose Big
Beads column to bind the acidic whey protein fraction.
Bound proteins were eluted stepwise with a solution
of 0.25 M NaCl followed by a solution of 1.0 M NaCl.
The 1.0 M NaCl eluate was UF using a cartridge with a
cut-off of 30 kDa (Millipore Prep/Scale TFF cartridge).
The retentate was diafiltered with MilliQ water (Mil-
lipore), using a UF cartridge with a cut-off of 3 kDa, to
remove salt and then lyophilized.

Diets

The diets were prepared by Crop and Food Research
(Palmerston North, New Zealand) using the Harlan
Teklad AIN93G formulation as a base. Bovine casein
and soybean oil in the control AIN93G diet were
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supplemented in the experimental diets with the dairy
proteins and lipids, respectively, such that the protein
and lipid contents of the diet were unchanged. The di-
ets contained 1.25% (wt/vol) Fe-bLF, 0.3% angiogenin,
0.3% OPN, 1.25% (wt/vol) colostrum whey, 4.2% (wt/
vol) Modulen IBD, and 2% (wt/vol) CLA-enriched
milk fat.

Induction of Colitis in BALB/c Mice

The BALB/c male mice (7-12 wk old), weighing 21 to
23 g and maintained on an AIN93G diet, were adminis-
tered 4% (wt/vol) DSS (and 10% sucrose to aid nutri-
tion) in their drinking water for 5 to 7 d. Upon signs
of rectal bleeding, 0.5 mL of normal saline was injected
at 2 sites over the shoulders, to help avoid dehydration,
and the mice were shifted to 1% DSS in their drinking
water for 3 to 4 d to study the progression from acute
phase to chronic inflammation or recovery phase. After
DSS administration, one set of colitic mice (n = 6) were
fed with the AIN93G base diet to serve as a negative
control, whereas another set of healthy mice were also
fed on AIN93G base diet to serve as a positive control.
Only mice that showed rectal bleeding were used in the
treatment experiments. Groups of 6 mice were then fed
an AIN93G diet supplemented with one of the milk
components for 14 to 18 d until d 24. The DSS ad-
ministered to mice fed the treatment diets were scored
for decreased BW, inflammation, and epithelial dam-
age. The mice were euthanized in accordance with the
ethics guidelines as per the approved protocol by The
University of Auckland, Faculty of Medical and Health
Sciences (AEC/06/2003/R138). The anesthesia was
induced by 1.5 to 2% isofluorane administration and
humanely killed by a slowly filled CO, chamber while
under anesthesia. Terminal bleeding was performed by
cardiac puncture and the organs were isolated, weighed
independently, and examined for enlargement and in-
flammation. The intestines were fixed in 10% formalin
to be examined histopathologically.

Histology

Cryostat 8-pm sections of the intestines were placed
on slides, air-dried, and fixed for 10 min in ice-cold
acetone. The sections were stained with hematoxylin
and eosin to assess the degree of inflammation.

Myeloperoxidase Activity

Myeloperoxidase (MPO) activity is widely accepted
as a marker of neutrophil infiltration into tissues and
has also been commonly correlated with white cell
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Table 1. Assessment of inflammation symptoms and inflammatory score

Score Diarrhea score Visible fecal blood Inflammatory score

0 Normal pellets None No inflammation

1 Slightly loose feces None Start of inflammation

2 Loose feces Slightly bloody Slight inflammation

3 Watery diarrhea Bloody Moderate inflammation or edema
4 Watery diarrhea Blood in whole colon Heavy inflammation or edema

"The overall score reflects the degree of diarrhea, visible fecal blood, and the inflammatory score on the day of
termination. The inflammatory score reflects macroscopic appearance of the colon judged by degree of inflam-

mation and presence of ulcerations or edema.

counts and lesions in DSS-treated rats. Colon sections
were assayed for MPO activity as described Krawisz et
al. (1984).

Assessment of Inflammation Symptoms
and Inflammatory Score

Clinical assessment of inflammation included daily
monitoring of BW and general condition of health,
including the presence of diarrhea and fecal blood. Sec-
tions of the intestines were graded in a range from 0
to 4 as to the degree and depth of inflammation, crypt
damage, and regeneration (Table 1).

Detection and Identification of Immune Cells

Fluorescein isothiocyanate-conjugated rat anti-mouse
cluster of differentiation (CD) 4 monocloncal antibody
(mAb), rat anti-mouse CD8a antibody, anti-mouse
natural killer (NK) 1 antibody (BioLegend, San Di-
ego, CA), and anti-mouse dendritic cell marker 33D1
antibody (eBioscience, San Diego, CA) were used to
determine the respective expression of these markers
in the tissue slides. Cells from 5 different images that
were positive for CD4+, CD8+, NK+, and dendritic
cell (DC+) expression were counted, and plotted in a
graph.

Analysis of Cytokine Expression

Cytokine expression in whole colonic tissue homog-
enates was analyzed. Dissected tissues were homog-
enized in radio-immunoassay precipitation buffer, the
homogenates centrifuged for 10 min at 25,000 x g¢
and 4°C, and the supernatants frozen in aliquots at
—80°C. The concentrations of IL-4, IL-6, IL-10, IL-18,
IFN-~, tumor necrosis factor (TNF)-a, granulocyte-
macrophage colony-stimulating factor (GM-CSF),
and nitric oxide were analyzed by ELISA according to
the manufacturer’s instructions (R&D Systems, Min-
neapolis, MN), and expressed as picograms per 100 mg
of colonic tissue.

Measurement of Blood Vessel Density

Blood vessels in sections prepared from the small
intestine of mice were stained with anti-CD31 and
anti-CD105 mAb, or perfused with 3,3'-diheptyloxa-
carbocyanine iodide (DiOCT), and counted in blindly
chosen random fields to record mean vessel density per
surface area.

Assessment of Apoptosis of T cells
in Intestinal Sections

Sections prepared from the small intestine were
blocked with 3% BSA for 1 h and washed thrice in
water. They were stained by the terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL)
method using the in situ cell death detection kit from
Roche (Basel, Switzerland). They were then double-
stained for 1 h with a mouse anti-CD3 antibody (Santa
Cruz Biotechnology, Dallas, TX), followed by staining
with a tetramethylrhodamine-conjugated secondary
antibody (Sigma-Aldrich, St. Louis, MO) for 1 h. Slides
were mounted and viewed by fluorescence microscopy.
Cells from 5 different images that were positive for both
CD3 and the TUNEL stain were counted and plotted
to represent the apoptosis index.

Statistical Analysis

All data are expressed as mean =+ standard deviation.
The statistical significance of the differences was evalu-
ated using the Student’s t-test. Statistical significance
was defined as P < 0-05 and P < 0.01.

RESULTS

DS S-Induced Induction of Colitis in BALB/c Mice

Oral administration of 4% (wt/vol) DSS in the
drinking water led to induction of acute intestinal in-
flammation as observed by rectal bleeding. The mice
were immediately shifted to 1% DSS for 3 to 4 d to
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Figure 1. Overview of induction of dextran sulfate (DSS)-induced colitis in BALB/c¢ mice. (a) Mice received 4% DSS in their drinking wa-
ter for 5 to 7 d, and once rectal bleeding was observed they were shifted to 1% DSS for 3 to 4 d. They were then returned to normal drinking
water, at which time they were randomized to receive the base AIN93G diet (Crop and Food Research, Palmerston North, New Zealand), or
the same diet supplemented with 1 of the 7 different milk components for 14 to 18 d. Tissues and organs were then collected and examined. (b)
Daily change in BW of groups of mice; each group consisted of 5 to 6 mice. (c¢) Spleen, colon, and cecum weights (mg) at the end of the study.
Data values are expressed as means + SD. Differences compared with the DSS+ control diet were considered significant when *P < 0.05, and
highly significant when **P < 0.01. Fe-bLF = bovine milk-derived iron-saturated lactoferrin; WP = whey protein. Color version available online.

Table 2. Pathophysiological parameters (means £+ SD) in mice with chronic inflammatory bowel disease

Item' Fe-bLf* Angiogenin  Osteopontin Modulen® Colostrum WP®  CLA-milk fat  DSS® + control diet
BWatdo 21.2 + 1.5 24 £ 3 22 £ 2 212+ 3 234 + 2 22 £2 22 £ 2

BW at d 24 22.75 £ 3 225 £ 2 23.6 + 2.3 23.5 + 3.5 245 + 2.5 25 £ 2.5 20 £ 2

Colon length 8.6 + 2.5 8+1 8.6 £2.5 10 £ 2 9408 9+ 0.7 75 +£1
Water intake 383 £ 4.5 46 £ 4.5 45 £ 5 48 £+ 3.5 383 +t4 36 £ 2.5 35 £ 3.5
Crypt area 42+ 5 38.6 £5 42 £ 5.5 34.5 £ 3.8 34.5 £ 4.5 33.5 £3.5 225+ 35

"Body weight in grams; colon length at d 24 in cm; water intake over 2 wk in milliliters; crypt area refers to percentage of total mucosal area.

Fe-bLf = bovine milk-derived iron-saturated lactoferrin.
*Modulen IBD, Nestle Healthsciences, Rhodes, Australia.

WP = whey protein.
’DSS = dextran sulfate.
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induce sustained chronic inflammation (Figure la).
The mice failed to thrive, as demonstrated by plateau-
ing of their BW. In contrast, mice on each of the 6
supplemented diets showed increased BW compared
with DSS-administered, diseased mice that were fed
the control base diet. Mice fed OPN, Modulen IBD
(all P < 0.05), and CLA-enriched milk fat (P < 0.01)
showed a significant increase in average BW at the end
of 24 d (Figure 1b). Colon length was increased by 1.15
fold by Fe-bLF and OPN, 1.2 fold by colostrum WP
and CLA-enriched milk fat, and 1.33 fold by Modulen
IBD. Intestinal crypt area was increased 1.87 fold by
Fe-bLF and OPN, 1.71 fold by angiogenin, 1.53-fold
by colostrum WP, and by 1.48 fold CLA-enriched milk
fat (Table 2). The Fe-bLF, OPN, Modulen IBD (all P
< 0.01), angiogenin, colostrum WP, and CLA-enriched
milk fat (all P < 0.05) significantly increased spleen
weight. Angiogenin, OPN, and Modulen IBD signifi-
cantly decreased (P < 0.05) colon weight compared
with the DSS-administered mice fed the control base
diet. The cecum weight was significantly reduced (P <
0.05) in mice fed Fe-bLF, angiogenin, OPN, Modulen
IBD, and colostrum WP (Figure 1c).

Clinical and Histological Data

Administration of DSS led to the induction of acute
inflammation in mice. The MPO activity, which is used
as a quantitative assessment of neutrophil infiltration,
was nonsignificantly reduced in the colon sections of
mice fed colostrum WP (8 + 3 U/mg of protein) and
CLA-enriched milk fat (7 & 2 U/mg of protein), and
significantly (P < 0.05) reduced in mice fed Fe-bLF
(5 £ 2 U/mg of protein), angiogenin (6 = 2 U/mg of
protein), OPN (6 + 2 U/mg of protein), and Modulen
IBD (5 £ 2 U/mg of protein), compared with mice
administered with DSS fed the control base diet (9 + 3
U/mg of protein; Figure 2a).

Mice were clinically assessed daily and given a score
for their general condition of health, including BW
(Figure 2b). The clinical score gradually increased to
3 upon DSS administration, plateaued, and then, after
removal of DSS and feeding colitic mice the control base
diet, slowly declined to a score of 1 at d 24. Modulen
IBD caused a rapid and significant (P < 0.01) decrease
in the clinical score, such that Modulen IBD-fed mice
had a clinical score of 1 at d 12 and 0 at d 16. The CLA-
enriched milk fat also caused a rapid and significant (P
< 0.01) decrease in the clinical score, which reached 0
on d 16. Both Fe-bLF and OPN significantly (P < 0.05)
reduced the clinical score from 3 to 1 on d 14 and from
1 to 0 on d 20. Colostrum WP reduced the clinical score
to 1 on d 20 and 0 on d 22, whereas angiogenin reduced
the clinical score to 1 on d 22 and 0 on d 24.
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Sections of the colon were stained with hematoxylin
and eosin and graded with respect to the amount of
inflammation and epithelium damage. The Fe-bLF,
angiogenin, colostrum WP, OPN, Modulen IBD, and
CLA-enriched milk fat reduced the inflammatory score
from2+1latd24to1+0.5(P<0.05),1.5+05, 1.5
+ 0.5 (both P > 0.05), 0.5 £ 0.5, 0.5 £+ 0.5 (both P <
0.01), and 1 £+ 0.5 (P < 0.05), respectively, at the end
of the study, after humanely killing the mice after 24
d of treatment. They reduced the epithelium damage
score from 2 + 0.5 at d 24 to1 + 0.5, 1 +£ 0.5, 1 £+ 0.5,
14+ 05, 1+05 (all P < 0.05), and 0.5 + 0.5 (P <
0.01), respectively, at the end of the study (Figure 2c).

The colonic mucosa and submucosa of DSS-induced
colitic mice fed the control base diet were infiltrated
with increased numbers of immune cells compared with
undiseased, healthy mice fed the same diet. A signifi-
cant increase was observed in the numbers of infiltrated
CD4+ and NK [asialo GM1 (a type of glycosphingolipid
expressed on NK cells)-positive] cells (both P < 0.001),
as well as CD8+ cells and DC (both P < 0.01) com-
pared with untreated mice (Figure 2d). Osteopontin (P
< 0.01), Fe-bLF, angiogenin, and Modulen IBD (all P
< 0.05) significantly reduced infiltration of CD4+ cells.
In contrast, colostrum WP and CLA-enriched milk fat
had no significant effect on infiltration by CD4+ cells.
Angiogenin, OPN, colostrum WP, and CLA-enriched
milk fat (all P < 0.01), as well as Fe-bLF (P < 0.05),
significantly decreased CD8+ cell infiltration. The
numbers of infiltrated NK+ cells were significantly
reduced in Fe-bLF, angiogenin, OPN (all P < 0.01),
Modulen IBD, and colostrum WP-fed mice (P < 0.05),
whereas the CLA-enriched milk fat diet had no signifi-
cant effect. Angiogenin (P < 0.05) and OPN (P < 0.01)
were the only milk components to significantly decrease
the number of DC, whereas CLA-enriched milk fat in-
creased DC numbers, albeit nonsigificantly (Figure 2d).

Effects of Milk Components on Cytokine Expression

Colitic mice had elevated levels of colonic cytokine
expression compared with healthy mice provided nor-
mal water. The OPN (P < 0.001), angiogenin, and
CLA-enriched milk fat (both P < 0.01), as well as Fe-
bLF, Modulen IBD, and colostrum WP (all P < 0.05),
significantly reduced the levels of IL-6. Angiogenin,
OPN, and CLA-enriched milk fat (all P < 0.01) and
Fe-bLF, Modulen IBD, and colostrum WP diet (all P <
0.05) significantly reduced IL-10 expression. Colostrum
WP and CLA-enriched milk fat (both P < 0.01) and
Fe-bLf, angiogenin, OPN, and Modulen IBD (all P <
0.05) significantly reduced IL-18 expression (Figure 3a).

Each of the milk components also significantly inhib-
ited the DSS-induced expression of IFN-~, TNF-q, IL-4,
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Figure 2. Therapeutic effects of oral feeding of milk components on dextran sulfate (DSS)-induced colitis. (a) Myeloperoxidase (MPO) activ-
ity (U/mg of protein) in sections of the colon, (b) clinical score, (c) inflammation and epithelium damage scores, and (d) numbers of immune

cells that have infiltrated the lamina propria of the small intestine after

as the means + SD; different compared with the DSS+ control diet: *P < 0.05

oral feeding of different milk components to mice. The data are expressed
, ¥*P < 0.01. Fe-bLF = bovine milk-derived iron-saturated lacto-

ferrin; WP = whey protein; CD = cluster of differentiation; NK = natural killer; DCs = dendritic cells. Color version available online.

IL-5, GM-CSF, and NO (Figure 3(b)). Angiogenin was
particularly effective (P < 0.01) at inhibiting TFN-~
expression compared with all other groups (P < 0.05).
Angiogenin, OPN, and CLA-enriched milk fat (all P <
0.01) were more effective than Fe-bLF, Modulen IBD,
and colostrum WP (all P < 0.05) at reducing TNF-«
expression. The CLA-enriched milk fat was compara-
tively more effective (P < 0.01) in inhibiting IL-4 and
IL-5 expression compared with all other groups (all P <
0.05). The Fe-bLF, colostrum WP, and CLA-enriched
milk fat were more effective (all P < 0.01) at reducing
GM-CSF expression than were angiogenin, OPN, and
Modulen IBD (all P < 0.05). The milk components
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were equally effective in downregulating NO expression
(all P < 0.05).

Effects of Milk Components on Angiogenesis

Antibody staining of CD31 and CD105 was performed
to detect the presence of endothelia in sections prepared
from the small intestine, where CD105 marks newly
formed blood vessels (neovascularization). The DiOC7
staining was done to demarcate perfusable vasculature.
Conjugated linoleic acid-enriched milk fat and Fe-bLF
significantly (P < 0.05) reduced both CD31 and DiOC7
staining. Modulen IBD significantly (P < 0.05) reduced
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CD105 and DiOCT staining, whereas OPN significantly
reduced (P < 0.05) CD105 expression. In contrast, an-
giogenin and colostrum WP had no significant effect on
the angiogenesis markers (Figure 3(c)).

Effects of Milk Components on Apoptosis of T cells

The apoptotic index for small intestinal T cells was
obtained by double-staining T cells with the TUNEL
agent and an anti-CD3 monoclonal antibody. Both Fe-
bLF and Modulen IBD highly significantly (P < 0.01)
induced the apoptosis of T cells, whereas all the other
dairy components significantly (P < 0.05) induced
apoptosis..
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DISCUSSION

As reported previously (Okayasu et al., 1990), oral
delivery of DSS induced rectal bleeding and diarrhea,
which are common symptoms of colitis. Blood was
found in the whole colon associated with inflammation,
enlarged spleens, and weight loss. Histological features
that typify colitis, including shortening of the colon,
decreased crypt density (increased spacing between
crypts), and severe infiltration of inflammatory cells to
the intestinal wall, were evident.

It is also established in the current study (Figure
1b), that DSS treatment leads to anorexia in rats. As
IBD is known to manifest itself anywhere along the
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Figure 3. Anti-inflammatory and antiangiogenic activity of milk components. (a,b) Effect of oral feeding of different milk components on

cytokine expression in colon homogenates. (¢) Blood vessels in sections

of the small intestine were stained with anti-CD31 and anti-CD105

monoclonal antibody (mAb), or perfused with 3,3'-diheptyloxacarbocyanine iodide (DiOC7), and counted in blindly chosen random fields to
record mean vessel density per surface area (0.155 mm2). (d) Apoptosis of T cells in the lamina propria region of the small intestine. Sections

were double-stained with the fluorescein isothiocyanate-labeled terminal

deoxynucleotidyl transferase dUTP nick end labeling agent and with

an anti-CD3 mAb. Data represent mean values + SD; different compared with the DSS+ control diet: *P < 0.05, and **P < 0.01. Fe-bLF =
bovine milk-derived iron-saturated lactoferrin; WP = whey protein; GM-CSF = granulocyte-macrophage colony-stimulating factor; NO = nitric

oxide; CD = cluster of differentiation.
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dietary tract, from mouth to anus, diseased patients
are likely to experience regular pain from food inges-
tion or malabsorption; hence, IBD may lead to anorexia
and associated weight loss. In the present study, CLA-
enriched milk fat, OPN, and Modulen IBD led to BW
gain in mice. In accord with the results from da Silva
et al. (2009), OPN proved to be one of the most ef-
fective agents at combating colitis, causing significant
increases in BW, colon length, and crypt area. da Silva
et al. (2009) also reported that OPN-treated mice ex-
perienced less disease activity, improved red blood cell
counts, and reduced gut neutrophil activity. Modulen
IBD has been reported to significantly increase BW in
80% of patients out of 110 patients (Buchanan et al.,
2009). It has also been reported that CLA milk fat
leads to gain in BW by increasing the muscle mass of
the body (Sagwal and Kansal, 2010); thus, our findings
were in accordance with published reports.

Modulen IBD, which is an enteral nutrition used in
the treatment of IBD (Mayberry, 2004), proved to be
the most effective treatment in reducing the clinical
score in mice with chronic IBD, followed by CLA-en-
riched milk fat, OPN, and Fe-bLF, and then angiogenin
and colostrum WP. These results were not unexpected,
as Modulen IBD is enriched in the potent immuno-
suppressor TGF-3, whereas c¢is-9,trans-11 CLA exerts
anti-inflammatory effects, as evidenced by its ability to
inhibit LPS-induced activation of macrophages (Dowl-
ing et al., 2013), nuclear factor (NF)-kB activation,
and IL-12 production by dendritic cells (Loscher et
al., 2005) and subsequent Th17 responses (Draper et
al., 2014). Intake of butter naturally enriched with
cis-9,trans-11 CLA reduced systemic inflammatory me-
diators in healthy young adults (Penedo et al., 2013);
likewise, diets enriched with either cis-9,trans-11 CLA
or bovine milk fat enriched in c¢is-9,trans-11 CLA and
its precursor, vaccenic acid, attenuated allergic airway
disease in mice (Kanwar et al., 2008b). Treatment with
cis-9,trans-11 CLA inhibited allergic dermatitis in mice
(Sun et al., 2011). Conjugated linoleic acid milk fat
treatment also worked better than osteopontin and Fe-
bLF, followed by angiogenin and colostrum WP. This
is because CLA milk fat is considered a natural inflam-
mation fighter as it has the ability to reduce the TNF-a
and IL-6 expression (O’Shea et al., 2004). It has been
reported that CLA induced a reduction in expression of
COX2, TNF-a, NO, and IL-103 by downregulating per-
oxisome proliferator-activated receptor-~y (Changhua et
al., 2005).

Analysis of the inflammatory and epithelial damage
scores revealed that mice fed diets containing OPN and
Modulen IBD showed the most significant reduction in
inflammatory score, whereas mice fed the CLA-enriched
milk fat diet showed the most significant reduction in
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the epithelium damage score. In a prospective, 10-wk
open-label trial, children with active, naive Crohn’s dis-
ease were randomized to receive Modulen IBD or oral
corticosteroids (Borrelli et al., 2006). The proportion of
children that showed mucosa healing was significantly
higher in those children treated with Modulen IBD
than those treated with corticosteroids. Cell-mediated
immunity against the luminal flora is reported to be
the key event in driving the inflammatory process that
leads to intestinal lesions in IBD (Podolsky, 1991; Kaser
et al., 2010).

The Fe-bLF, angiogenin, OPN, and Modulen 1BD
significantly lowered neutrophil infiltration, as evi-
denced by reduced MPO activity. Human LF has been
reported to protect against LPS-induced acute lung
injury in mice, in part by preventing neutrophil infil-
tration (Li et al., 2012). Studies have also claimed that
angiogenesis-promoting cytokine angiogenin promotes
inflammation by increasing the vascular angiogenesis
in patients with IBD (Koutroubakis et al., 2004). How-
ever, in the present study, we found that oral-fed angio-
genin in mice with chronic IBD led to a decrease in the
neutrophil infiltration. Paradoxically, OPN is known
to increase neutrophil and macrophage infiltration via
its RGD sequence (Li et al., 2012). Thus, injection of
OPN into mice led to a robust increase in peritoneal
infiltration of neutrophils (Atai et al., 2011). Further,
OPN is important for the functioning of fibroblasts,
macrophages, and lymphocytes during inflammation
(Koh et al., 2007). In the present study, oral feeding of
OPN paradoxically lowered neutrophil infiltration into
the intestine. In support, DSS-induced acute colitis is
exacerbated in OPN-null mice, associated with down-
regulation of TNF-a expression and nonprogrammed
cell death, suggesting that OPN is required for mucosal
protection in acute inflammatory colitis (Da Silva et
al., 2006).

Significant decreases in the infiltration of T cells,
NK cells, and dendritic cells were observed in mice fed
the dairy component-supplemented diets when com-
pared with the DSS-administered mice fed the control
base diet (Figure 4). Clinical evidence obtained from
previously published reports (Sartor, 1995) suggests
that uncontrolled T lymphocyte activation is a central
pathogenic mechanism of chronic intestinal inflam-
mation. Cell-mediated immunity against the luminal
flora is reported to be the key event in driving the
inflammatory process that leads to intestinal lesions
in inflammatory bowel disease (ten Hove et al., 2002).
The proportions of circulating CD4(+) and CD8(+)
T lymphocytes is generally elevated in patients with
IBD (Funderburg et al., 2013). Thus, immunodeficient
mice have been commonly used to investigate the im-
munological mechanisms involved in the induction of
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Figure 4. Anti-inflammatory and immunomodulatory potential of milk-derived components. Dextran sulfate (DSS)-induced colitis in
BALB/c mice led to chronic inflammation, associated with damage to the intestinal epithelium, intestinal bleeding, and diarrhea. The numbers
of cluster of differentiation (CD) 4" and CD8" T lymphocytes, natural killer (NK) cells, and dendritic cells in the intestinal lamina propria were
increased together with increased colonic levels of 1L-6, I11-10, 1L-18, IFN-~, TNF-«, 1L-4, IL-5, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and nitric oxide (NO). Intestinal angiogenesis which is an integral component of inflammatory bowel disease (IBD) pathogen-
esis and marks the occurrence of chronic inflammation was increased. Diets containing milk-derived components including bovine milk-derived
iron-saturated lactoferrin (Fe-bLF), angiogenin, osteopontin (OPN), Modulen IBD (Nestle Healthsciences, Rhodes, Australia), colostrum whey
protein (WP), and cis-9,trans-11-CLA-enriched milk fat inhibited the various disease symptoms of colitis. The CLA-enriched milk fat was par-
ticularly effective at reducing BW loss, epithelium damage, and inflammatory cytokine expression, whereas Modulen IBD was the most effective
at reducing the clinical and inflammatory score. Both Fe-bLF and OPN showed promise in inhibiting inflammation. GM-CSFR = granulocyte
macrophage colony stimulating factor receptor; GM-CSF Ab = granulocyte macrophage colony stimulating factor antibody; DC = dendritic

cells; Ang = angiogenin. Color version available online.

colonic inflammation in a DSS-induced colitis model
(Axelsson et al., 1996). Both DC and macrophages
have evolved functional niches that promote coopera-
tion in the prevention of untoward intestinal inflam-
mation in the steady state and in the eradication of
invasive microorganisms during infection (Leon et al.,
2006). Therefore, considering previous studies, it can be
proposed that the treatments used in the present study
were successful in reducing the inflammation in mice
with chronic IBD.

It has also been reported that circulating CD4(+)
and CD8(+) T cells activated in IBD are associated
with plasma markers of inflammation (Funderburg et
al., 2013). Therefore, cytokine analysis was performed

to quantify their role in pathogenesis of the IBD. It was
found that plasma levels of IL-6, I1L-10, IL-18, TFN-~,
TNF-«, IL-4, 1I-5, GM-CSF, and NO were elevated in
mice with DSS-induced colitis. The major cytokines
in Crohn’s disease arise from T helper 1 CD4" T cell
differentiation, whereas a T helper 2-like differentia-
tion process is reported to occur in UC, resulting in
the expansion of natural killer T cells producing IL-
5, TNF-a, and IL-6 (Strober and Fuss, 2011). In the
present study, significant decreases in intestinal cyto-
kine expression were observed in mice fed the dairy
component-supplemented diets when compared with
the DSS-administered mice fed the control base diet, in
accord with the significant decreases in the infiltration
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of leukocytes. The CLA-enriched milk fat was the most
effective at efficiently downregulating the proinflam-
matory markers in mice with colitis. It was observed
that Fe-bLF led to a significant downregulation of all
inflammatory cytokines. The anti-inflammatory prop-
erties of Fe-bLF are well established (Samarasinghe
et al., 2014; Kanwar et al., 2015). Angiogenin showed
highly significant downregulation (P < 0.01) in expres-
sion of IL-6, IL-10, IFN-~, and TNF-«. Angiogenin has
been reported to suppress the TNF-a-induced inflam-
matory response through inhibition of TANK-binding
kinase 1-mediated NF-kB nuclear translocation (Lee et
al., 2014). Both colostral whey and milk whey were
reported to inhibit neutrophil chemotaxis (Wong et
al., 1997). Bovine colostrum whey appears to protect
and preserve the integrity of the intestinal mucosal
barrier by inhibiting the expression levels of early and
late inflammatory genes following invasion by enteric
pathogens (Blais et al., 2015). It has been previously
shown that dietary cheese WP reduced DSS-induced
gene expression of the inflammation markers IL-1f3, cal-
protectin, and inducible NO synthase, and diminished
the clinical symptoms diarrhea and fecal blood loss,
thereby protecting rats against DSS-induced colitis
(Sprong et al., 2010). On the other hand, the normal
cheese diet led to increase in inflammatory and im-
mune regulatory responses (Hosoya et al., 2012). Thus,
these findings correlated with our studies. Colostrum
WP is generally recommended as safe approved by the
Food and Drug Administration (http://www.fda.gov/
downloads/Drugs/GuidanceComplianceRegulatorylIn-
formation/EnforcementActivitiesbyFDA /CyberLet-
ters/ucm056389.pdf). Colostrum proteins are known
to inhibit NF-kB-mediated proinflammatory cytokine
expression and switch off markers of inflammation
(Lépez-Posadas et al., 2010).

The growth factors produced in the gut, include epi-
dermal growth factor, TGF-a, TGF-3, amphiregulin,
betacellulin, and heparin-binding epidermal growth
factor-like peptide. These factors are also present in
colostrum. This may be the reason why colostrum pro-
motes repair of the mucosal lining of the gut.

Osteopontin expression by CD103-ve dendritic cells
has been reported to drive intestinal inflammation
(Kourepini et al., 2014). In contrast, the results of the
present study indicate that oral OPN inhibits intestinal
inflammation. As mentioned, our results are in agree-
ment with those of da Silva et al. (2009), who showed
that delivery of bovine milk OPN to mice via their
drinking water, 24 h before and during administration
of DSS, ameliorated the symptoms of colitis. In Hayas-
hida et al. (2004), TGF-31 expression was increased,
whereas the levels of the proinflammatory mediators
granulite colony-stimulating factor, IFN-~, macrophage
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colony-stimulating factor, TNF-a, monokine induced
by IFN-~, and RANTES were decreased in colon tis-
sue samples. In the present study, OPN reduced the
levels of all cytokines, including IL-6 whose expression
correlated with disease activity in IBD patients, where
it plays an important role in mediating the resistance
of lamina propria T cells against apoptosis (Teague et
al., 1997). The expression of NO, which has been as-
sociated with the initiation and maintenance of inflam-
mation in IBD (Kolios et al., 2004), was significantly
lowered in all the treatment groups. Modulen IBD and
CLA also led to significant downregulation in expres-
sion of all cytokines. A phase IV clinical trial con-
ducted in 2005 compared the efficacy of Modulen IBD
to steroids (prednisolone) in inducing mucosal healing
in Crohn’s disease and confirmed Modulen IBD as a
nutritional anti-inflammatory treatments for Crohn’s
disease (http://clinicaltrials.gov/show/NCT00265772;
Donnellan et al., 2013). The beneficial effects of co-
lostrum protein supplementation have been related to
an increase in anti-inflammatory cytokines (Duff et al.,
2013). Conjugated linoleic acid has been reported to
decrease the inflammation in atherosclerosis by inhibit-
ing proinflammatory cytokines (Lee et al., 1994). It was
confirmed that CLA-milk fat was the most effective
treatment in efficiently downregulating the proinflam-
matory markers in mice with chronic IBD. This was
also in accordance with our previously published find-
ings where we reported that CLA significantly reduced
circulating allergen-specific Igkk and IgG1l levels, to-
gether with reductions in bronchoalveolar lavage fluid
of IL-5 and CCL11 (Kanwar et al., 2008a).
Angiogenesis is an integral component of IBD patho-
genesis (Danese et al., 2006). Inflammation-dependent
angiogenesis has been reported in both Crohn’s disease
and UC patients, as evidenced by increased microvessel
density in the intestinal mucosa. In the present study
it was observed that both Fe-bLF CLA-enriched milk
fat and Modulen IBD exhibited antiangiogenic effects,
as evidenced by significant downregulation of CD31,
CD105, and DiOC7. Bovine LF has been reported to
directly inhibit the angiogenic activation of endothe-
lial cells in vitro (Yeom et al., 2011), and when orally
administered it inhibited vascular endothelial growth
factor-induced angiogenesis in healthy rats (Norrby et
al., 2001) and tumor angiogenesis in models of cancer
(Tung et al., 2013). Cis-9,trans-11 CLA significantly
decreased vascular endothelial growth factor-A mRNA
and protein levels in co-cultured MCF-7 cells (Wang
et al., 2005), and oral cis-9,trans-11 CLA inhibited
functional vascularization of a subcutaneously injected
Matrigel pellet (Sigma-Aldrich) and decreased serum
vascular endothelial growth factor concentrations in
mice (Masso-Welch et al., 2004). The effects of TGF-3,
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the active component of Modulen IBD, on angiogenesis
are controversial and context-dependent. Transforming
growth factor-f is reported to promote the proliferation
and migration of endothelial cells at low concentra-
tions, whereas high concentrations have the opposite
effect (Pepper, 1997). Osteopontin led to a significant
inhibition of CD105 alone; it is well known to be proan-
giogenic (Chakraborty et al., 2006), and thus oral OPN
might be anti-angiogenic. Thrombin-cleaved fragments
of OPN are more potent for migration of endothelial
cells, raising the possibility that some fragments of
OPN formed after digestion may do the opposite and
act as dominant-negative inhibitors, thereby block-
ing angiogenesis. Of relevance, a C-terminal domain
fragment of OPN suppresses arginine-glycine-aspartic
acid-dependent cell adhesion of the thrombin fragment,
and may thereby suppress OPN functions (Takahashi
et al., 1998). Cancer-related studies have shown that
angiogenin is expressed in colorectal cancer, where it
is significantly correlated with microvessel counts and
infiltration of macrophages (Etoh et al., 2000). Other
studies have reported that angiogenin is elevated in the
serum of patients with IBD, suggesting it might mediate
angiogenesis and vascular permeability in the mucosa
of patients with IBD (Koutroubakis et al., 2004). In
contrast, orally delivered angiogenin had no detectable
effect on intestinal angiogenesis.

Mice fed Fe-bLF and Modulen IBD diets showed
highly significant increase in apoptotic index of CD3+
cells, whereas angiogenin, colostrum WP, and CLA milk
fat also led to a significant increase. This may be the
reason of similar MPO activity in both Modulen IBD
and Fe-bLF-fed mice. A previously published study has
shown that a decrease in the number of CD3+ cells
leads to lowering in expression of TNF-a and, hence,
leads to downregulation of inflammatory response in
IBD (Carol et al., 2006).

CONCLUSIONS

This is the first report to compare the effects of key
milk components (FE-bLF, angiogenin, OPN, Modulen
IBD, colostrum WP, and CLA-milk fat) in IBD. The
results revealed that each of the dairy supplements at-
tenuated the severity of DSS-induced colitis in mice
and displayed differing effectiveness against specific
disease parameters. The CLA-enriched milk fat was the
best at restoring BW, inhibiting proinflammatory cyto-
kine expression, and improving the epithelium damage
score, whereas Modulen IBD was the most effective at
reducing the clinical and inflammatory scores. It will be
fascinating to determine which of the dietary supple-
ments work in synergy to combat IBD.
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