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Preface to ”Dairy Products”

Dairy foods, including milk, cheese and yogurt, are key contributors of energy and essential

nutrients in the human diet. Dairy food consumption is associated with nutrient adequacy, bone

health, and a reduced risk of chronic disease.

Recently, bioactive components in dairy foods have become of interest for their role, beyond

basic nutrition, in health. While dairy contributes saturated fat to the diet, it is not associated with

increased risk for cardiovascular disease. Further, specific types of fat within dairy fat have been

linked with improved metabolic health and immune function, and the amount of milk fat globule

membrane enclosing the fat may be important in cardiac and muscular outcomes. Dairy proteins,

casein and whey, mitigate muscle loss, particularly after exercise. Other bioactive components in

dairy, such as probiotic bacteria, have been implicated in beneficial effects on the microbiome.

In a time when overnutrition is just as detrimental to human health as undernutrition, the health

effects of foods beyond basic nutrition are of interest to the scientific community. Dairy components

have become of special interest for their roles in nutrition, cardiometabolic health, and immunity. In

this book, experts address the effects of dairy components on health and immunity. Mechanisms of

action are also explored.

Beth Rice Bradley, Therese O’Sullivan

Special Issue Editors

ix





nutrients

Article
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Abstract: Little is known about how milk proteins affect gastrointestinal (GI) transit, particularly
for the elderly, in whom digestion has been observed to be slowed. We tested the hypothesis that
GI transit is faster for whey than for casein and that this effect is accentuated with hydrolysates,
similar to soy. Adult male rats (18 months old) were fed native whey or casein, hydrolyzed whey
(WPH) or casein (CPH), hydrolyzed blend (HB; 60% whey:40% casein), or hydrolyzed soy for 14 days
then treated with loperamide, prucalopride, or vehicle-control for 7 days. X-ray imaging tracked
bead-transit for: gastric emptying (GE; 4 h), small intestine (SI) transit (9 h), and large intestine (LI)
transit (12 h). GE for whey was 33 ± 12% faster than that for either casein or CPH. SI transit was
decreased by 37 ± 9% for casein and 24 ± 6% for whey compared with hydrolyzed soy, and persisted
for casein at 12 h. Although CPH and WPH did not alter transit compared with their respective
intact counterparts, fecal output was increased by WPH. Slowed transit by casein was reversed by
prucalopride (9-h), but not loperamide. However, rapid GE and slower SI transit for the HB compared
with intact forms were inhibited by loperamide. The expected slower GI transit for casein relative
to soy provided a comparative benchmark, and opioid receptor involvement was corroborated.
Our findings provide new evidence that whey slowed SI transit compared with soy, independent
of GE. Increased GI transit from stomach to colon for the HB compared with casein suggests that
including hydrolyzed milk proteins in foods may benefit those with slowed intestinal transit.

Keywords: colon; fecal output; motility; opioid; serotonin; elderly

1. Introduction

Milk is a widely consumed natural beverage renowned as a nutritious protein source [1].
Research has revealed additional health properties that may be conferred via the pharmacological
actions of digested milk peptides on cardiovascular function, regulation of food intake, and
metabolism [2–4]. Milk proteins make up 3.5% of cows’ milk, consisting of 80% caseins and 20%
whey proteins [5]. Casein and whey are used in different food products for specific uses; for example,
casein is the major component of cheese. Whey protein in the concentrated form is used as a dietary

Nutrients 2017, 9, 1351; doi:10.3390/nu9121351 www.mdpi.com/journal/nutrients1
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supplement for those needing an easily digestible nutritious protein source including, the elderly,
infants, and athletes.

During gastrointestinal (GI) digestion, the behaviour of milk proteins differs, with casein
considered as a slowly digestible protein and whey a rapidly digestible protein [6]. Whey is rapidly
expelled from the stomach, whereas caseins precipitate in the low pH of the stomach and coagulate,
slowing gastric emptying (GE). Size, structure, and solubility of casein micelles in the stomach affect
digestibility and alter GI transit. Although casein has long been known to slow both GE (due to curd
formation) and small intestinal (SI) transit, these effects may be altered by specific hydrolysis methods.
Casein is a rich source of peptides released upon hydrolysis or during GI digestion that include
angiotensin-converting enzyme inhibitors, opioids, and antimicrobial peptides [2]. Some of these
peptides have been shown to affect GI transit (due to the presence of opioid peptides) [7–9]. Modulation
of GI transit rate by peptides has the potential for functional benefits through slower small intestine
transit, allowing greater absorption time for nutrients, or increased transit to reduce constipation.

The effect of the hydrolysis of dairy proteins on GI motility to influence the transit of contents
is not well understood. By determining how hydrolysis of different types of dairy protein affects
GE and GI transit will provide better information on health effects of potential functional foods.
A number of GI disorders that affect gastric and colonic motility occur more frequently in the aging
population [10], including slowed gastric emptying [11] and constipation [12,13]. Slowed gastric
emptying with aging can affect regulation of appetite, postprandial glycemia, and blood pressure [11].
More generally, delayed GE can result in early satiety, bloating, pain or discomfort, malnutrition,
and weight loss [14,15]. Functional dairy foods may assist self-management of mild dysmotility,
as occurs in functional gastrointestinal disorders, to increase or decrease transit of intestinal contents.
For example, in the elderly, slower small intestine transit might assist nutrient uptake, whereas faster
colonic transit may help reduce constipation.

While whey reaches the jejunum faster than casein, hydrolysis is slower, which is thought
to allow for greater absorption over the length of the SI [16]. Whether this is due to increased
digestibility of whey or slower for casein GE is unknown [17]. The ability of whey to alter transit
throughout the GI tract is also less understood than for casein. Whey protein hydrolysate (WPH)
protein has a nutritionally available amino acid composition. Both WPH and intact whey are used
as protein supplements for the elderly. This is because whey affects a range of biological processes
associated with aging in humans: antimicrobial activity, immune modulation, improved muscle
strength and body composition [18], as well as protection against cardiovascular disease, osteoporosis,
cancer, hypertension. It also has cholesterol-lowering and mood-enhancing properties [2,16,19–21].
Despite the widespread use of whey and casein milk proteins, studies directly comparing the effect of
their hydrolysis on GI transit and their modes of action via receptor pathways with aging are lacking.

Because composition and processing of milk proteins has an impact on their digestion and
absorption [22–24], combining specific milk protein components provides a way to potentially
maximize benefits for digestive health. In addition, milk proteins are digested during the various stages
of human GI tract digestion to give rise to an array of peptides that can elicit a variety of physiologic
effects that affect the rate of digestion and transit for casein and whey proteins [2,22,25,26]. Some of
these peptides modulate opioid [26–29] or serotonin receptors [30]. Whey supplementation may confer
benefits for modulation of GI motility in the elderly. As an example, slowed GI transit resulting in
constipation affects 25–30% of people over 65 years of age [12,13], and foods which target this will
be of considerable benefit. Because large intestine (LI) transit is slower in aged than in young [31,32]
rats, they are used as a model for mature to elderly humans. Gastric emptying also slows with age in
rats [33,34], which matches the changes that occur in elderly humans [10,35].

The aim of this study was to investigate how whey and casein milk proteins affect GE and GI
transit in an aged rat model [36] and whether this differs when the proteins are pre-hydrolyzed.
We hypothesized that GI transit is faster in response to whey than for casein, and that this effect
is enhanced with hydrolyzates. We therefore compared the effect of casein, whey, CPH, and WPH,
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on the rate of GI transit of solids in an aged rat model, using hydrolyzed soy as an example of rapid
transit and intact casein an example of slow transit. We also wanted to compare casein and whey
with their hydrolyzed counterparts, CPH and WPH, as protein sources to discriminate GE and GI
transit differences. We also compared a combination formula composed of partially hydrolyzed 60:40
whey/casein, renowned for its nutritional properties and ease of digestion, to determine its potential
as a supplement for the elderly by investigating its actions on GI transit [37]. We also wanted to
determine whether casein would slow GE and GI transit in this model as expected and therefore
provide a benchmark for measuring other milk proteins in this aged animal model.

The ability of specific modulators to reduce the transit changes induced by the milk proteins
was investigated using loperamide (a mu opioid agonist which inhibits GI transit) and prucalopride
(a serotonin type 4 receptor agonist which increases GE and colonic transit) [36]. This was to show
whether any milk-protein-induced changes detected for GI transit were reversible and to suggest the
neural pathways involved.

Rats were the animal model of choice because many dietary preclinical studies are done in this
species and pharmacological modulatory doses have been determined [36]. To track the transit of
solid contents along the GI tract, we measured the movement of six metallic beads over 12 h from
the stomach to the large intestine by high resolution X-ray imaging [36,38]. This technique utilises a
barium slurry providing a mix of solid and semi-solid gastric contents, similar to human measurement
techniques [15]. This method using metallic beads as markers for transit of solid contents has been
validated in two previous studies in which the beads were found in the fecal pellets [36,38].

2. Materials and Methods

2.1. Animals

This study was conducted following ethical approval (AE12933) by the AgResearch Grasslands
Animal Ethics Committee (Palmerston North, New Zealand (NZ)) in accordance with the Animal
Welfare Act, 1999 (NZ). Male Sprague Dawley rats were bred at the AgResearch Ruakura Small Animal
Unit (Hamilton, New Zealand) and raised in group housing with littermates to 18 months of age
(804 ± 13 g). The animals were housed at a constant temperature of 21 ◦C and maintained under a
light/dark cycle (06:00/18:00) in sawdust-lined plastic or stainless steel cages, with food and water
provided ad libitum. They were fed a normal rat chow pellet soy-based diet (Prolab® RMH 1800,
LabDiet, St. Louis, MO, USA) until seven days prior to the study when they were individually
caged and switched to a hydrolyzed soy-based diet (OpenStandard Rodent Diet, Research Diets, Inc.,
New Brunswick, NJ, USA) in powdered form, for compatibility with metabolic cage requirements.
The animals were monitored three times weekly for weight, food intake, and General Health Score
(1–5; NZ Animal Health Care Standard). Cages and feeding and drinking containers were cleaned
and sterilized weekly. Twenty-eight out of 226 rats were excluded from the study and euthanized due
to age-related health issues including: weight loss, lethargy, excessive drinking, swollen or inflamed
tissue not cured with antibiotic treatment, or invasive tumours. At the end of the study, all remaining
rats were euthanized using carbon dioxide inhalation overdose.

2.2. Study Design

This study was designed to include one control group and five test diet treatment groups that were
also treated with modulatory drugs, either 4 mg/kg/day prucalopride or 1 mg/kg/day loperamide
or dimethyl sulfoxide (DMSO) control carrier (Figure 1). The study was carried out as a block
design as six blocks of ~36 animals, with age and weight balanced among treatment groups (i.e.,
18 groups × 12 animals per group), which resulted in 9–13 animals for each diet plus the drug
treatment group.
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Figure 1. Study design shown for the dietary control (hydrolyzed soy) and one of the five milk protein
test diets. GI, gastrointestinal; DMSO, dimethyl sulfoxide.

The drug doses were previously determined to be effective over seven days [36]. Rats were fed
the powdered treatment diet for three weeks (day 0 to day 22) and treated with modulatory drugs over
the third week (days 15–22). Four days prior to the start of the study, the rats were acclimatized to
metabolic cages for 1 h to reduce possible stress symptoms. Rats were individually placed in metabolic
cages for 24 h (from 10 am to 10 am) on days 0, 7, 14, and 21, after which food intake and fecal and
urine output, were measured.

2.3. Dietary Protein

Milk proteins were provided by Fonterra Co-operative Group. Animals were treated with
diets in which protein was 20% of the diet (energy) provided as hydrolyzed soy for the control
treatment group, and the following milk protein products for the five test diet treatment groups:
casein (sodium caseinate 1800), whey (lactic whey protein concentrate WPC7009), partially hydrolyzed
CPH (MPH948, degree of hydrolysis (DH) 7.6%), partially hydrolyzed WPH (WPH917, DH 5.0%),
partially hydrolyzed HB of 60:40 whey/casein (MPH942, DH 12–17%). The protein was added to a
nutritionally balanced protein-free base diet (OpenStandard Modified Rodent Diet, Research Diets,
Inc. New Brunswick, NJ, USA) of final composition (kcal %): 15% fat (soybean oil), 65% carbohydrate
(cornstarch, maltodextrin 10, dextrose), cellulose, BW200, inulin, minerals, and vitamins.

2.4. Pharmacological Treatments

Loperamide hydrochloride (S2480) and prucalopride (S2875) were from Selleck Chemicals
(Houston, TX, USA). Animals were administered 4 mg/kg/day prucalopride or 1 mg/kg/day
loperamide (in 100% DMSO) or DMSO vehicle only (control) for seven days via a subcutaneous
2 mL capacity slow release osmotic mini-pump (Durect Corporation, Alzet Osmotic Pumps, Cupertino,
CA, USA), while controls received DMSO vehicle only via the same delivery method. The surgical
implantation procedure has been described previously [36]. Continuous dosing overcame rapid
metabolism of prucalopride in rats [39] and avoided frequent subcutaneous injections for loperamide
(half-life 9–14 h). Each compound was dissolved in DMSO to give stocks of 20 mg/mL that were
diluted in DMSO to give the correct concentration in the mini-pump to deliver the appropriate dose
per weight of rat at a flow rate of 10 μL/h.
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2.5. GI transit Procedures and Measurements

Non-fasted rats were used to maintain normal digestion and transit, and to avoid retention of
beads in the stomach as has been reported for solid capsules in fasted rats [40]. The methods used
for measuring GI transit have been described previously [36,38]. Briefly, each rat received six solid
stainless steel beads, d = 1.4 mm (Bal-tec, Los Angeles, CA, USA), via oral gavage in 2 mL of 15%
barium sulfate (E-Z-HD 98% w/w, Cat. No. 764, E-Z-EM Canada Inc., provided by Palmerston North
Hospital, Palmerston North, New Zealand). Isoflurane anesthesia was induced in a chamber and
persisted for 5 min, during which gavage was performed upon recovery of the swallow reflex.

2.5.1. X-ray Imaging

GI transit was tracked at three time points by X-ray imaging under brief isoflurane anesthesia to
monitor: exit from stomach (4 h), SI transit (9 h), and LI transit (12 h). The 12 h time point was carried
out post-mortem. The metallic beads were visualized by X-ray and the relatively opaque barium
sulfate outlined the GI, enabling identification of bead location. Ventral and right lateral views were
taken using a portable X-ray unit (Porta 100 HF 2.0 kW High Frequency, Job Corporation, Yokohama,
Japan) including: camera and digital cassette (Canon 55G DR sensor panel, Melville, NY, USA) in
conjunction with a laptop computer (Lenovo ThinkPad W530, Morrisville, NC, USA). Image files
(DICOM) were visualized using MicroDicom DICOM Viewer v8.7 (Simeon Antonov Stoykov, Sofia,
Bulgaria).

2.5.2. Gastric Emptying

Comparative measures of GE were obtained by determining the proportion of animals in which
all six beads had exited the stomach for a given treatment over time.

2.5.3. GI transit Score

The rating scale used to classify GI bead location comprised six beads, each given a numeric
score depending on its location within the GI tract: (0) stomach; (1) proximal SI; (2) distal SI;
(3) cecum; (4) colon; or (5) expelled. The total transit score was the sum of the individual bead
scores (maximum = 30 if all expelled). The experimenter was blinded to treatment. A transit score of
3–4 means that on average half of the beads were in the proximal SI. Scores of 10–14 place most of the
beads in the distal SI, whereas 16–20 places most in the cecum and 20–22 places half of them as distal
as the colon [36,38].

2.5.4. Colonic Transit

The number of beads per rat that had moved from the cecum to the colon or rectum over 3 h was
compared. The movement of beads between 9 h (when the majority were in the cecum or distal SI)
and 12 h (when a proportion had moved to the colon or rectum) was measured to assess possible
differences between treatments in the probability that a bead had transited into the colon by 12 h.

2.5.5. Bead Transit through Colon

The average bead distance travelled along the colon for the beads that had transited from the
cecum to the colon over 9–12 h was calculated as a percent of the LI length from the cecum or colon
junction to the anus.

2.6. Statistical Analysis

All analyses were carried out using GenStat version 17 (VSN International Limited, Hemel
Hempstead, UK) or Minitab 17 Statistical software (Minitab Inc., State College, PA, USA). Results are
expressed as the mean ± standard error of the mean (SEM).
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2.6.1. Animal Metrics

Data were analysed using a Linear Mixed Model via restricted maximum likelihood (REML)
for the effect of 14 days of diet treatment only on the difference in the response variable of interest
(weight, feed intake, urine output, or fecal output) between day 0 (pretreatment) and day 14 (prior to
commencement of pharmacological treatments). To compare among all diet × drug treatments, data
were analysed using a Linear Mixed Model (via REML) for the response variable of interest (weight,
feed intake, urine output, or fecal output) on day 21, using treatment as factor (18 combinations of
drug and diet) and the relevant value on day 14 as covariate. Fisher’s least significant differences were
used for the post hoc test.

2.6.2. Transit from Stomach

Logistic regression analyses were carried out at each time point (4, 9, and 12 h) using treatment
as the factor, separately to compare differences in the proportion of rats with zero beads in the
stomach (0/1).

2.6.3. Transit Score

Changes in GI transit were measured relative to the DMSO/control-treated rats. Due to the
expected correlated nature of the data, a linear mixed model (via REML) using drug treatment and
diet as factors was used to analyze the data. Fisher’s least significant differences were used for the
post hoc test.

2.6.4. Cecum to Colon Transit

Differences in cecum to colon transit were compared using a linear mixed model (via REML)
using treatment as factor (18 combinations of drug and diet) and Fisher’s least significant difference
post hoc test.

2.6.5. Bead Transit through Colon

Differences in percent distance of bead transit through the colon were compared using a linear
mixed model (via REML) using treatment as factor (18 combinations of drug and diet) and Fisher’s
least significant difference post hoc test.

3. Results

3.1. Dietary Effects

Changes in animal metrics are summarized in Table 1.

Table 1. Animal food intake and fecal output.

Protein Food Intake (g) n Fecal Output (g) n

Control
Hydrolyzed soy 23.5 ± 2.0 a 16 3.3 ± 0.6 a 15

Casein 21.8 ± 1.8 10 3.9 ± 0.4 10
Whey 22.2 ± 1.8 10 3.5 ± 0.4 b (*a) 10
CPH 22.4 ± 1.8 b 9 2.8 ± 0.4 c 8
WPH 24.5 ± 1.8 c 9 4.9 ± 0.4 d (**a) (*b) (**c) 9
HB 25.5 ± 1.8 d 9 4.3 ± 0.4 e (*c) 9
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Table 1. Cont.

Protein Food Intake (g) n Fecal Output (g) n

Loperamide

Hydrolyzed soy 20.0 ± 1.8 (*a) 15 2.9 ± 0.4 15
Casein 20.4 ± 1.8 9 3.1 ± 0.4 9
Whey 19.5 ± 1.8 (*a) 12 2.2 ± 0.4 (*a) (*b) 12
CPH 18.2 ± 1.8 (**a) (*b) 9 2.7 ± 0.4 9
WPH 18.4 ± 1.8 (**a) (***c) 11 3.2 ± 0.5 (**d) 11
HB 20.4 ± 1.8 (**d) 9 3.0 ± 0.5 (*e) 9

Prucalopride

Hydrolyzed soy 24.1 ± 1.8 15 3.6 ± 0.4 f 15
Casein 21.3 ± 1.5 7 3.5 ± 0.4 7
Whey 23.6 ± 1.8 8 3.7 ± 0.4 8
CPH 23.6 ± 1.8 8 4.1 ± 0.4 (*c) 8
WPH 22.8 ± 1.8 7 4.1 ± 0.3 5
HB 23.2 ± 1.8 8 4.8 ± 0.4 (*f) 8

Data shown after 21 days on protein diet with drug treatment over last 7 days. CPH, casein protein hydrolysate;
WPH, whey protein hydrolysate; HB, 60:40 whey/casein hydrolyzed blend. Data show mean ± SEM. Asterisks in
brackets indicate statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001) of the differences among diet and drug
treatments compared with those indicated by the superscript letters.

3.1.1. Body Weight

No physiologically significant differences in body weight (more than 10% difference) occurred
from that of 818 ± 14 g on the hydrolyzed soy diet (n = 50) between days 0 and 14. However, body
weight decreased by 2.2% (18 g) on the casein diet, p < 0.01, although only a small change is notable for
aged rats where body weight among the other diets varied by less than 1%.

3.1.2. Food Intake

When on the control hydrolyzed soy diet (day 14), food intake was 26.4 ± 0.7 g/day (n = 50).
When pre-treatment food intake was compared between days 0 and 14 on the test diets, intake of the
casein diet was 11.4% less than the hydrolyzed soy control and less than all the other diets (p < 0.05).
However, this effect was not detected by day 21.

3.1.3. Fecal Output

Fecal output was not altered between days 0 and 14 on the test diets. By 21 days for control
animals receiving DMSO treatment, however, fecal output for WPH was increased by: 50.3% compared
with the hydrolyzed soy diet, 42.0% compared with the whey diet, and 74.1% compared with the
CPH diet. Fecal output for the HB was increased by 51.0% compared with CPH.

3.1.4. Urine Output

No differences in urine output were detected with any diet × drug treatment between days
0 and 14.

3.2. Pharmacological Modulation of Dietary Effects

To determine the effect of the pharmacological treatments on food intake, this was compared
among treatments at day 21 (Table 1).

3.2.1. Food Intake

Loperamide reduced food intake by 15.1% on the hydrolyzed soy diet, by 25.0% on the WPH diet,
and by 20.2% on the HB diet, by 18.6% on the CPH diet.
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3.2.2. Fecal Output

Loperamide did not alter fecal output on the hydrolyzed soy diet. Loperamide reduced fecal
output for WPH by 34.7%. Loperamide reduced fecal output for the whey diet by 35.5% and reduced
that for the HB diet by 29.9%. For animals on the CPH diet, prucalopride increased fecal output
by 45.4%. It is notable that for animals receiving prucalopride treatment, fecal output was increased for
animals on the HB diet by 32.0% compared with those on hydrolyzed soy (also receiving prucalopride).

Twenty-one animals across 14 of the 18 treatment groups (21/198) were excluded from further
analysis because no meaningful transit measurements were possible due to GE being substantially
delayed over 12 h, as previously reported to occur in 10% of animals using this method [36]. Notably,
13 animals across all loperamide treatment groups were affected but only five were DMSO treated and
three were prucalopride-treated animals.

3.3. Dietary Effects on Bead Transit (DMSO/Control Treated)

3.3.1. Gastric Emptying

For DMSO/control-treated animals on the hydrolyzed soy diet, all beads had exited the stomach
in 7% of animals at 4 h post-gavage, 64% at 9 h, and 80% at 12 h (Figures 2 and 3). At 4 h, any delays
in GE would be evident. For the casein and CPH, beads remained in the stomach of most animals,
indicating a prolonged delay in GE. In contrast, GE at 4 h was 33% more likely to have occurred for
whey than for either casein or CPH, yet was similar by 9 h. At 9 h, GE was increased for the HB
by 116% compared with casein, 230% compared with CPH, and 80% compared with whey. An 80%
difference persisted at 12 h between the HB and casein only. Thus the effect of the proteins on GE may
be approximately ranked from rapid to the most delayed: whey > HB > (WPH = hydrolyzed soy) >
(casein = CPH).

Figure 2. Location of six metallic beads tracked over time for animals treated for soy or milk
protein diets. Representative examples of bead location are shown at: (A,B) 4 h and 9 h in vivo
and (C) post-mortem GI tract at 12 h of X-ray images in ventral view for animals on soy, casein, and
hydrolyzed blend (HB) diets (treated with DMSO).
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Figure 3. Comparison of gastric emptying (GE) of beads over 12 h for animals treated with soy
or milk protein diets (n = 8–15 animals per group). The percentage of rats in which all beads
had exited the stomach (mean per treatment) is shown at 4 h (black), 9 h (light grey), and 12 h
(dark grey) for: soy, casein, hydrolyzed casein (CPH), whey, hydrolyzed whey (WPH), and hydrolyzed
blend (HB). Asterisks indicate the significance of each treatment relative to controls (* p < 0.05;
** p < 0.01; *** p < 0.001). Data show mean ± SEM.

3.3.2. GI Transit

At 9 h, the transit score was decreased by 37% for casein and decreased by 24% for whey compared
with hydrolyzed soy, and a 22% difference persisted at 12 h for casein but not whey (Figure 4). CPH and
WPH did not alter transit compared with their intact protein counterparts, respectively. However,
when casein was used as a benchmark, transit at 9 h was increased by 55% for WPH and 68% for
the HB. Transit for the HB was increased by 38% compared with whey at 9 h. The effect of the proteins
on transit score at 9 h may be approximately grouped and ranked from rapid to slowest transit:
(hydrolyzed soy = HB = WPH) ≥ CPH ≥ (whey = casein). Similar to our previous studies, the beads
were always found in fecal pellets, providing further validation for this method in monitoring GI
transit of solids [36,38].

3.3.3. Caecum to Colon Transit

Bead movement from the cecum at 9 h to the colon at 12 h was compared and no significant
differences found. Once in the colon, the percent bead distance travelled along the colon for the beads
that had transited from cecum to colon by 12 h did not reveal any diet effect.

3.3.4. Pharmacological Modulation of Bead Transit

GE for the DMSO–hydrolyzed soy diet was not altered by the pharmacological modulators
(Figure 5A). Transit was slowed by loperamide for the DMSO–hydrolyzed soy control diet treatments
at 9 h and 12 h (Figure 5B). Slowing of GI transit for casein was reversed by prucalopride (9 h),
but slowing for whey was not affected by prucalopride. Loperamide affected transit for neither casein
nor whey treatment conditions. Rapid GE for the HB (9 h and 12 h) was slowed 80–90% by loperamide
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(Figure 5A). Furthermore, the relatively shorter transit (9 h) for the HB compared with the intact
proteins was also inhibited by loperamide (Figure 5B). No significant drug effects were detected for
cecum to colon transit. The modulatory drugs did not alter bead transit through the colon on any of
the diets.

Figure 4. Comparison of GI transit tracked over 12 h for animals treated with soy or milk protein diets
(n = 1–14 animals per group). Transit scores are shown at 4 h (black), 9 h (light grey), and 12 h (dark grey)
for: soy, casein, hydrolyzed casein (CPH), whey, hydrolyzed whey (WPH), and hydrolyzed blend (HB).
Asterisks indicate the significance of each treatment relative to controls (* p < 0.05; ** p < 0.01).
Data show mean ± SEM.

Overall changes in movement of GI contents induced by the dietary and pharmacological
treatments are summarized in Table 2.

Table 2. Summary of altered GI function.

Protein GE SI Transit LI Transit Fecal Output

Hydrolyzed soy fast fast (↓LP) fast (↓LP) ND
Casein slow slow (↑PC) slow ND
Whey >casein <soy mid (↓LP)
CPH slow mid (↓LP) mid (↑PC)
WPH fast fast (↓LP) fast (↓LP) >whey & soy (↓LP)
HB fast fast (↓LP) fast (↓LP) >CPH

GI, gastrointestinal; GE, gastric emptying; SI, small intestine; LI, large intestine; CPH, casein protein hydrolysate;
WPH, whey protein hydrolysate; HB, 60:40 whey–casein hydrolyzed blend; LP, loperamide; PC, prucalopride; ↓,
slowed by; ↑, accelerated by; ND, not determined.
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Figure 5. Effect of pharmacological modulators on dietary changes in GE and GI transit for animals
treated with soy or milk protein diets. (A) The percentage of rats in which all beads had exited the
stomach, and (B) transit scores for: soy, casein, hydrolyzed casein (CPH), whey, hydrolyzed whey
(WPH), and hydrolyzed blend (HB). Asterisks indicate the significance of each treatment relative to
controls (* p < 0.05; ** p < 0.01; *** p < 0.001). Data show mean ± SEM.

4. Discussion

The initial finding of this study was that casein (intact) slowed GI transit compared with
hydrolyzed soy, as expected, and set a comparative benchmark with the other milk proteins.

11



Nutrients 2017, 9, 1351

The slowed GI transit by casein can be largely attributed to delayed GE. The slowed GI transit
for whey, however, was not due to delayed GE but rather is likely to be localised to slower bead
movement through the SI. Contrary to our hypothesis, CPH and WPH proteins did not reduce GI
transit time relative to their intact counterparts (or hydrolyzed soy) and once in the colon, the transit
was not different from the other proteins studied.

4.1. Hydrolyzed Soy Protein

GE and GI transit and fecal output measurements for the hydrolyzed soy treatment were
similar to those previously reported using this method in aged rats [36]. Because loperamide was
effective at inhibiting GI transit, this suggested that mu opioid receptors were available, arguing
against any dietary soymorphins specific to these receptors having a strong inhibitory influence
on motility. The corresponding decrease in food intake detected for soy by loperamide was also
reported previously [36].

4.2. Casein Protein

Delayed GE of solids and SI transit for casein compared with hydrolyzed soy is consistent with a
previous rat study on the effect of casein relative to soy protein isolate on transit of the liquid phase of
chime, in which GE was slowed at 1 h and SI transit slower after a further h [41]. Our finding that GE
is slower for casein than for whey or WPH is consistent with decreased food intake on the casein diet
(at 14 days) compared with the other diets.

Reversal of slowed GI transit for casein (compared with soy) by prucalopride suggests that
peptides with pharmacological actions are present in the casein and that these likely inhibited neural
control of GI motility. Because transit by casein was not further inhibited by loperamide, this implicates
endogenous opioid agonist peptides such as the β-casomorphins in the slower SI and LI transit with
casein (compared with soy). Such peptides would have been released from the casein during gastric
digestion and might therefore also have contributed to the delayed GE for casein. The decrease in food
intake could be due to delayed GE or opioid antagonist peptide release during digestion [42,43].

4.3. Whey Protein

The GE of solids for whey was markedly faster than for casein, but SI transit was slower for whey
than that for either hydrolyzed soy or the HB. The relatively slower GI transit for whey was therefore
not due to delayed GE as for casein, but rather was localised to the SI. This provides new evidence that
whey did in fact slow SI transit compared with casein and demonstrates this as independent from GE.

The lower GI effect of loperamide in decreasing fecal output indicates that an opioid agonist
was able to slow fecal movement for whey in the distal colon–rectum region. It is possible that the
altered fecal output by loperamide for whey in vivo involved additional effects on fluid and electrolyte
secretion [44].

4.4. Hydrolyzed Casein

Similarly to casein, GE was also slowed for CPH. This may be attributed to it only being 7.6%
hydrolyzed such that significant peptide release could still occur during digestion. GI transit was
not altered by CPH, compared with soy or casein, but unlike casein, loperamide was effective at
inhibiting GI transit for animals fed the CPH diet. This suggests that the CPH lacked sufficient
opioid agonist activity to significantly slow transit. This was likely due to the partial hydrolysis used
to generate the CPH, resulting in partial release of some small peptides (e.g., opioid agonist) that
are then lost during processing. The remaining peptides released during digestion would then be
insufficient to elicit a significant transit slowing effect. Although hydrolysis of the casein protein did
not increase GE or GI transit compared with the casein overall, prucalopride increased fecal output,
suggesting that it had been slowed on this diet in the distal colon–rectum region. The ability of the
serotonin agonist to further increase fecal output suggests that it reversed a partial inhibitory effect
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of the CPH on colonic motility. Our results differ from those previously reported for CPH (DH 27%),
in which hydrolysis increases transit compared with casein in rats [8], although trended similarly
over 12 h. The degree of casein hydrolysis was positively associated with slowed GI transit. CPH is
considered a rich source of opioid receptor ligands, in particular the beta casomorphins which activate
the mu receptor [45], slowing GI transit in the rat compared with whey [7]. However, an effect of
hydrolysis on GE and transit in our study was not detected under normal conditions. However, when
challenged using pharmacological modulators, differences in responsiveness to these became evident,
suggesting different bioactive peptides between the two casein forms. This suggests that during
digestion, peptides with mu opioid receptor activity were released from casein, but fewer from CPH.

4.5. Hydrolyzed Whey

GE and GI transit effects of WPH were similar to those for hydrolyzed soy, rather than being
slowed as for casein. No delay in GE occurred as a result of whey hydrolysis. This is consistent with
the knowledge that casein aggregates in the stomach where it is digested by physiological enzymes,
whereas being soluble proteins, whey and soy pass rapidly through the stomach and undergo digestion
by pancreatic enzymes [3].

Despite the apparent similarity between GI transit effects of the WPH diet compared with soy,
fecal output was increased compared with soy (and native whey). There was no corresponding increase
in food intake for whey, possibly due to the short term satiating effect attributed to whey proteins in
some studies [46]. Taken together, the rapid GE and increased fecal output in response to WPH suggest
that this would be a useful ingredient in a functional food or beverage for the elderly to enhance GE
and reduce constipation.

Loperamide was effective at inhibiting overall GI transit only if the whey was hydrolyzed.
This suggests that the WPH lacked mu opioid agonist activity to inhibit transit. Loperamide did
however decrease fecal output to a similar extent for both intact and WPH forms (both by 35%).
The effect on fecal output being common to both forms of whey suggests an alternative mechanism
was involved, probably localised to the rectum.

4.6. Hydrolyzed Whey–Casein Blend

The HB produced the most rapid GI transit of the milk proteins studied with rapid GE a
contributing factor. This is consistent with these proteins having undergone a greater degree of
hydrolysis compared with CPH and WPH. The HB was similar to soy in transit attributes imparted,
in particular that both had increased SI transit compared with casein (and whey). The rapid SI transit
rate and increased fecal output (compared with CPH) attributes of the WPH component appear
to dominate. We recognise that this might also be due to relative higher level of hydrolysis for the
HB. Relative to casein, the HB produced the greatest increase in transit through the SI of the proteins
studied, an effect partly attributed to more complete GE. Our results suggest that the HB might also
be a useful ingredient in a functional food or beverage for the elderly to enhance GE, which can slow
with healthy aging [11].

Our findings agree with a study in which a partially hydrolyzed 60:40 whey–casein-based
formulae accelerated transit of milk and stools compared with its non-hydrolyzed cow milk protein
counterpart [9].

4.7. Modulators and Mechanisms

All three hydrolyzed ingredients studied were sensitive to opioid agonist modulation in
slowing transit. This suggests that they either do not contain significant milk-derived opioid peptide
concentration or contain alternate components that speed transit. The heightened sensitivity of HB-fed
rats to a mu opioid agonist suggests that milk-derived opioid peptides that inhibit GI transit via the
mu opioid receptor are not present in significant amounts. The greater degree of hydrolysis for the
whey and casein in the blend compared with the CPH or WPH means that different peptides are likely
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present that confer pro-motility actions. These findings are consistent with the idea that industrial
hydrolysis of milk proteins precludes subsequent release of peptides that occurs during the normal
digestive process in the GI tract [17].

The shortened GI transit for the HB suggests absence of motility slowing peptides possibly
together with additive pro-motility actions of peptides in the mixture. This is supported by the greater
fecal output for the HB compared with soy when both received prucalopride treatment. In contrast,
casein was sensitive to a serotonin agonist (5-HT4) in reversing the slowed transit.

5. Conclusions

In summary, the expected slower GI transit for casein relative to hydrolyzed soy provided a
comparative benchmark. Lack of loperamide modulation of the slowed casein effect corroborated
opioid agonist activity for casein peptides in the SI. Reversal of the casein-induced slow transit by
prucalopride showed that a 5-HT4 agonist could counter this effect. Our findings provide new evidence
that whey protein slows SI transit compared with hydrolyzed soy and indicate that this is independent
of GE. This suggests that whey protein may slow small intestine transit to allow time for increased
nutrient absorption to occur without slowing GE, which would be helpful for improved nutrition in the
elderly. Further studies would be required to verify whether nutrient uptake has been affected. Despite
the inability of the CPH or WPH to shorten transit compared with their intact counterparts, fecal
output was increased upon whey hydrolysis. Furthermore, opioid agonist inhibition of transit on CPH
or WPH diets suggests little opioid agonist activity by peptides in these hydrolysates. The increased
the rate of GI transit from stomach to colon relative to casein by WPH and the HB suggests that their
incorporation in dairy formulations may be beneficial in treating functional GI disorders involving
constipation, particularly for the aged.
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Abstract: The aims of this study were (i) to evaluate the growth kinetic of L. paracasei LBC 81 in
fermented milks enriched with green banana pulp (GBP); (ii) to evaluate the effect of the incorporation
of GBP on the chemical composition and the sensory acceptance; and (iii) to study the viability of the
probiotic and technological properties during refrigerated storage. The amount of GBP used were 3.0,
6.0 and 9.0 g/100 g. The results show that the higher the concentration of GBP added, the shorter the
time taken to reach pH 4.6. It was observed that the incorporation of GBP did not affect negatively
the viability of L. paracasei LBC 81 during storage. The fermented milk elaborated with 6.0 g/100 g of
GBP was the most accepted. The present study indicates that the enrichment of fermented milk with
GBP favors the stability of the probiotic strain, L. paracasei LBC 81 during storage.

Keywords: probiotic; green banana pulp; fermented milk; dairy

1. Introduction

Probiotics are live microorganisms that are capable of colonizing the gastrointestinal tract (GIT)
and, when consumed in adequate amounts, confer benefits to human health, such as prevention
against some types of cancer, intestinal regulation, improvement of digestibility, reduction of lactose
intolerance, reduction of side effects of antibiotics, and reduction of the symptoms of irritable
bowel syndrome [1,2]. The lactic acid bacteria (LAB) group is composed of several probiotic strains.
The Lactobacillus genus is the most representative of the probiotics [3] and it is widely used in foods.

Dairy products are the most important group of foods that carry probiotics, in which fermented
milk is the most traditional group in this category. To obtain health benefits, it is recommended that
a product contains at least 106 Colony Forming Units (CFU)/g of the probiotic strain at the time of
consumption [4]. Therefore, it is very important to study the growth and the viability of probiotic
strains on food.

The viability of probiotic microorganisms is an important parameter in the development of
probiotic foods, such as fermented milk. Several factors can affect the viability of probiotic strains
in fermented milks, including their formulation ingredients [5], the presence of fruits pulp on

Nutrients 2018, 10, 427; doi:10.3390/nu10040427 www.mdpi.com/journal/nutrients17



Nutrients 2018, 10, 427

formulation [6], the pH of the medium, water activity, oxygen content, and storage conditions of
the product (i.e., temperature) [3].

Several ingredients have been added during the elaboration of yoghurts and fermented milks,
with different objectives: to improve the nutritional value; to stimulate growth; and to accentuate
the survival of the probiotic strain during the refrigerated storage period. Among these ingredients,
studies have highlighted prebiotic substances (i.e., inulin) [7], quinoa flour [8] and fruit flours [9].

Another ingredient that has aroused interest in the elaboration of yogurts is green banana pulp [10,11].
The green banana is rich in several nutrients and bioactive compounds, such as resistant starch,
phenolic acids, minerals and vitamins that are important to human health [12]. In addition to the
health benefits of the consumer, it has been observed that the incorporation of green banana pulp does
not affect the technological or sensory characteristics of the yoghurts.

The incorporation of green banana pulp (GBP) in the elaboration of yoghurt increases the growth
of probiotic strains, such as Lactobacillus acidophilus and Bifidobacterium bifidum [10]. However, there
are no related studies in the literature showing the effect of the incorporation of GBP on the growth
kinetics of probiotic strains and in survival during refrigerated storage. Furthermore, it is important to
evaluate the effect of the incorporation of GBP into other technological variables during storage, such
as syneresis and color of the product.

To the best of our knowledge, there are no studies that have evaluated the effect of GBP on
fermented milk characteristics. Furthermore, considering that GBP is a nutrient source that helps
the growth of lactic bacteria, the characterization of the product regarding the survival of probiotic
strains and technological parameters during refrigerated storage must be performed. Thus, the aims
of this study were (i) to evaluate the growth kinetics of L. paracasei LBC 81 in fermented milks enriched
with different amounts of green banana pulp; (ii) to evaluate the effect of the incorporation of green
banana pulp on the chemical composition and the sensory acceptance of fermented milk; and (iii) to
study the viability of the probiotic strain and the technological properties of fermented milks during
refrigerated storage.

2. Materials and Methods

2.1. Microorganisms

The dehydrated culture of Lactobacillus paracasei subsp. paracasei LBC 81 was cultivated in a
medium containing Reconstituted Skim Milk Powder (RSMP) (Nestlé, Araçatuba, São Paulo, Brazil) in
an amount of 10 g/100 g to water weight. The culture of microorganism was immediately incubated
in a bacteriological oven at 37 ◦C for 14 h. A second activation of the culture was performed under the
same conditions. All the experiments in this study followed these culture activation steps.

2.2. Production of Base Formulation to Prepare Fermented Milks

Four base formulations were elaborated to produce the fermented milk with different amounts of
GBP. The formulations’ bases were composed of 10.0 g/100 g RSMP and 7.0 g/100 g sugar in relation
to the water weight associated with different amounts of GBP: (i) control sample—without addition
of GBP; (ii) addition of 3.0 g/100 g of GBP; (iii) addition of 6.0 g/100 g of GBP and (iv) addition of
9.0 g/100 g of GBP. According to the manufacturer (La Pianezza®, Industrial District Bandeirants,
Brazil), 100 g of GBP is composed of 20.00 g of carbohydrates, 1.17 g of proteins, 7.83 g of fiber, 1.17 mg
of iron, 20.16 mg of magnesium, 0.50 mg of manganese, 235.00 mg of potassium, and it is free of total
fats. The samples were homogenized with a sterilized mixer, distributed in glass jars, and immediately
autoclaved at 121 ◦C for 15 min.

2.3. Production of Fermented Milks and Determination of Kinetic Parameters of the Fermentation

The autoclaved base formulation samples were cooled and inoculated with 10% of the activated
culture of L. paracasei subsp. paracasei LBC 81. The inoculated milk was incubated at 37 ◦C for 14 h.
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After that, the kinetic parameters, pH and titratable acidity, were evaluated. pH was evaluated by a
potentiometer (Digimed, modelo DM21, São Paulo, Brasil), and measures were made every two hours,
until pH 4.6 or an equivalent value was reached. The titratable acidity was determined according to
the methodology described by [13]; the results were expressed in g/100 g of lactic acid.

2.4. Chemical Composition

The chemical composition of the fermented milks enriched with GBP was determined by
the evaluation of the moisture content [13]; the protein content was determined by the Kjeldahl
method and ashes [14]; the crude fiber was evaluated using the Fiber Digester model MS444/CI
(Marconi, Piracicaba, Brazil); and the total carbohydrate content present in the products was as
the remainder—the values found for moisture, protein content, lipid content and ash content were
subtracted from 100. The lipid content was measured using the fat extractor, Model ANKOM
XT15 Extractor (Ankom Technology, New York, NY, USA) [15].

2.5. Sensory Evaluation

The sensory test for the fermented milk samples was performed with 113 panelists (age ranging
from 18 to 58 years, 51% females and 49% males). The samples were randomized and monadically
presented. The panelists evaluated five attributes: appearance, flavor, aroma, texture and overall
acceptance, using a 9-point hedonic scale. The Free and Informed Consent Form was presented to the
participants of the study and approved by the Research Ethics Committee (Parecer: 2.000.289) of the
University of Brasilia.

2.6. Syneresis Measure in the Fermented Milks

The fermented milk syneresis was determined by the methodology described by Fiszman et al. [16]
with adaptations. Flasks containing 10 mL of the fermented milk samples were rested at 4 ◦C, and
at intervals of 3, 6, 9, 12, 18, 24 and 48 h, the serum released was collected with the aid of a pipette
(20–200 μL). The syneresis was calculated as the ratio of the serum volume to the initial volume of the
fermented milk samples and was expressed in mL/100 mL.

2.7. Characterization of the Fermented Milks during the Storage Period

The viability of the probiotics and the technological properties of the fermented milks enriched
with GBP were evaluated in the beginning of the storage period and each 7 days until 28 days of
storage was complete. The fermented milks were stored at 4 ◦C in a climatic chamber (Model MA 415,
Marconi, Piracicaba, Brazil).

2.7.1. Determination of Viability

The viability of the probiotic culture was determined by the Spread plate technique on MRS agar
medium. The fermented milk samples were subjected to several serial dilutions in 0.85 g/100 g saline
solution. The selected dilutions were plated on MRS agar and immediately incubated at 37 ◦C for 48 h.
After the incubation period, the number of Colony Forming Units (CFU) was determined. The final
result was expressed as log CFU/mL.

2.7.2. Technological Properties of Fermented Milks

For the technological evaluation of the fermented milks during the refrigerated storage, the pH,
the titratable acidity and the color were evaluated. The pH and the titratable acidity were determined
as described in Section 2.3.

The evaluation of the color of the fermented milks was made by using the ColorQuest XE
Spectrophotometer (HunterLab, Reston, VA, USA), obtaining the values of the coordinates L, a and b
of the Hunter system. From the values of the coordinates, L, a and b, the parameters related the hue
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angle (h, Equation (1)), the chroma (C, Equation (2)) and the color difference (ΔE, Equation (3)) were
obtained [17–19].

h = arctang(b/a) (1)

C =
√
(a2 + b2) (2)

ΔE =

√
(L − L0)

2 + (a − a0)
2 + (b − b0)

2 (3)

In which

L—measurable in terms of white to black intensity;
a—measurable in terms of red and green intensity;
b—measurable in terms of yellow and blue intensity;
L0, a0 and b0—coordinates obtained at the beginning of the storage period of each of the
fermented milks.

2.8. Statistical Analysis

Initially, we performed an analysis of variance with 5% probability and later we performed Tukey’s
test or a regression analysis. Post-hoc Tukey’s test and contrasts were used for the comparison of the
variables related to the chemical composition and sensorial quality of fermented milks, respectively. For
the viability of probiotics in fermented milks with different concentrations of GBP during refrigerated
storage post-hoc analysis was done with Tukey’s test and Bonferroni’s correction. For the results related
to the kinetic parameters during the fermentation process, syneresis and technological properties
during the refrigerated storage, regression analysis was used. The analysis of variance and Tukey’s
tests were performed in SPSS v. 19.0 (IBM Corporation, New York, NY, USA). SigmaPlot software v.10
(Systat Software Inc., Erkrath, Germany) was used. In each experiment, three replicates were adopted,
except for the sensory analysis which was evaluated with 113 individuals.

3. Results and Discussion

3.1. Kinetic Parameters of Acidification

The pH and titratable acidity profile of the formulations of milks fermented by L. paracasei LBC
81 can be observed in Figure 1 and Table 1.

Figure 1. Regression curves of pH (A) and titratable acidity, expressed in g/100 g of lactic acid (B) of
fermented milk by L. paracasei subsp paracasei LBC 81 with different concentrations (g/100 g) of green
banana pulp (GBP) as a function of the fermentation period.
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Table 1. Regression equations of pH and titratable acidity (g/100 g of lactic acid) of fermented milks
by L. paracasei subsp. paracasei LBC 81 with different concentrations (g/100 g) of green banana pulp
(GBP) as a function of the fermentation period.

Variable GBP (g/100 g) Adjusted Equation R2 SEE

pH

0.0 ŷ = 6.47 − 0.11 ∗∗ X 0.99 0.04
3.0 ŷ = 6.51 − 0.16 ∗∗ X 0.99 0.08
6.0 ŷ = 6.56 − 0.18 ∗∗ X 0.97 0.13
9.0 ŷ = 6.53 − 0.20 ∗∗ X 0.98 0.13

Titratable Acidity
(g/100 g)

0.0 ŷ = 0.13 + 0.02 ∗∗ X 0.96 0.02
3.0 ŷ = 0.10 + 0.04 ∗∗ X 0.92 0.06
6.0 ŷ = 0.13 + 0.04 ∗∗ X 0.95 0.04
9.0 ŷ = 0.11 + 0.05 ∗∗ X 0.96 0.04

SEE = Standard error of estimate; ** Significant (p < 0.01); n = 3 sample replicates.

It was verified that as the concentration of GBP increased in the formulations, the decrease in
the pH was faster and hence, there was a faster increase in titratable acidity. In regard to the pH
variable (Figure 1A), estimated values equivalent to 5.37 and 4.53 after 10 h of fermentation were
obtained for the control treatment control (0.0 g/100 g) and the treatment with 9.0 g/100 g of GBP,
respectively. In relation to the titratable acidity (Figure 1B), the estimated values for the control
treatment (0.0 g/100 g) and with 9.0 g/100 g of GBP were equivalent to 0.33 and 0.61 g/100 g of lactic
acid, respectively.

Results referring to the fermentation kinetics demonstrated that GBP is an excellent substrate
for the growth of L. paracasei LBC 81. GBP presents a great source of resistant starch (RS), phenolic
acids, minerals and vitamins of importance to the human health [12] and, probably to the growth
of L. paracasei LBC 81. Although the milk enriched with GBP was subjected to the autoclaving
process, which reduces the presence of some thermosensitive nutrients, the amount of nutrients
that remained was enough to accelerate the acidification of the product by the microorganism
fermentation. Probably, the incorporation of GBP into the fermented milk allowed the prevalence of
the homofermentative metabolism of the L. paracasei subsp paracasei LBC 81 culture. The addition of
GBP stimulated the growth of Lactobacillus acidophilus after one day of fermentation in research carried
out by Costa et al. [10].

L. paracasei strains present an optional heterofermentative metabolism, which makes them
undesirable in some situations for use as starter cultures, being more used in the elaboration of dairy
products as an adjunct culture. In anaerobic and nutrient-restricted conditions, the homofermentative
pathway may undergo changes due to the activity of the NAD-dependent pyruvate decarboxylase
enzyme, generating acetate and CO2 from pyruvate, and thereby displacing the production of
lactic acid [20].

Probiotic bacteria, when utilized as starter culture, are responsible for the slower acidification
of a product, by a duration of almost 38 h [21]. Therefore, the elaboration of probiotic yoghurt has
been one alternative used. The symbiotic association of the yogurt cultures (Lactobacillus delbrueckii
and Streptococcus thermophilus) with probiotic strains stimulates the growth of other probiotic cultures.
However, the elaboration of fermented milk using only one probiotic culture as a starter has
been possible because this incorporates foods rich in nutrients which benefits the growth of the
microorganism. The fermentation of the milk by probiotic strains (L. rhamnosus IMC 501® e L. paracasei
IMC 502®) presented a higher decrease in pH when the milk was supplemented with wheat and
oat bran [22].

3.2. Chemical Composition

There were significant differences (p < 0.05) only in the variables moisture and crude fiber (Table 2).
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Table 2. Chemical composition of fermented milks by L. paracasei subsp paracasei LBC 81 with different
concentrations (g/100 g) of green banana pulp (GBP).

Variable
Concentration of GBP (g/100 g)

0.0 3.0 6.0 9.0

Moisture (g/100 g) 85.90 ± 0.40 a 85.67 ± 0.41 a 84.52 ± 1.39 a,b 83.20 ± 0.74 b

Proteins (g/100 g) 2.71 ± 0.14 2.84 ± 0.13 2.85 ± 0.76 3.34 ± 0.63
Lipids (g/100 g) 0.34 ± 0.10 0.37 ± 0.12 0.38 ± 0.12 0.21 ± 0.07

Ash (g/100 g) 0.88 ± 0.11 0.81 ± 0.10 0.85 ± 0.04 0.81 ± 0.10
Crude fiber (g/100 g) 0.00 ± 0.00 b 0.40 ± 0.12 a 0.43 ± 0.00 a 0.48 ± 0.08 a

Carbohydrates (g/100 g) 10.14 ± 0.57 9.92 ± 0.44 10.97 ± 1.61 11.96 ± 0.39

For moisture and crude fiber, means followed by the same lower-case letter (a–b) on the lines did not differ statistically
with Tukey’s test (p > 0.05); n = 3 sample replicates.

The moisture obtained in the fermented milk enriched with 9.0 g/100 g of GBP was significantly
lower (p < 0.05) than that obtained in the product with 3.0 g/100 g of GBP and the product without
GBP. This result was expected, because when the total amount of GBP is higher, the percentage of dry
matter increases and consequently, the amount of moisture reduces.

GBP samples presented more crude fiber (p < 0.05) than the control (0.0 g/100 g) sample due to
the amount of fiber content present in green banana pulp [12,23]. The control sample (0.0 g/100 g)
does not include any ingredient that contains fiber.

Dietary fiber has been widely associated with positive health outcomes (satiety, glycemic index
regulation, intestinal regulation, cancer prevention and others) with the fiber content of food products
being a potential basis for health claims in several countries [24]. Therefore, our product could have
positive effects on human health, not only due to its probiotic effect, but also due to the effect of fiber
on human organisms. In addition to the fiber content, GBP can also contribute to human health (as
glycemic and cholesterol control, intestinal regulation, chronic disease prevention, and satiety) due
to the presence of resistant starch and phenolic compounds [25,26]. Since we did not evaluate these
compounds, further studies are necessary to evaluate the presence of these compounds and the effect
of GBP fermented milk in human health.

It is important to highlight that the addition of GBP on these concentrations (3.0–9.0 g/100 g) did
not significantly affect the composition of total protein content, lipids and carbohydrates. Therefore,
there is probably no interference on total energetic value from the final formulation.

3.3. Sensory Properties

In all evaluated attributes, a significant difference (p < 0.05) was observed (Table 3).

Table 3. Sensory analysis of fermented milks by L. paracasei subsp paracasei LBC 81 with 0.0, 3.0, 6.0 and
9 g/100 g of green banana pulp (GBP).

Sensory Attribute
Concentration of GBP (g/100 g)

0.0 3.0 6.0 9.0

Appearance 5.13 ± 2.23 d 7.56 ± 1.46 b 8.12 ± 1.16 a 5.68 ± 1.94 c

Flavor 5.16 ± 2.32 b 6.25 ± 1.76 a 6.32 ± 1.89 a 4.83 ± 2.35 b

Aroma 6.48 ± 1.79 b,c 6.90 ± 1.45 a,b 7.00 ± 1.56 a 6.15 ± 2.00 c

Texture 4.98 ± 2.12 c 6.28 ± 1.90 b 7.05 ± 1.85 a 4.94 ± 2.23 c

Overall
acceptability 5.30 ± 1.94 b 6.63 ± 1.48 a 6.78 ± 1.73 a 5.02 ± 2.10 b

For each sensory attribute, means followed by the same lower-case letters (a–d) on the lines do not differ significantly
in post-hoc analysis via contrasts (p > 0.05); n = 113 panelists.

22



Nutrients 2018, 10, 427

The fermented milk enriched with 6.0 g/100 g of GBP presented the highest mean acceptance
regarding appearance and texture (p < 0.05). There was no significant difference (p > 0.05) when
comparing fermented milk with 6.0 g/100 g of GBP with fermented milk with 3.0 g/100 g of GBP
for flavor, aroma and overall acceptability. However, there was a significant difference (p < 0.05)
when fermented milk without GBP (0.0 g/100 g) was compared with fermented milks with 3.0 and
6.0 g/100 g of GBP for flavor and overall acceptability.

It is important to highlight that 70.0% or more of the panelists expressed mean values ranging
from 6–9 (on 9-point hedonic scale) for fermented milk with 6.0 g/100 g of GBP for all evaluated
attributes. A sample is considered as having good acceptance when 70% or more of the individuals
express mean values on the 9-point hedonic scale of higher than 5 [27]. Similarly, a study that evaluated
the acceptance of yoghurt with GBP showed better acceptance for all evaluated attributes with the
incorporation of GBP at a concentration of 5.0 g/100 g in yoghurt [11]. In relation to fermented milk
with 3.0 g/100 g, the percentage of panelists expressing mean values of 6–9 on the 9-point hedonic
scale was also 70.0% or more, except for texture. The difference in the texture is related to the addition
of GBP which, among other functions, is employed to change the consistency of liquid products [24].

It is noted that the formulation with 9.0 g/100 g of GBP was less accepted regarding all attributes
evaluated, compared to other formulations with GBP. Considering that the chemical composition of
formulations with 6.0 and 9.0 g/100 g of GBP did not differ statistically, the use of the formulation with
better acceptance (6.0 g/100 g of GBP) would probably not negatively affect the nutritional impact of
this product. The concentration of 9.0 g/100 g of GBP negatively affected the acceptance of the product
probably due to the acidification of the product caused by the increase in the concentration of GBP
(Figure 1 and Table 1). Thus, the rejection observed related to the attributes, flavor and overall quality,
can be associated with the higher acidity of the 9.0 g/100 g GBP product, since flavor impacts directly
on the overall quality of the product. Moreover, the reduction in humidity and the increase in the solid
content could be affected the texture of the 9.0 g/100 g GBP product.

3.4. Syneresis in the Fermented Milks

Regarding syneresis in the fermented milks for up to 48 h at 4 ◦C (Figure 2 and Table 4), it was
observed that the fermented milk without GBP presented lower syneresis compared with fermented
milks enriched with GBP.

Figure 2. Regression curves of syneresis (g/100 g) of milk fermented by L. paracasei subsp paracasei
LBC 81 with different concentrations of green banana pulp (GBP) over 48 h at 4 ◦C.
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Table 4. Syneresis regression equations of fermented milks by L. paracasei subsp paracasei LBC 81 with
different concentrations of green banana pulp (GBP) over 48 h at 4 ◦C.

GBP (g/100 g) Adjusted Equation R2 SEE

0.0 ŷ = 1.29
1 + e−( X−7.28

1.63 ) 0.55 0.64

3.0 ŷ = 19.35
1 + e−( X−8.04

1.14 ) 0.98 1.74

6.0 ŷ = 19.71
1 + e−( X−7.70

1.57 ) 0.99 1.21

9.0 ŷ = 18.87
1 + e−( X−7.24

3.91 ) 0.94 2.12

SEE = Standard error of estimate; n = 3 sample replicates.

When the samples containing GBP were analyzed, faster syneresis was observed until 6 h of
storage in the fermented milk with 9.0 g/100 g of GBP. In contrast, it was verified that there was a
tendency toward higher syneresis in fermented milks containing 3.0 and 6.0 g/100 g of GBP until 24 h
of storage. It should be highlighted that during the evaluation of the syneresis in the fermented milk
with 9.0 g/100 g of GBP, a physical retention of the serum by the gel was observed, and it was not
possible to collect it through the top of the bottles used to pack the product.

Due to its high content of starch, green banana pulp, [28], was probably responsible for enhancing
the syneresis of the fermented milks [29]. Syneresis occurred due to the high tendency for hydrogen
bonds to form between adjacent molecules of starch, when refrigerated. This process is known as
retrogradation and results in the appearance of gel [30]. Over time, this formed gel has the tendency to
release water, known as starch syneresis.

It is important to highlight that in dairy products, such as yoghurts and fermented milks,
regardless of the presence of starch, syneresis can be observed during refrigerated storage due to the
acidity and changes in protein binding [24]. Therefore, the addition of GBP that contains native and
resistant starch accentuates the syneresis of our product.

3.5. Viability of L. paracasei LBC 81 during Storage

The mean values for the viability of L. paracasei LBC 81 in fermented milks made with different
amounts of GBP for 28 days of storage at 4 ◦C are presented in Table 5.

Table 5. Evaluation of Lactobacillus paracasei subsp paracasei LBC81 in fermented milks enriched with
different concentrations of green banana pulp (GBP) during a storage period of 28 days at 4 ◦C.

Stored Period
(Days)

GBP Concentration (g/100 g)

0.0 3.0 6.0 9.0

0 8.89 ± 0.17 a,A 9.05 ± 0.15 a,A 8.98 ± 0.36 a,B 8.91 ± 0.27 a,C

7 8.36 ± 0.19 c,B 9.01 ± 0.30 b,A 9.83 ± 0.14 a,A 9.56 ± 0.19 a,A,B

14 8.90 ± 0.21 b,A 8.95 ± 0.20 b,A 9.47 ± 0.18 a,A 9.32 ± 0.12 a,b,B,C

21 8.95 ± 0.17 c,A 9.16 ± 0.54 b,c,A 9.60 ± 0.27 a,b,A 9.83 ± 0.30 a,A

28 8.66 ± 0.12 b,A,B 8.91 ± 0.70 b,A 9.43 ± 0.14 a,A,B 9.57± 0.32 a,A,B

Means followed by the same lower-case letters on the lines (a–c) did not differ significantly in post-hoc analyses by
Tukey’s tests (p > 0.05). Means followed by the same capital letters (A–C) in a column did not differ significantly by
in post-hoc analyses by Bonferroni’s corrections (p > 0.05).

Significant variation (p < 0.05) in the viability of L. paracasei LBC 81 was observed based on
the interaction between the GBP concentration and storage period. During the storage period, only
fermented milk enriched with 3.0 g/100 g of GBP showed no significant variation (p > 0.05) in the
population size of L. paracasei LBC81. It should be noted that fermented milks with 6.0 and 9.0 g/100 g
of GBP had higher counts of 9.0 log CFU/g after 28 days of storage at 4 ◦C.
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Variations in the population size of the microorganisms, similar to that observed for L. paracasei
LBC81 in fermented milks, are expected since microorganisms present in food stored under refrigeration
undergo several physiological changes, which may lead to a decrease or increase in the microbial
population. In addition, the decrease or increase in the population of L. paracasei LBC81 did not reach
a logarithmic cycle. Although this variation was significant, it should be noted that all formulations
developed were within the established standard for probiotic foods (106 to 109 CFU/g) [31].

When analyzing the effect of the addition of GBP on the viability of L. paracasei LBC 81 in each
storage period, a significant variation (p < 0.05) was observed. In general, there was an increase
in the population of L. paracasei LBC81, associated with the elevation in GBP concentration. Green
banana is rich in various nutrients, and the availability of these nutrients in fermented milk may have
favored the growth of L. paracasei LBC81 during the storage period. Stability or population increase of
probiotic strains during the storage period is desirable when associated with the ingestion of a larger
number of probiotic strains. On the other hand, it becomes undesirable because it is associated with
post-acidification, which can make the product very acidic and of low acceptance by the consumer.

The results obtained are similar to those observed in fermented milks elaborated with fiber from
oranges or quinoa [8,32]. However, previous studies have shown that supplementation does not
always maintain the stability of a probiotic culture throughout the storage period. Supplementation of
yogurt with fruit flours, such as banana, apple and grape, was not sufficient to maintain stability for
28 days of storage at 4 ◦C [9]. However, the reduction in viability was less than one log cycle, without
compromising the functionality of the product.

3.6. Technological Properties

The technological properties of the fermented milk elaborated with different concentrations of
GBP over 28 days of storage at 4 ◦C are presented in Figure 3 and Table 6.

Figure 3. Cont.
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Figure 3. Regression curves of the titratable acidity expressed in g/100 g of lactic acid (A); pH (B);
hue angle (C); Chroma (D) and Color Difference (ΔE) (E) of fermented milks by L. paracasei subsp
paracasei LBC 81 with different concentrations (g/100 g) of green banana pulp (GBP) as a function of
the fermentation period.

Table 6. Regression equations of titratable acidity expressed in g/100 g of lactic acid (A), pH (B), hue
angle (C), Chroma (D) and Color Difference (ΔE) of fermented milks by L. paracasei subsp paracasei LBC
81 with different concentrations of GBP over 28 days at 4 ◦C.

Variable GBP (g/100 g) Adjusted Equation R2 SEE

Titratable Acidity
(g/100 g)

0.0 ŷ = 0.44 + 0.01 ∗ X 0.91 0.05
3.0 ŷ = 0.55 + 0.02 ∗∗ X 0.97 0.04
6.0 ŷ = 0.64 + 0.02 ∗∗ X 0.97 0.05
9.0 ŷ = 0.61 + 0.03 ∗ X 0.91 0.11

pH

0.0 ŷ = 4.69 + 0.41

1 + e−( X−17.12−3.36 ) 0.97 0.06

3.0 ŷ = 4.05 + 0.83

1 + e−( X−12.23−3.63 ) 0.99 0.08

6.0 ŷ = 3.93 + 0.69

1 + e−( X−10.48−3.17 ) 0.97 0.12

9.0 ŷ = 3.87 + 0.66

1 + e−( X−9.11−3.87 ) 0.97 0.10

Hue angle

0.0 ŷ = 87.83 + 0.23 ∗ X 0.89 0.99
3.0 ŷ = 85.79 + 0.01 ns X 0.02 1.02
6.0 ŷ = 83.08 + 0.10 ns X 0.68 0.89
9.0 ŷ = 80.67 − 0.01 ns X 0.04 0.45

Chroma

0.0 ŷ = 12.37 − 0.05 ∗ X 0.78 0.34
3.0 ŷ = 11.16 − 0.01 ns X 0.04 0.23
6.0 ŷ = 11.30 − 0.01 ns X 0.08 0.21
9.0 ŷ = 11.28 + 0.03 ns X 0.48 0.35

Color Difference

0.0 ŷ = 5.90
(

1 − e(−0.20X)
)

0.91 0.88
3.0 ŷ = 0.74 + 0.04 ns X 0.28 0.77
6.0 ŷ = 0.66 + 0.3 ns X 0.18 0.70
9.0 ŷ = 0.17 + 0.05 ns X 0.53 0.57

SEE = Standard error of estimate; ns Not significant; ** Significant (p < 0.01); * Significant (p < 0.05); n =
3 sample replicates.

In relation to the titratable acidity (Figure 2A), it was observed that there was a significant increase
as a result of the interaction between the concentrations of GBP and the storage period.

It should be noted that fermented milk containing GBP had higher initial titratable acidity than
fermented milk without GBP, and there was a trend for this difference to increase throughout the
storage period. At the beginning of the storage period, the estimated difference in titratable acidity
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between the fermented milk without GBP and that with 9.0 g/100 g of GBP was 0.17 g/100 g of lactic
acid. However, after 28 days of storage, the estimated difference was 0.73 g/100 g of lactic acid. Such a
trend may be associated with the greater viability of L. paracasei LBC 81 in fermented milks containing
GBP, as observed in Table 5.

Regarding the pH data (Figure 3B), a consistency was observed with the titratable acidity data,
since there was a reduction in pH as the storage period increased, with an increase in the difference
between values observed in the fermented milks without GBP and those with GBP. The differences
between pH values in fermented milks without GBP and with 9.0 g/100 g of GBP were 0.64 and 0.83 at
the beginning of the storage period and after 28 days, respectively.

The stability of the pH and acidity of fermented dairy products during refrigerated storage is
desirable with respect to the acceptability and viability of the probiotic culture. In the present study, we
verified that an increase in the concentration of GBP in fermented milk caused a greater decrease in pH,
and consequently elevated the acidity of the product. Similarly, a decrease in pH was also observed in
probiotic yogurt supplemented with lemon and orange fibers after 30 days of storage at 4 ◦C, where
the pH of yogurts supplemented with lemon and orange fiber were 3.97 and 3.92, respectively [32].

The post-acidity in the different formulations of the fermented milks enriched with GBP over
the storage period of 28 days at 4 ◦C is not desirable. The yoghurts and fermented milks present
a shelf life of 28 to 30 days. This established shelf life is associated with the pH and acidity of the
product. These parameters, after a prolonged storage period, make the products less acceptable for
consumers. In our study, we observed that the product with higher acidity was less accepted by
consumers. In addition to compromising product acceptance, the marked decrease in pH may affect
the viability of probiotic strains. It is important to highlight that even with the decrease in pH and the
increase in the titratable acidity of the fermented milks enriched with GBP, the viability of L. paracasei
LBC 81 was not compromised over 28 days of storage at 4 ◦C (Table 5).

As for the coloration of fermented milks during storage, there was a significant variation in the
variables, hue angle (h), chroma (C) and color difference (ΔE), due to the interaction between the
concentration of GBP and the storage period. At the beginning of the storage period, the hue angle
(Figure 3C) of the fermented milk without GBP was higher than in the fermented milks containing
GBP. As the storage period increased, there was only a significant (p < 0.05) increase in the hue angle in
fermented milk that did not contain GBP. Similar results were observed for the chroma (Figure 3D) and
for the color difference (Figure 3E). In terms of chroma, there was a significant decrease (p < 0.05) only
in the product without GBP over 28 days of storage. In the same sense, an expressive variation was
observed only in the product elaborated without GBP, with an estimated value of 5.88, after 28 days of
storage. On the other hand, the color differences in the fermented milks with GBP remained below
2.00 during storage at 4 ◦C.

In general, foods are susceptible to oxidation reactions when submitted to some storage conditions.
Those foods rich in antioxidant substances are protected by the damage caused from the oxygen
reactions, and therefore, present less alteration to flavor and color. Possibly, substances present in
banana, such as antioxidants and phenolic compounds [33], acted as protective agents in the fermented
milks against the action of reactive oxygen species. In this sense, these substances influenced the
stability of the hue angle, chroma and color difference of fermented milk over 28 days of storage
at 4 ◦C.

Although antioxidants and phenolic compounds are sensitive to high temperatures, it is possible
that, after autoclaving, reduced concentrations of these substances were sufficient to ensure the color
stability of the fermented milks. This stability of the color on the fermented milks with GBP can
also justify the stability of the probiotic strain L. paracasei LBC 81 over the 28 days of storage at 4 ◦C.
In the presence of antioxidant substances and phenolic compounds, L. paracasei LBC 81 would be least
exposed to attack by reactive oxygen species. The oxygen reactive species attack proteins, nucleic
acids and lipids and are considered one of the most important causes of injury and cellular death [34].
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Thus, it is possible that the stability of the viability of L. paracasei LBC 81 is also associated with the
protection of antioxidant substances and phenolic compounds.

4. Conclusions

The addition of GBP accelerated the growth and stabilized the viability of L. paracasei LBC
81 during a period of refrigerated storage. In addition to this benefit, the tonality, chroma and color
difference of the fermented milks were less affected as the amount of GBP increased. The sensorial
analysis of fermented milk enriched with 6.0% of GBP had better acceptance when compared to
fermented milk without GBP and with the other formulations. One of the disadvantages of the
incorporation of GBP into fermented milk was in relation to the increase in syneresis and the occurrence
of post-acidification during the storage period. However, these technological variables can be improved
with the use of stabilizers and with greater control of the fermentation process in further studies.
It is also important to highlight that the use of green banana pulp can contribute to the nutritional
quality of the fermented milk due to its phenolic compounds, resistant starch, fibers and other
components. Therefore, our product could impact consumer health due to its probiotic and prebiotic
effects. However, further studies should be conducted to evaluate the impact of this product on
consumers’ health.
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Abstract: Milk powder and gluten are common components in Swedish infants’ diets. Whereas
large intakes of gluten early in life increases the risk of celiac disease in genetically at-risk Swedish
children, no study has yet evaluated if intake of milk powder by 2 years of age is associated with celiac
disease. A 1-to-3 nested case-control study, comprised of 207 celiac disease children and 621 controls
matched for sex, birth year, and HLA genotype, was performed on a birth cohort of HLA-DR3-DQ2
and/or DR4-DQ8-positive children. Subjects were screened annually for celiac disease using tissue
transglutaminase autoantibodies (tTGA). Three-day food records estimated the mean intake of milk
powder at ages 6 months, 9 months, 12 months, 18 months, and 24 months. Conditional logistic
regression calculated odds ratios (OR) at last intake prior to seroconversion of tTGA positivity, and
for each time-point respectively and adjusted for having a first-degree relative with celiac disease and
gluten intake. Intake of milk powder prior to seroconversion of tTGA positivity was not associated
with celiac disease (OR = 1.00; 95% CI = 0.99, 1.03; p = 0.763). In conclusion, intake of milk powder in
early childhood is not associated with celiac disease in genetically susceptible children.

Keywords: infant feeding; Sweden; HLA; milk powder; formula; gluten; commercial infant foods

1. Introduction

Celiac disease is a common chronic small bowel disease caused by intolerance to gluten found
in foods containing wheat, rye or barley [1]. It has been debated whether the global differences in
prevalence are due to variations in infant feeding practices [2]. One affecting factor could be variations
in gluten intake during the first years of life [3]. The effects of dairy product intake on the risk of celiac
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disease is less studied. Although the vast majority of patients with celiac disease have antibodies
directed against tissue transglutaminase (tTGA) [4], a proportion also have detectable antibodies
against milk protein [5]. Although a recent study did not find avoidance of cow´s milk-based products
to protect from celiac disease compared with extensively hydrolyzed formula [5], it is not entirely clear
whether other components in milk products may trigger celiac disease.

Commercial instant porridges and cereal milk drinks based on milk powder and gluten containing
cereals are common infant food products in some parts of the world [6]. In milk powder production,
advanced glycation end products (AGEs) are formed through Maillard reactions [7]. AGEs have
pro-inflammatory effects and may induce increased oxidative stress in adults [8]. Notably, levels
of AGEs increase during storage of commercial instant porridge and cereal milk drinks in room
temperatures [9]. It could therefore be hypothesized that a high intake of commercial instant porridge
and cereal milk drinks containing high concentrations of AGEs cause an initial inflammation that
results in an increased gut permeability to gluten antigens that eventually leads to celiac disease in
genetic at risk individuals.

The aim of this study was to investigate if intake of milk powder is associated with celiac disease in
children. We prospectively collected food data from a birth cohort of genetically predisposed children
that later developed celiac disease and compared it to matched controls in a nested case-control study.

2. Subjects and Methods

2.1. Study Population

The Environmental Determinants of Diabetes in the Young (TEDDY) study is an observational
study conducted at 6 clinical centers in Finland, Germany, Sweden and the United States, investigating
the environmental factors associated with type 1 diabetes and celiac disease [10]. Children carrying
any of the HLA genotypes associated with type 1 diabetes and celiac disease were invited to participate
in a 15-year follow-up [10], and among the enrolled participants 2525 were from the Swedish site.
The TEDDY study is monitored by the National Institutes of Health and has been approved by ethics
review boards at individual sites and informed consent from a parent or primary caretaker were
obtained prior to screening.

2.2. Screening for Celiac Disease

Annual screening for celiac disease begins at 2 years of age by measurement of IgA and IgG
autoantibodies against tTGA using radioligand binding assays as previously described [1]. Children
positive for tTGA have their blood samples analyzed to determine the closest time point of tTGA
seroconversion. Children positive for tTGA in two consecutive samples were evaluated for celiac
disease at their health care provider. Diagnosis of celiac disease was established if a child had a biopsy
showing Marsh score of 2 or higher and responded to a gluten-free diet with a significant decrease in
tTGA levels.

As of July 31 in 2016, 2,077 Swedish TEDDY children had been screened for tTGA of whom 504
(24%) were tTGA positive at median 30 months of age (first quartile (Q1): 21, third quartile (Q3): 53)
and 85 of those (17%) children seroconverted to tTGA prior to or at 24 months of age. Among the 238
tTGA positive children that were finally investigated with an intestinal biopsy, 207 of the 2077 (10%)
children were diagnosed with celiac disease at median 45 months of age (Q1: 33, Q3: 70) (Figure 1).
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Figure 1. Flowchart of the study population.

2.3. Study Design

A nested case-control design included the 207 cases with biopsy-proven celiac disease and
3 controls randomly selected from the cohort for each case after matching on gender, the number of
HLA DQ2 alleles and birth year (i.e., 1–3 nested case-control design) (Table 1). All controls were free of
biopsy-proven celiac disease within 3 months of the matched case’s age of biopsy, as well as tTGA
negative within 3 months of the matched case’s age of seroconversion. In this nested case-control
study, 39 cases were selected as controls until seroconversion of tTGA.

Table 1. Characteristics of the identified cases with celiac disease in the Swedish TEDDY birth cohort
used as matching factors in a nested 1-3 case-control study.

Matching Variable Cases N = 207 (%)

Sex
- Female 131 (63.3)
- Male 76 (36.7)
Birth year
- 2004 11 (5.3)
- 2005 39 (18.8)
- 2006 28 (13.5)
- 2007 41 (19.8)
- 2008 37 (17.9)
- 2009 46 (22.2)
- 2010 5 (2.4)
HLA-genotype
- DQ2/DQ8 64 (30.9)
- DQ8/DQ8 35 (16.9)
- DQ2/DQ2 100 (48.3)
- Other 8 (3.9)
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2.4. Dietary Assessment

A study nurse collected a 24-h dietary recall at the first visit between 3 and 4.5 months of
age. Three-day food records, including two weekdays and one weekend day, were then collected at
follow-up visits at 6 months, 9 months, 12 months, 18 months, and 24 months of age, respectively.
Normal food habits were encouraged during the time of the food record collection. Parents were
provided with a manual including written instructions, as well as photos of portion sizes and drawings
of foods of different sizes and as reference. When the child started daycare, a set of separate food
record sheets and manual were provided for the daycare personnel. At the study visits, the study nurse
performed a face-to-face interview, probing for missing or unclear information and revising the food
record accordingly. A trained study dietitian or nutritionist entered the dietary information in a food
database. The TEDDY database for Sweden was based on the Swedish National Food Composition
Database, with information about nutrient content for foods and standard recipes for several composite
dishes [11]. Products and brands different from standard food items in ingredients or nutritional values
as well as unique recipes recorded by families were added to the database. For commercial baby foods,
recipes were created based on the ingredient list together with information on the nutritional value, and
added as a new food item if it changed in nutritional value or content. The study personnel entering
the food data reached consensus estimates for the weight of foods when there was no information in
the national food database or from the producer.

Intake of milk powder was either obtained directly from the database (including infant cereal milk
drink and instant porridge), as an estimate for average content in a food type (including infant formula
and chocolate) or an estimate based on brand name (including yoghurts). Based on the structure of the
database, the content of milk powder could not be estimated for some specific products (such as ice
cream, powder-based sauces, and certain prepared foods). From the dietary records, gluten intake
was also assessed as it was considered a confounding factor. Total intake of wheat, rye and barley
could be obtained from the database, and the amount of ingested gluten was calculated by multiplying
the analyzed content of protein in each of these grains with 0.8 for wheat, 0.65 for rye, and 0.5 for
barley [12].

Body weight was measured at every clinic visit at 3 months, 6 months, 9 months, 12 months,
18 months, and 24 months (Figure 2a). Scales were of different brands over the study period of which
Tanita (Tanita Corp, Tokyo, Japan) was most commonly applied. Tanita scale was the most common
and that scales were calibrated regularly. Energy intake for breastfed subjects was estimated using
the energy requirement based on the child’s age and weight at the time for the food record, then
subtracting the energy intake from other reported food (Figure 2b) [13].

a 

Figure 2. Cont.
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b 

c 

Figure 2. Body weight at clinic visit (a) and assessed daily mean intake of energy (kcal) (b), mean
daily intake of milk powder (gram per day) from 3-day food records in cases with celiac disease and
matched, healthy controls (1:3) (c). For breastfed subjects, energy intake was estimated using assessed
energy requirement and subtracting energy intake from other reported food. Controls were matched to
cases by gender, HLA genotype and birth year.

2.5. Statistical Analysis

Daily intake of milk powder in grams per day was assessed as the mean intake from the three-day
diet records. Intake data were available until 24 months of age, but age of tTGA seroconversion
for cases ranged from 10 to 120 months. Only available intakes reported prior to the case’s tTGA
seroconversion were included in analysis in order to compare between a case and matched control,
using conditional logistic regression. Daily intake was also analyzed in grams per kilogram body
weight (g/kg/day) in order to standardize intake between subjects. Intake reported at the visit prior
to the case’s tTGA seroconversion was as “last intake,” and the sum of all intakes assessed as “total
intake.” Intake at a given age (3 months, 6 months, 9 months, 12 months, 18 months, or 24 months)
was compared if it was available or appropriate for the case’s age of seroconversion. We first adjusted
for having a first-degree relative with celiac disease as a confounder. Milk powder intake was then
analyzed with and without adjustment for gluten intake in order to separate the effect on risk of
celiac disease between the two dietary exposures. Odds ratios were reported with 95% confidence
intervals (CI), along with two-sided p-value. Statistical significance was determined when p-value
<0.05. All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

Energy intake and body weight increased as expected with age for both cases and controls
(Figure 2a,b). The mean daily intake of milk powder increased in both cases and controls by 12 months
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of age and more significantly between 6 months and 9 months of age, respectively (Figure 2c).
At 6 months, the intake of milk powder was 15.9 g and 15.3 g per day for cases and controls respectively.
At 9 months it had increased to 28.1 grams and 25.4 grams per day for cases and controls and at
24 months it had decreased to 13.3 grams and 14.7 grams per day for cases and controls.

Neither energy intake nor body weight were associated with celiac disease. Intake of milk
powder in grams per day prior to seroconversion of tTGA positivity did not increase the risk of celiac
disease, either for last intake, nor total intake or for intake at any given age. This was also true for
the relative intake in grams per kg body weight (Table 2). In the unadjusted model, there was a
small increased risk for celiac disease for the milk powder intake at 9 months of age in grams per
day (OR = 1.01, 95%CI = 1.0–1.02; p = 0.037), as well as in grams per kilogram bodyweight per day
(OR = 1.1, 95%CI = 1.0–1.2; p = 0.044).

Table 2. Comparison of mean daily intake of milk powder (grams per day and grams per kilo
bodyweight) in cases with celiac disease and matched, healthy controls (1:3), and risk of celiac disease
analyzed with conditional logistic regression expressed as odds ratio (OR) after adjusting for having a
first-degree relative with celiac disease and for gluten intake at the given time point. Controls were
matched to cases by gender, HLA genotype and birth year.

Time point
Number of

cases analyzed
Number of cases
missing intake

Milk powder intake (g/day) Milk powder intake (g/kg/day)

OR (CI 95%) p-value OR (CI 95%) p-value

Last intake 1 207 0 1.0 (0.99–1.01) 0.937 0.99 (0.87–1.13) 0.861
Total intake 2 207 0 1.0 (1.0–1.00) 0.662 1.0 (0.98–1.03) 0.763

Intake at
3 months 207 0 0.99 (0.97–1.01) 0.159 0.92 (0.83–1.02) 0.125
6 months 202 5 1.0 (0.99–1.02) 0.643 1.02 (0.91–1.13) 0.788
9 months 198 9 1.01 (1.0–1.02) 0.069 1.09 (0.99–1.19) 0.072
12 months 192 9 1.01 (1.0–1.02) 0.181 1.08 (0.96–1.21) 0.184
18 months 146 21 1.0 (0.98–1.02) 0.983 1.01 (0.84–1.21) 0.923
24 months 103 19 0.99 (0.97–1.01) 0.202 0.88 (0.69–1.12) 0.301

1 Last reported intake at the visit prior to seroconversion of tTGA; 2 Sum of all reported intakes prior to
seroconversion of tTGA

Having a first-degree relative with celiac disease (OR = 2.53, 95%CI 1.37, 4.67, p = 0.003) and
reported gluten intake when assessed in grams per day (OR = 1.09, 95%CI 1.03–1.16; p = 0.004) as well
as in grams per kilograms per day (OR = 2.73, 95%CI 1.36–5.49; p = 0.005) were associated with celiac
disease. When these confounders were included the adjusted model, the association between milk
powder intake and celiac disease no longer remained significant.

4. Discussion

The present study showed that intake of milk powder does not increase the risk of celiac disease
in genetically susceptible Swedish children. The peak intake of milk powder was observed at the age
of 9 months after which it started to decrease, and may reflect a dietary intake pattern of formula,
commercial porridge and milk cereal drink. The intake of milk powder observed was equivalent to the
amount of commercial porridge and cereal milk drink consumed by Swedish infants as reported in a
previous study [6].

The strength of the dietary assessment methods used in this study is that they allow for estimations
of individual intake of foods. Repeated food records measure changes in dietary habits of infants and
growing young children over time and is a suitable method when studying dietary intake and risk
of disease [14]. Another advantage with the dietary data collected for this study is minimization of
recall bias, which has been a limitation in previous studies using retrospective dietary assessment
methods [15,16]. A prospective study design has the advantage of unawareness of the tTGA status at
the time of the food data collection, which otherwise may influence parents to change their child’s diet.

Analysis of relative dietary intake we also made, as recommended in nutrition research and
disease [17]. The energy requirement of a child depends on age, weight, and growth [13]. A child
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larger in size may consume bigger portions than their smaller counterpart, resulting in a higher nutrient
intake, but not necessarily higher intake in relation to body weight. We adjusted for the confounders
of having a family member with celiac disease and for the gluten intake, respectively. The adjustments
had a significant impact on the results, since we found an association with increased risk for celiac
disease and intake of milk powder reported at the 9-month visit. We have previously published a
study on the association between amount of gluten intake and celiac disease performed on the same
cohort, which showed that the last intake of every gram gluten per day before seroconversion to tTGA
positivity increased the risk of celiac disease by 28% [3].

The limitations of this study includes that milk powder intake was only studied in the first 2 years
of life, whereas the majority of the celiac cases were diagnosed several years later. As 15.6% of the
subjects also had missing food record data at 24 months, data collected at earlier timepoints was
applied for the analyses, which may affect the reliability of the results. Additionally, we did not have
access to complete information on content of milk powder for all food items; therefore, estimates had to
be used. Although the excluded foods were considered less commonly used in the selected age groups,
estimations on possible amounts of missing data were not performed. In this study, we analyzed two
dietary exposures, and some common Swedish infant products contain both. Although the statistical
analyses adjusted for the gluten intake, the study could be criticized for not quantifying the amount of
gluten from products that also contained milk powder.

In conclusion, this nested case-control study on intake of milk powder during the first 2 years of
life in genetically susceptible children showed that consumption of milk powder is not associated with
celiac disease for Swedish children.
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Abstract: Studies report that metabolites, such as peptides, present in fermented milk with specific
lactic acid bacteria, may regulate cytokine production and exert an anti-inflammatory effect. Hence,
the cytokine regulatory effect of fermented milk by specific Lactobacillus strains was evaluated in
a lipopolysaccharide (LPS)-stimulated murine model. From twelve strains, three (J20, J23 and J28)
were selected for their high proteolytic and acidifying capacities in milk and used for the in vivo
study. Three treatments (fermented milk, FM; pasteurized fermented milk, PFM; and its <10 kDa
fractions, PFM10) were administrated daily for four weeks. After treatments, animals were induced
to a systemic inflammation with LPS, and blood samples were collected 6 h post-LPS injection for
cytokine analyses. Results showed that FM or PFM significantly (p > 0.05) reduced pro-inflammatory
cytokine (IL-6 and TNF-α) concentrations and significantly increased anti-inflammatory (IL-10)
cytokine concentrations in comparison to the control; also, pro-inflammatory cytokines were reduced
for animals treated with PFM10 (p < 0.05). RP-HPLC-MS/MS analysis showed that water-soluble
extracts (<10 kDa) from PFM with J28 presented 15 new peptides, which may be the metabolites
involved in the cytokine regulatory effect of fermented milk.

Keywords: fermented milk; cytokine regulation; Lactobacillus; lipopolysaccharide

1. Introduction

The intake of dairy products fermented by Lactobacillus (L.) spp. have been associated with the
ability to confer health benefits [1]. The modulation of the specific immune response through cytokine
production regulation, which has shown to be strain dependent, is probably the most important health
benefit [2,3]. The health-promoting effects may arise not only from bacteria themselves [4], but also
from metabolites derived from milk fermentation, particularly bioactive peptides, that play a crucial
role on these beneficial effects [5]. However, little attention has been paid to the modulation of cytokine
production by bioactive peptides produced in milk fermented by lactic acid bacteria (LAB).

It has been reported that cell wall components of LAB or peptides liberated in milk may interact
with specific receptors in the immune cells, which selectively influence the immune system through
different mechanisms [6]. In fact, peptides derived from L. helveticus-fermented milk could enhance
the systemic immune response following an Escherichia (E.) coli O157:H7 challenge [6]. Nevertheless,
few reports have been published on the anti-inflammatory effects of fermented milk with other
Lactobacillus strains. Indeed, most in vitro and in vivo related studies have been carried out with milk
fermented with L. helveticus [7–9], and only one study was performed with L. fermentum [10].
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Lipopolysaccharide (LPS) induces acute inflammation and endotoxic shock in experimental
animals [3,11–13], and it is characterized by the production of cytokines and other mediators of
inflammation. Therefore, LPS may be used to induce inflammation to evaluate the anti-inflammatory
effect of fermented milk. During an infection by bacteria or viruses, among others, the host responds
producing pro-inflammatory cytokines to contain infection. Pro-inflammatory cytokines such as
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) are responsible for early responses and
amplify reactions, whereas anti-inflammatory cytokines such as IL-4 and IL-10 reduce inflammation
and promote healing [14]. Pro-inflammatory cytokines contribute to defense mechanisms of the host
and when secreted in excess, they may induce immunopathological disorders [15–18]. Therefore, it is
necessary to find ways to downregulate its production or inhibit its effects in vivo. The aim of the
present study was to evaluate the anti-inflammatory effects of milk fermented by specific Lactobacillus
strains, on the serum cytokines levels in a LPS-stimulated murine model. Firstly, Lactobacillus strains
were selected based on their technological properties such as proteolytic and acidifying activities.
Then, selected strains were used to prepare fermented milk (FM), pasteurized fermented milk (PFM)
and its fractions (<10 kDa) (PFM10), and the anti-inflammatory effects were tested in an in vivo study.
In addition, peptides present in fractions (<10 kDa) were identified, since they may be associated to
the potential anti-inflammatory effect.

2. Materials and Methods

2.1. Substrates and Chemicals

Lactobacilli MRS broth (De Man, Rogosa and Sharpe) was purchased from Difco (Sparks, MD, USA).
Nonfat dry milk was obtained from Dairy America (Fresno, CA, USA). O-Phthaldialdehyde (OPA)
was purchased from Fluka (Linz, Oberösterreich, Austria), and trichloroacetic acid (TCA), sodium
dodecyl sulfate (SDS), 2-mercaptoethanol, acetonitrile, trifluoroacetic acid (TFA) and LPS from E. coli
serotype O11:B4 were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Strains and Growth Conditions

Twelve Lactobacillus strains were obtained from the culture collection from the Dairy Laboratory
at the Food Research and Development Center, A.C. (CIAD, A.C., Hermosillo, Sonora, Mexico). These
wild strains were isolated from artisanal cheese and characterized [19]. Lactobacillus strains were
cultured in 10 mL of sterile MRS Broth. Then, three consecutive subcultures were prepared (1%, v/v)
and incubated for 24, 18 and 12 h, respectively, at 37 ◦C, in order to obtain fresh cultures. The initial
average population (109 CFU/mL) of the inoculum was obtained in the 12-h fresh culture by the plate
count method.

2.3. Preparation of Fermented Milk

Reconstituted nonfat dry milk (10%, w/v) was heated at 110 ◦C for 10 min, immediately cooled
and stored overnight at 4 ◦C. To prepare starter cultures, a fresh culture of each strain was inoculated
(1%, w/v) in sterile reconstituted nonfat milk, followed by incubation at 37 ◦C for 12 h. FM was
produced by inoculation of sterile reconstituted commercial nonfat dry milk (10%, w/v) with starter
cultures (3%, v/v), followed by incubation at 37 ◦C for 48 h. The final average population in each FM
was 109 CFU/mL. PFM was prepared by heating fermented milk at 75 ◦C for 20 min and immediately
cooling in an ice bath. PFM10 was prepared by centrifuging PFM in a Sorvall ST 16R centrifuge at
4696× g (Thermo Scientific, Osterode, Am Kalkberg, Germany) for 40 min at 4 ◦C; and supernatants
were collected and ultra-filtered through 10 kDa cut-off membranes (Pall life Science, Port Washington,
NY, USA) in a stirred ultrafiltration cell (Millipore Amicon, Bedford, MA, USA). Permeates (<10 kDa)
were collected, frozen at −80 ◦C and lyophilized in a FreeZone 6 freeze dryer (Labconco, Kansas,
MO, USA). For the in vivo study, PFM10 was daily prepared by reconstitution to the original volume.
Meanwhile, control acidified milk (AM) was prepared with sterile nonfat milk and acidified with
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lactic acid (Faga Lab, Cd. México, México) until a pH of 4.3 was reached. Peptide content in PFM and
PFM10 was determined in the water-soluble fractions after protein precipitation with TCA (14%) by
the bicinchoninic acid (BCA) method [20].

2.4. Proteolytic and Acidifying Activity

Proteolysis during milk fermentation at 24 and 48 h was quantified by using the OPA method [19].
For this purpose, 5 mL of 0.75 N TCA were added to 2.5 mL of fermented milk and vortexed for
1 min. Samples were kept at 4 ◦C for 30 min, then they were centrifuged (4696× g, 40 min, 4 ◦C).
The supernatants were filtered using Whatman No. 2 paper. All filtrates were frozen at −20 ◦C until
further analysis. A 30 μL sample aliquot containing TCA-soluble peptides were added to 600 μL of the
freshly prepared OPA reagent. After 2 min at 20 ◦C, absorbance was immediately measured at 340 nm
using a spectrophotometer Nanodrop 2000C (Thermo Scientific, Claire, WI, USA).

During fermentation, pH measurements were taken at 24 and 48 h, using a HI 2211 pH and
ORP Benchtop Meter (Hanna Instruments, Woonocket, RI, USA). Additionally, titratable acidity was
monitored [21]. Measurements were taken in duplicate.

2.5. Assay in a Murine Model

Male Wistar rats (5–6 weeks old, 110–160 g body weight (BW)) were obtained from Bioinvert &
Aprexbio S.A. de C.V. (Ciudad de México, México). All rats were fed with a standard diet (Standard
Rodent Laboratory-Chow 5001 Diet, Purina Feeds, Inc., St. Louis, MO, USA) and purified water
ad libitum. Rats were housed in sanitized polycarbonate cages (60 × 40 × 30 cm) with sterile sawdust
bedding that was replaced daily. Room temperature was kept at 22 ± 2 ◦C, with a relative humidity
between 40 and 60%, and 12 h light/dark cycles.

Animals were adapted (first week) and randomly assigned in pairs to experimental groups
(n = 6). The bioassay included the eleven groups: AM (control), FM/20, PFM/J20, PFM10/J20, FM/J23,
PFM/J23, PFM10/J23, FM/J28, PFM/J28, and PFM10/J28. Also, a PBS (phosphate-buffered saline
solution) group without LPS-induced inflammation was included for the evaluation of cytokine
concentrations in a nonstimulated group. During four weeks, animals were daily fed with 1 mL of
each treatment.

After four weeks, animals were subcutaneously injected with LPS (7.5 mg/kg BW, diluted in
milliQ water) to induce a systemic inflammatory process. Finally, rats were sacrificed 6 h post-LPS
stimulation. Blood samples were taken and centrifuged at 2348× g for 8 min; serum was collected
and kept at −20 ◦C until cytokine analyses. This study was approved by the ethical committee of
the Food Research and Development Center, A.C. (CE/007/2015) and was carried out following
the recommendations of the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animals Resources [22].

2.6. Cytokine Determinations

IL-10, IL-6 and TNF-α serum cytokine concentrations were determined by the ELISA method
(Enzyme-Linked Immunosorbent Assay) using commercially available kits (Thermo Scientific,
Rockford, IL, USA). These tests comprised recombinant cytokines from E. coli and antibodies
against anti-inflammatory and pro-inflammatory cytokines (with 3, 5 and 15 pg/mL detection
limits, respectively).

2.7. Isolation of Peptide Fractions by Reversed-Phase HPLC

Peptide profiles of PFM10 samples were obtained by reversed-phase high performance liquid
chromatography (RP-HPLC) (1100 series; Agilent Technologies Japan Ltd., Tokyo, Japan) at 214 nm.
Separation was carried out with an Extend-C18 (4.6 × 250 mm, 5-μm particle size, 180-A pore size)
column from Agilent Technologies (Santa Clara, CA, USA) at room temperature (22 ◦C) with a solvent
flow rate of 0.25 mL/min. Solvent A was a mixture of water-trifluoroacetic acid (1000:0.4, v/v) and
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solvent B contained acetonitrile-trifluoroacetic acid (1000:0.3, v/v). 20 μL of sample were injected.
Peptides were eluted with a linear gradient of solvent B in solvent A from 0.1 to 99.9% for 40 min.
The concentration of solvent B was linearly increased from 0.1 to 60 % in 30 min and from 60 to 99.9%
between 30 and 35 min, then it was decreased from 99.9% to 0.1% between 35–40 min. Fractions from
five chromatographic runs were collected, freeze dried and stored for further analysis.

2.8. Analysis of Peptides by Tandem Mass Spectrometry

Mass spectrometry (MS) analysis was performed using a 1100 Series LC/MSD Trap (Agilent
Technologies Inc., Waldbronn, Karlsruhe, Germany) equipped with an electrospray ionization source
(LC-ESI-MS). The nanocolumn was a C18-300 (150 mm × 0.75 μm, 3.5 μm; Agilent Technologies Inc.).
The sample injection volume was 1 μL. Solvent A was a mixture of water-acetonitrile-formic acid
(10:90:0.1, v/v/v) and solvent B contained water-acetonitrile-formic acid (97:3:0.1, v/v/v). The gradient
was based on the increment of solvent B, which was initially set at 3% for 10 min and it took 23 more min
to reach 65%. The 0.7 μL/min flow rate was directed into the mass spectrometer via an electrospray
interface. Nitrogen (99.99%) was used as the nebulizing and drying gas and operated with an estimated
helium pressure of 5 × 102 Pa. The needle voltage was set at 4 kV. Mass spectra were acquired over a
range of 300 to 2500 mass/charge (m/z). The signal threshold to perform auto MS analyses was 30,000.
The precursor ions were isolated within a range of 4.0 m/z and fragmented with a voltage ramp from
0.35 to 1.1 V. Peptide sequences were obtained from mass spectrometry data using the Mascot [23]
server through the UniProtKB/Swiss-Prot database (http://www.matrixscience.com/help/seq_db_
setup_Sprot.html (accessed on 5 September 2016) sequences.

2.9. Statistical Analysis

Data normality was tested as a prerequisite before one way analysis of variance (ANOVA) was
carried out in order to compare groups. Differences among means were assessed by Fisher’s least
significant difference for multiple comparison test and considered significant when p ≤ 0.05. Data
analyses were performed with NCSS 2007.

3. Results and Discussion

3.1. Strain Selection

3.1.1. Proteolytic Activity

Lactobacillus strains from two species (six L. fermentum and six L. pentosus) were evaluated [19].
Proteolytic activity assessed at 24 and 48 h of fermentation showed significant differences (p < 0.05),
and it was time and strain dependent (Figure 1). Strains of Lactobacillus fermentum J20, J23 and J28
presented the highest proteolytic activity (p < 0.05). On the other hand, strains J10, J24, J26, J27, J31,
J32, J34, J37 and J38 were considered as weakly proteolytic. The high proteolytic activity for species
L. fermentum may be related to a large number of proteases and peptidases present [24].

It has been reported that metabolites such as peptides, released during fermentation, are important
for the bioactive properties attributed to highly proteolytic lactic acid bacteria [8]. In fact, a study of
the effect of L. helveticus and its nonproteolytic variant reported that mice administrated with milk
fermented by the proteolytic variant (wild) of L. helveticus enhanced the immunomodulatory effect in
comparison to those fed with milk fermented with the nonproteolytic variant [8]. Moreover, in another
study the peptidic fractions from Lactobacillus helveticus-fermented milk offered protection against
Salmonella infection, possibly by interfering in the virulence function [9]
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Figure 1. Proteolytic activity (o-phtaldialdehyde method) in milk fermented by different strains of
Lactobacillus spp. at 24 or 48 h of fermentation (37 ◦C). Mean ± SD (n = 3). Different letters indicate
significant differences (p < 0.05) among all fermented milks. Strains: J10, J20, J23, J28, J32 and J38 are
Lactobacillus fermentum; J24, J26, J27, J31, J34 and J37 are Lactobacillus pentosus.

3.1.2. Acidifying Activity

The acidifying activity of Lactobacillus strains was evaluated by monitoring pH and titratable
acidity at 24 and 48 h of fermentation (Figures 2 and 3). pH significantly decreased (p < 0.05) for
milk fermented by Lactobacillus J20, J23 and J28 after 24 or 48 h. Similarly, titratable acidity was
significantly (p < 0.05) different for these same strains of Lactobacillus J20, J23 and J28 after 24 and 48 h
of fermentation. On the other hand, pH and titratable acidity did not significantly (p > 0.05) change
for the rest of the strains. pH change and lactic acid production were strain dependent and may be
explained in terms of differences in metabolic ability and growth requirements. While pH reduction
depends on the amount of lactic acid and other organic acids released, which is directly linked to the
culture metabolic capacity, titratable acidity depends only on the lactic acid produced [25].

Figure 2. pH of milk fermented by Lactobacillus spp. strains at 24 or 48 h of fermentation. Mean ± SD
(n = 3). Different letters indicate significant differences (p < 0.05) among all fermented milks. Strains: J10,
J20, J23, J28, J32 and J38 are Lactobacillus fermentum; J24, J26, J27, J31, J34 and J37 are Lactobacillus pentosus.
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Figure 3. Lactic acid concentration in milk fermented by Lactobacillus spp. strains at 24 or 48 h of
fermentation. Mean ± SD (n = 3). Different letters indicate significant differences (p < 0.05) among all
fermented milks. Strains: J10, J20, J23, J28, J32 and J38 are Lactobacillus fermentum; J24, J26, J27, J31, J34
and J37 are Lactobacillus pentosus.

Since Lactobacillus J20, J23 and J28 showed the highest proteolytic and acidifying activities in milk,
which are desirable technological properties; they were selected for further studies. Efficient proteolytic
activity of some Lactobacillus sp. has been associated to the production of bioactive peptides with
immunomodulatory activity derived from the hydrolysis of casein in milk. Additionally, acidification
protects milk against spoilage by microorganisms and proliferation of pathogens, as well as contributes
to the flavor and texture of fermented dairy products [25].

Bacterial growth for the selected strains of L. fermentum J20, J23 and J28 was monitored, and the
point corresponding to the end of the exponential phase that reached 109 CFU/mL at 12 h was chosen
as the initial average population for milk inoculum.

3.2. Cytokine Analysis in an LPS-Stimulated Murine Model

In this study, the effects of milk fermented by the three different selected strains of L. fermentum
were evaluated, according to their capacity to modulate the production of IL-6, TNF-α and IL-10
cytokines in a LPS-stimulated murine model.

In a preliminary assay, it was found that 7.5 mg/kg of BW of LPS was an adequate dose to induce
an increase on cytokine production in serum (data not shown). As expected, for all the cytokines tested,
the LPS-stimulated control group (AM) presented significantly higher (p < 0.05) levels than the PBS
group (without LPS stimulation) (Figures 4–6).

The IL-6 concentrations were determined in animals treated with LPS (Figure 4). Groups fed with
FM/J23 or FM/J28 presented significantly lower (p < 0.05) IL-6 in serum, in contrast to the control
group. However, FM/J20 did not show significant differences (p > 0.05) in IL-6 compared to the control
group (AM). Furthermore, IL-6 concentrations in animals treated with PFM/J20, PFM/J23 or PFM/J28
were significantly (p < 0.05) lower than the control group (AM). Also, results showed that groups
treated with PFM10/J28 significantly decreased (p < 0.05) concentrations of IL-6 in comparison to the
control group. Nevertheless, PFM10/J20 and PFM/J23 were not significantly different (p > 0.05) from
the control group.
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Figure 4. Serum concentrations of IL-6. Wistar rats were fed with fermented milk (FM), pasteurized
fermented milk (PFM), fractions <10 kDa of PFM (PFM10) with Lactobacillus J20, J23 or J28; after
4 weeks, rats were injected with lipopolysaccharide, and sacrificed after 6 h post-injection. Control
groups included: acidified milk (AM) injected with LPS; or phosphate buffer saline (PBS) without LPS.
Bars represent means ± SE (n = 6). Different letters indicate significant differences (p < 0.05) among
all groups.

In the case of TNF-α concentrations (Figure 5), animals treated with FM/J20 or FM/J28 showed
a reduction (p < 0.05) of TNF-α compared to the control group. Nevertheless, FM/J23 was not
significantly (p > 0.05) different from the control group. Also, all PFM/J20, PFM/J23 or PFM/J28
treatments significantly reduced (p < 0.05) TNF-α concentrations when compared to the control group.
Moreover, results showed that groups treated with PFM10/J20, PFM/J23, and PFM/J28 significantly
decreased (p < 0.05) concentrations of pro-inflammatory TNF-α cytokines, in comparison to the control
group (AM) (Figure 5). It is noteworthy that FM/J28 was able to reduce TNF-α in all the treatments,
whether in fermented milk, pasteurized fermented milk or its fractions.

Furthermore, the IL-10 concentrations were determined post-LPS treatments (Figure 6). Animals
treated with FM/J20, FM/J23 or FM/J28 presented IL-10 concentrations that were significantly (p < 0.05)
higher than the control group. Moreover, serum concentrations of this cytokine from PFM with J20,
J23 or J28 groups were also significantly (p < 0.05) higher than those in the control group. Nevertheless,
the IL-10 concentration for all administered groups with PFM10 did not increase in comparison to the
control group (Figure 6). This may be due to the fact that the peptidic nitrogen content in PFM10/J28
was significantly (p < 0.05) lower than that in PFM (0.20 vs. 0.30%).
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Figure 5. Serum concentrations of TNF-α. Groups were daily administrated for 4 weeks with fermented
milk (FM), pasteurized fermented milk (PFM), fractions <10 kDa of PFM (PFM10) with Lactobacillus J20,
J23 or J28; after 4 weeks, rats were injected with LPS, and sacrificed after 6 h post-injection. Control
groups included: acidified milk (AM) injected with LPS; or phosphate buffer saline (PBS) without LPS.
Bars represent means ± SE (n = 6). Different letters indicate significant differences (p < 0.05) among
all groups.

Figure 6. Serum concentration of IL-10. Groups were daily administrated for 4 weeks with fermented
milk (FM), pasteurized fermented milk (PFM), fractions <10 kDa of PFM (PFM10) with Lactobacillus J20,
J23 or J28; after 4 weeks, rats were injected with LPS, and sacrificed after 6 h post-injection. Control
groups included: acidified milk (AM) injected with LPS; or phosphate buffer saline (PBS) without LPS.
Bars represent means ± SE (n = 6). Different letters indicate significant differences (p < 0.05) among
all groups.
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3.3. Identification of Peptides in Milk Fermented by Lactobacillus Fermentum J28 with Potential Regulatory
Effect on Cytokine Production

To the best of our knowledge, this is the first study that reports the anti-inflammatory effect of
fermented milk with wild lactic acid bacteria different from L. helveticus. Indeed, the anti-inflammatory
effect of FM with L. helveticus was reported in a murine model with LPS-induced inflammation
and demonstrated that after three weeks of treatments, there was an inhibition of the production of
the pro-inflammatory cytokine TNF-α, and an enhancement of the production of anti-inflammatory
cytokine IL-10 [26].

The beneficial effects of fermented milk products may not only be attributed to bacteria themselves,
but also to the metabolites produced during the fermentation [7]. The most important metabolites in
fermented milks are peptides not present prior to fermentation; these bioactive peptides are potential
modulators of various regulatory processes in the body [27]. In the present study, PFM treatment
containing inactive bacteria presented a cytokine regulatory effect; therefore, this effect may not be
attributable to live bacteria. It has been reported that nonviable bacteria may also exert beneficial
effects [28]. In this sense, studies have reported that heat-treated whole nonviable bacterial cells, such as
L. casei Shirota [29], L. acidophilus A2, L. gasseri A5, and L. salivarius A6 [30] presented anti-inflammatory
effect. Thus, the anti-inflammatory effect of bacterial components present in PFM cannot be discarded.

Moreover, the regulatory effect of fermented milk was enhanced with heat treatment, which
might be associated to structural protein changes. It has been reported that heat treatment changes the
structural conformation of proteins and peptides in milk, promoting the formation of a large variety of
bioactive peptides through digestion, since different protein bonds will be available for enzymes in the
gastrointestinal tract [31]. Thus, peptides and proteins present in PFM may be more readily available
for digestion in order to exert the regulatory effect. In fact, pro-inflammatory cytokine concentrations
in PFM tended to be lower than in FM (Figures 4 and 5).

It is important to note that milk fermented by J28 (FM or PFM) was the most potent regulator
for pro-inflammatory cytokines (IL-6 and TNF-α), while groups treated with FM/J20 or PFM/20
and PFM/23 were more potent inducers for the anti-inflammatory cytokine IL-10. Furthermore, it is
worthwhile to highlight that although the proteolytic activity of J28 was significantly (p < 0.05) lower
than that for J20 or J23 (Figure 1), treatments with J28, seem to have the greatest capacity to regulate
pro-inflammatory cytokine production. Thus, it appears that what it is most important is the chemical
structure of bioactive peptides.

It has been reported that peptides with the capacity to regulate the production of cytokines or
the proliferation of immune cells consist of 2 to 32 AA, which may be contained in the fraction with a
molecular weight of <10 kDa [32,33]. Hence, peptides present in PFM10 with J28 were identified.

A typical peptide profile produced by J28 showing five collected fractions (F1 to F5) is depicted
in Figure 7. After fraction collection, peptides were identified by mass spectrometry. A typical mass
spectrum of one of the peptides derived from β-casein is depicted in Figure 8. The proteolysis process
gave rise to medium-sized peptides, ranging in length from 7 to 32 amino acids and a molecular weight
mostly <3 kDa (Table 1).

Proteases and peptidases in J28 targeted mainly whey proteins, since twelve peptide sequences
were derived from whey and only three from caseins. Peptides listed in Table 1 showed the action of
mainly serine proteases, specifically trypsin, which cleaves the peptide chains mainly at the carboxyl
side of the amino acids lysine (K) or arginine (R) [34].
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Figure 7. Peptide profiles in the water soluble fraction (<10 kDa) from pasteurized fermented milk
(PFM10) with Lactobacillus fermentum J28, obtained by reversed-phase High Performance Liquid
Chromatography at 214 nm. F1 to F5 correspond to collected fractions.

Figure 8. Typical mass spectrum corresponding to peptide sequence (VLPVPQKAV) collected from
F4 obtained from milk fermented by Lactobacillus fermentum J28. (A) Triple-charged ion 317.4 m/z;
(B) tandem mass spectrometry (MS/MS) spectrum for the specified ion in (A). After interpretation and
comparison in the database, the fragment AA sequence matched β-CN (f185-193).
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A key point in the cytokine regulatory effect of bioactive peptides is the type of amino acid in
the N-terminal and C-terminal positions [35]. Evidence suggests that the amino acid R in the extreme
(N-terminal or C-terminal) of bioactive peptides is the dominant entity recognized by receptors on
macrophages and lymphocytes, which may enhance their maturation and proliferation [36,37]. In this
study, only one sequence with R (RYPSYGLN) derived from casein was present in milk fermented by
J28. Portions of this sequence (YPSYGL and YPSYG) were reported to have angiotensin converting
enzyme inhibitory activity (ACEI), in milk fermented by Lactococcus lactis NRRL B-50571 [38]. Also,
sequence RYPSYG was reported to have ACEI in bovine casein hydrolysate prepared by neutral
protease [39].

Similarly, a peptide (VLPVPQKAV) from β-casein was identified (Figure 8). It was reported that
a portion of this peptide VLPVPQ presented ACEI activity [40]. Also, another peptide (VLPVPQK)
derived from this same sequence inhibited lipoxygenase (enzyme associated to inflammatory process)
activity in vitro. Thus, this peptide was linked to modulating inflammation [41]. Furthermore,
the peptide VLPVPQK has also been reported to have anti-oxidative potential effect [42]. Additionally,
it was reported that this peptide may be absorbed intact with PepT1-like transporters in a human
intestinal cell model (Caco-2) [43]. Milk derived peptides have different biological effects, such as
antihypertensive (ACEI), antioxidant and immunomodulatory [42,44]. Thus, one particular peptide
sequence may have multiple bioactivities. These peptides, are inactive in the milk protein, and may
be released and activated through milk fermentation by microorganisms and gastrointestinal
digestion [45].

Likewise, the antihypertensive peptide VY [45] and the hypotriglyceridemic peptide VTL, which
may be liberated during gastrointestinal digestion [46], are contained in the whey protein derived
peptides, such as LDAQSAPLRVYVEELKPT and ADAVTLDGGMVFEAGRDPYKLRPVAAEIYGTK,
respectively (Table 1). Additionally, the dipeptide YG contained in this sequence was reported to
enhance the proliferation of peripheral blood lymphocytes and be used as an immunomodulatory
peptide [47].

When LPS is released into the bloodstream causes inflammation via activation of monocytes and
endothelial cells. It can lead to septic shock and even death. One strategy to prevent endotoxic shock
is to neutralize the negatively charged phosphoryl groups present in lipid A, the most conserved part
and major mediator of LPS activity bear by positively charged LPS-binding molecules, such as proteins
or peptides [48]. In this sense, some examples of dairy peptides with proven LPS-binding ability
that can reduce LPS activity have been reported [49,50]. Nevertheless, further studies are needed to
evaluate the possible LPS-binding activity of peptides from milk fermented by J28.

The literature has reported the immunomodulatory effect of peptides mainly derived from caseins,
and just few were related to the anti-inflammatory process [35]. Thus, these results open the possibility
for finding new peptide sequences with anti-inflammatory activity.

In conclusion, FM by specific strains of L. fermentum are able to modulate the balance of
LPS-induced pro- and anti-inflammatory serum cytokines. The cytokine regulatory effect was possibly
due to components released in fermented milk, since pasteurized fermented milk and fractions <10 kDa
also showed the effect. Thus, cytokine regulation may be associated to peptides present in fermented
milk, nevertheless the effect of other milk components cannot be discarded. Furthermore, more studies
are needed in order to elucidate the components responsible for the observed effect. Thus, fermented
milk with these specific strains of L. fermentum show potential for the development of novel functional
foods for the attenuation of systemic inflammatory disorders.
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Abstract: Recent studies have suggested the possible effect of dairy product intake on cardiovascular
risk markers, including arterial stiffness. Our aim was to investigate whether dairy food intake is
associated with arterial stiffness, which we assessed by carotid-femoral pulse wave velocity (cfPWV)
and pulse pressure (PP) in a cross-sectional analysis of baseline data (2008–2010; n = 12,892) of the
Brazilian Longitudinal Study of Adult Health (ELSA-Brasil). Dairy consumption was evaluated
with a validated food-frequency questionnaire (FFQ) by computing servings per day for total and
subgroups of dairy products. Dairy consumption was described in four categories (≤1 serving/day
to >4 servings/day). Covariance analysis (ANCOVA) was used to compare cfPWV across increasing
intake of dairy food, adjusting for confounding factors, including non-dairy food groups. The intake
of total dairy was inversely associated with cfPWV and PP (−0.13 m/s and −1.3 mmHg, from the
lowest and to the highest category of dairy intake). Low-fat dairy, fermented dairy and cheese
showed an inverse relationship with cfPWV and PP. These findings suggest a beneficial effect of dairy
consumption to reduce arterial stiffness. However, further evidence from longitudinal studies or
long-term intervention is needed to support reduction of cfPWV and PP mediating the beneficial
effects of dairy products on cardiovascular health.

Keywords: dairy; cardiovascular health; pulse wave velocity; arterial stiffness

1. Introduction

Cardiovascular diseases (CVD) are the leading cause of death worldwide. There were 17.7 million
deaths due to CVD in 2015, representing 31% of the total mortality rate recorded in that year. More than
75% of these deaths were recorded in low- and middle-income countries where CVDs most often affect
individuals of working age and have a high economic and social impact [1]. According to estimates,
80% of the CVD burden is associated with modifiable behaviors, mainly eating behaviors, that affect
risk factors such as arterial hypertension, diabetes mellitus (DM) and obesity [2].

Longitudinal studies suggested an inverse association between dairy product intake and risk of
CVD, coronary disease and infarction [3,4]. These findings were consistent with observational studies
that showed an inverse relation between milk intake and CVD risk factors such as hypertension [5,6].
The Dietary Approaches to Stop Hypertension (DASH) study was one of the first intervention studies
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supporting such an inverse relation and showed that diets rich in fruits, vegetables and low-fat dairy
products (3 servings/day) were associated with lower systolic (SBP) and diastolic blood pressure
(DBP) [7]. A meta-analysis of randomized clinical trials corroborated these findings and showed
significant reductions in SBP (by 6.74 mmHg) and DBP (by 3.54 mmHg), values associated with the
DASH diet [8].

Recent studies have also suggested the possible effect of dairy product intake on other
cardiovascular risk markers, mainly arterial stiffness [9,10]. Stiffening of large arteries is characteristic
of the aging process and may influence the development of chronic diseases such as isolated systolic
hypertension. Conversely, arterial stiffness can also increase as a consequence of several factors,
including type-II diabetes mellitus (DM), obesity and lifestyle characteristics such as smoking, physical
activity and diet [11].

Carotid–femoral pulse wave velocity (cfPWV) is accepted as the ‘gold standard’ measurement
of arterial stiffness, and it has been used to predict cardiovascular events [12]. There are a limited
number of studies investigating the effect of diet on arterial stiffness. Epidemiological studies suggest
that dairy may be inversely associated with cfPWV [9,13,14]. A cross-sectional and multi-center study
showed a lower cfPWV of 0.10 m/s for every 100-g/day increase in low-fat dairy intake (p = 0.011) [13].
In the Maine-Syracuse Longitudinal Study, the frequency of the overall dairy consumption was also
inversely associated with cfPWV [9]. The greater consumption of reduced-fat dairy was also correlated
with lower cfPWV in a population with type 1 and type 2 diabetes [14].

There have been limited randomized controlled trials examining the effect of dairy on arterial
stiffness. A systematic review concerning the effect of dietary interventions on arterial stiffness
evidenced the limited, although consistent, beneficial effects of fermented dairy products [15].
More recently, a randomized, cross-over study found that the addition of non-fat dairy products
reduced cfPWV and improved endothelial function [16]. On the other hand, in a cohort with diabetes,
improving dietary quality by increasing consumption of fruits, vegetables and dairy did not reduce
cfPWV, compared with a control group [17].

The aim of the current study was to assess the association between dairy product intake
and arterial stiffness in the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil) cohort.
The assessment was done by taking into consideration the impact of CVD on the morbidity and
mortality profile of middle-income countries such as Brazil; the relatively scarce data about diet and
these diseases in such contexts; and evidence of the relation among dairy product intake, cardiovascular
events and their risk factors.

2. Materials and Methods

The Brazilian Longitudinal Study of Adult Health (ELSA-Brasil), registered in clinicaltrials.gov as
NCT02320461, is a multi-center cohort study designed to investigate the development of chronic
diseases, primarily diabetes and cardiovascular diseases, and their risk factors over long-term
follow-ups. ELSA-Brasil enrolled and assessed 15,105 civil servants (35–74 years) of five public
universities and one research institution from six different cities (Salvador, Belo Horizonte, Rio de
Janeiro, São Paulo, Vitoria, and Porto Alegre). Therefore, the sample came from the northeast (13.4% of
participants), southeast (72.9% of participants), and southern (13.7% of participants) regions of Brazil.
The study was approved by the National Research Ethics Commission (CONEP—976/2006) and by
the research ethics committee of each institution. All participants signed an informed consent form.

The baseline procedures (2008–2010) included an interview for recruitment and signature of the
informed consent. Clinic exams, blood and urine collection, and application of the questionnaires were
done during a single visit to one of the six investigation centers (IC). All subjects were interviewed using
a structured interviewer-administered questionnaire that included information on socio-demographic
characteristics, lifestyle habits and detailed medical history; on the same day, the dietary intake of
nutrients was collected with a validated semi-quantitative food frequency questionnaire (FFQ) [18].
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The sample included volunteers and people who were actively recruited from lists of employees
provided by the institutions. The exclusion criteria were as follows: Intention to leave the institution;
being pregnant or having been pregnant less than four months before; having severe cognitive or
communication difficulty and; if retired, living outside the metropolitan region. Sample size was
calculated based on estimations of the incidences of type-2 DM and myocardial infarction in the
Brazilian population and was compensated for sex differences and possible losses during follow-up.
For a better distribution, recruitment goals were defined by sex (50% each), age (15% aged 35–44,
30% aged 45–54, 40% aged 55–64 and 15% aged 65–74 years) and occupational category (35% of
support level, with incomplete elementary school; 35% with high school; and 30% with higher
education/teaching level) [19].

For the present analysis, baseline data from ELSA-Brasil were used. We excluded participants with
self-reported previous cardiovascular disease (n = 1001) and bariatric surgery (n = 107). Individuals
who reported caloric intake <500 or >6000 kcal/day (n = 408), and individuals with an unvalidated
cfPWV value (n = 372) were also excluded, which left 12,892 subjects with complete data for analysis.

2.1. Dietary Assessment and Dairy Measurement

Dietary intake was measured by an FFQ that was specific and validated in this population and
included 114 food items relevant to the past 12 months [20]. For each food item ascertained, the FFQ
included measures of portions and frequency of consumption, the latter of which with 8 response
options: >3 times/day, 2–3 times/day, 1 time/day, 5–6 times/week, 2–4 times/week, 1 time/week,
1–3 times/month, and never/almost never.

Cow milk, cheese curds, yogurt, and cheeses were classified as “Milk and Cheese Group”,
and butter is described as a dairy product that should be consumed in moderation according to the
Dietary Guidelines for the Brazilian Population [21]. In the ELSA FFQ, questions on dairy products
included milk (skimmed milk, low-fat milk and whole milk), yogurt (regular, low-fat), cheese (regular,
low-fat) and butter.

Servings of specific dairy foods were converted into daily servings, and total daily servings of
dairy foods were calculated by summing all dairy foods. For each dairy food, a standard serving size
was specified: 240 g for milk, 120 g for yogurt, 30 g for cheese and 5 g for butter.

We computed servings per day for total dairy intake (with butter) and the following dairy
subgroups: Full-fat dairy without butter (whole milk, regular yogurt and cheese), low-fat dairy
(skimmed milk, low-fat milk, low-fat yogurt and cheese), fermented dairy (total yogurt and cheese),
milk, cheese, yogurt and butter.

2.2. Pulse Wave Velocity and Blood Pressure

Carotid-femoral pulse wave velocity (cfPWV), pulse pressure (PP) and systolic blood pressure
(SBP) were used as dependent variables in the current study.

The cfPWV was measured using an automatic device (Complior, Artech Medical, France) with
the subject in the supine position in accordance with the ELSA-Brasil protocols. The distance from the
sternal furcula to the right femoral site where the pulse was recorded was measured with a metric tape,
regardless of abdominal curvature. Pulse sensors were positioned in the right carotid and femoral
arteries, and pulse waves were recorded and visualized on a computer screen. cfPWV was calculated
by dividing the distance from the furcula to the femoral pulse by the difference between the delay
between the rising phases of the carotid and femoral pulses, and it was expressed in m/s. A subject’s
cfPWV was the arithmetic average of readings obtained in ten consecutive cardiac cycles at a regular
heart rate. Exams were recorded in each of the six investigation centers by trained and certificated
researchers. Training and certification of each investigator was performed by a senior investigator.
Validation of all exams obtained at the six investigations centers were performed in a central reading
laboratory of cardiovascular physiology [22].
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Systolic blood pressure (SBP) was measured using a validated oscillometric device (Omron HEM
705CPINT) after a 5-minute rest with the subject in a sitting position. Three measurements were taken
at 1-minute intervals. The mean of the two latest BP measurements was considered as the casual BP.
Pulse pressure was calculated as the arithmetic difference between SBP and DBP.

2.3. Covariates

Socio-demographic characteristics were included as covariables (potential confounders) of the
study: Sex, age (continuous variable; years), race, per capita income (continuous variable); and lifestyle:
Alcohol intake (g ethanol/day), physical activity (metabolic equivalent min/week) and smoking status
(never smoked, ex-smoker, current smoker).

As adjustment for height when assessing cfPWV has been recommended [23], height, weight and
waist circumference were used rather than BMI. Anthropometric measurements were obtained while
participants were standing and dressed in a light uniform standardized for the study. We measured
body weight to the nearest 0.1 kg with a calibrated scale (Toledo 2096PP) and height with a
wall-mounted stadiometer (Seca-SE-216) to the nearest 0.1 cm. Waist circumference was measured
using a non-stretchable tape around the midpoint between the lower border of ribs and the iliac crest.

Traditional cardiovascular risk factors with an effect on arterial stiffness were also included:
Fasting glycaemia (mg/dL), total cholesterol (mg/dL) and mean blood pressure (MAP, mmHg),
calculated as (PAS + (2 × PAD))/3. In addition, the use of antihypertensive, lipid-lowering and
antidiabetic drugs (yes/no) were also included.

The following non-dairy food groups (g/day) were considered as possible confounders in our
analyses: Fruit, vegetables, whole grains, fish, processed and unprocessed red and white meat.

2.4. Statistical Analyses

Data were analyzed with SPSS (Version 18, Chicago, IL, USA). Preliminary analyses were
performed to assess correlations between dairy intake, cfPWV and other demographic, health
status, and nutrition and lifestyle factors. Participant characteristics in the study were compared
according to the dairy intake group (≤1 serving/day, >1–2 servings/day, >2–4 servings/day and >4
servings/day). For continuous variables, analysis of variance (ANOVA) was used. For categorical
variables, Chi-square tests were performed.

Covariance analysis (ANCOVA) was used to compare cfPWV across increasing intake of dairy
food consumption ranging from ≤1 serving/day to >4 servings/day. Adjustments for multiple
comparisons among dairy food intake groups were made and reported in terms of the Bonferroni
adjustment. Linear trend was tested by modelling categorical dairy servings per day (≤1 serving/day,
>1–2 servings/day, >2–4 servings/day, >4 servings/day) as a continuous variable in the multivariable
regression models.

We adjusted for covariates in 4 models as follows: Model 1: Demographic characteristics
(age, sex, race, and income); Model 2: Model 1 + anthropometric variables (weight, height, and waist
circumference) + lifestyle factors (smoking status, alcohol intake, and physical activity); Model 3:
Model 2 + fasting glucose, total cholesterol, MAP (only for cfPWV) and use of drugs (antihypertensive,
antidiabetic and lipid-lowering drugs); and Model 4: Model 3 + caloric intake (kcal/d) and non-dairy
food groups (g/day; fruit, vegetables, whole grains, fish, and processed and unprocessed red and
white meat).

These variables were selected if significantly associated in a simple correlation matrix with
dairy food intake (the predictor) or cfPWV (the primary outcome variable), or if known to be related
according to previously published studies.

3. Results

The median of total dairy product intake was 2.6 servings/day (interquartile range (IQR):
1.43–4.10), 1.00 serving/day of low-fat dairy (IQR: 0.13–2.20), and 1.07 serving/day of whole dairy
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(IQR: 0.27–2.24). Cheese had the highest median intake in servings/day (1.00, IQR: 0.37–2.00), followed
by milk (0.80, IQR: 0.07–1.25). The analysis in grams per day showed that the most consumed dairy
product was milk (mean: 235.6 g/day), mainly whole milk (mean: 113.8 g/day), which was followed
by cheese (mean: 43.3 g/day) and yogurt (mean: 37.4 g/day). In Table 1, we present the consumption
of dairy subgroups according to categories of total dairy intake.

Table 1. Intake of dairy products according to categories of total dairy intake. ELSA-Brasil, 2008–2010 1.

Dairy Products, Servings/Day
Categories of Dairy Consumption (Servings/Day)

≤1 (n = 2036) >1–2 (n = 2862) >2–4 (n = 4700) >4 (n = 3294) p

Dairy 2 0.52 1.53 2.90 5.49

Low-fat dairy 2 0.10 0.60 1.27 2.80
Skimmed milk, low-fat milk 0.06 ± 0.18 0.24 ± 0.40 0.52 ± 0.79 1.00 ± 1.34 <0.001
Low-fat yogurt 0.02 ± 0.09 0.08 ± 0.23 0.15 ± 0.35 0.21 ± 0.45 <0.001
Low-fat cheese 0.13 ± 0.19 0.36 ± 0.39 0.77 ± 0.75 1.79 ± 1.77 <0.001

Full-fat dairy 2 0.23 0.93 1.40 2.80
Whole milk 0.12 ± 0.23 0.30 ± 0.43 0.49 ± 0.79 0.82 ± 1.37 <0.001
Regular yogurt 0.04 ± 0.11 0.11 ± 0.23 0.20 ± 0.38 0.30 ± 0.54 <0.001
Regular cheese 0.14 ± 0.19 0.32 ± 0.37 0.56 ± 0.64 1.22 ± 1.42 <0.001

Fermented dairy 2 0.23 0.90 1.67 3.20
Yogurt (regular, low-fat) 0.06 ± 0.13 0.19 ± 0.29 0.35 ± 0.45 0.52 ± 0.61 <0.001
Cheese (regular, low-fat) 0.26 ± 0.26 0.68 ± 0.47 1.32 ± 0.84 3.00 ± 1.99 <0.001

Butter 0.04 ± 0.13 0.12 ± 0.28 0.26 ± 0.52 0.67 ± 1.08 <0.001
1 ELSA-Brasil, Brazilian Longitudinal Study of Adult Health. Unless otherwise specified, all values are means ±SDs.
2 Values are medians.

Table 2 summarizes the sociodemographic, health and diet data. The mean (±SD) age was
51.7 ± 8.9 years. Dairy product intake was higher in women, as well as among white people.
Participants with higher dairy product intake reported lower alcohol intake and smoking habits
as well as a higher physical activity level. Groups presenting higher dairy product intake also showed
higher per capita family income and lower SBP, DBP, MAP, PP and glycaemia values.

Table 2. Baseline characteristics by categories of dairy consumption of Brazilian participants:
ELSA-Brasil, 2008–2010 1.

Characteristics of Participants
Categories of Dairy Consumption (Servings/Day)

p
≤1 (n = 2036) >1–2 (n = 2862) >2–4 (n = 4700) >4 (n = 3294)

Age, years 51.2 ± 8.3 51.3 ± 8.9 51.7 ± 9.0 52.3 ± 9.2 <0.001
Sex, n (%)

Men 1111 (54.6) 1356 (47.4) 1924 (40.9) 1339 (40.9)
Women 925 (45.4) 1506 (52.6) 2776 (59.1) 2001 (59.1) <0.001

Race, n (%)
White 845 (41.5) 1368 (47.8) 2646 (56.3) 1963 (59.6)
Other 1191 (58.5) 1494 (52.2) 2054 (43.7) 1331 (40.4) <0.001

Educational level, n (%)
Completed secondary school 872 (42.8) 1081 (37.8) 1516 (32.3) 923 (28.0)
University degree 728 (35.8) 1399 (48.9) 2743 (58.4) 2133 (64.8) <0.001

Weight, kg 73.1 ± 14.2 73.7 ± 14.6 72.6 ± 14.7 73.2 ± 15.1 0.019
BMI, kg/m2 26.8 ± 4.5 27.0 ± 4.6 26.7 ± 4.6 26.8 ± 4.6 0.111
Waist circumference, cm 91.1 ± 12.2 91.1 ± 12.3 90.1 ± 12.5 90.4 ± 12.7 0.001
Smoking status, n (%)

Never smoker 1033 (50.7) 1642 (57.4) 2829 (60.2) 1980 (60.1)
Ex-smoker 631 (31.0) 830 (29.0) 1361 (29.0) 943 (28.6)
Current smoker 372 (18.3) 390 (13.6) 510 (10.8) 371 (11.3) <0.001

Alcohol intake, g ethanol/day 71.8 ± 142.7 55.7 ± 118.3 47.0 ± 91.2 47.2 ± 90.0 <0.001
Physical activity, min/week 467.1 ± 884.2 557.5 ± 954.0 623.8 ± 1051.8 725.2 ± 1158.7 <0.001
cfPWV, m/s 9.51 ± 1.90 9.33 ± 1.81 9.22 ± 1.79 9.17 ± 1.74 <0.001
Systolic blood pressure, mm Hg 123.7 ± 18.7 122.0 ± 17.5 119.4 ± 16.5 119.2 ± 15.8 <0.001
Diastolic blood pressure, mm Hg 78.0 ± 11.3 77.0 ± 10.9 75.2 ± 10.3 75.1 ± 10.2 <0.001
Mean blood pressure, mm Hg 95.4 ± 12.9 94.0 ± 12.0 91.9 ± 11.4 91.8 ± 11.3 <0.001
Pulse pressure, mm Hg 45.8 ± 11.5 45.0 ± 10.7 44.2 ± 10.3 44.1 ± 9.9 <0.001
Fasting glucose, mg/dL 114.5 ± 35.6 111.3 ± 29.1 110.0 ± 27.8 109.6 ± 26.8 <0.001
Total cholesterol, mg/dL 218.0 ± 43.4 215.9 ± 41.7 214.8 ± 41.3 214.7 ± 41.0 0.019
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Table 2. Cont.

Characteristics of Participants
Categories of Dairy Consumption (Servings/Day)

p
≤1 (n = 2036) >1–2 (n = 2862) >2–4 (n = 4700) >4 (n = 3294)

Drugs, n (%)
Antidiabetic drugs 170 (8.3) 217 (7.6) 334 (7.1) 231 (7.0) 0.247
Lipid-lowering drugs 208 (10.2) 318 (11.1) 572 (12.2) 403 (12.2) 0.066
Antihypertensive drugs 561 (27.6) 813 (28.4) 1235 (26.3) 842 (25.6) 0.055

Food groups, g/day
Fruit 460.7 ± 405.3 504.3 ± 407.9 548.6 ± 401.8 616.9 ± 452.2 <0.001
Vegetables 191.1 ± 148.8 198.5 ± 136.7 217.5 ± 142.1 240.9 ± 159.4 <0.001
Unprocessed meat 153.7 ± 126.7 161.0 ± 112.4 165.6 ± 114.3 179.3 ± 124.5 <0.001
Processed meat 18.7 ± 23.2 20.1 ± 22.6 21.3 ± 23.0 27.1 ± 28.6 <0.001
Fish 46.8 ± 61.2 50.5 ± 61.3 50.2 ± 58.5 52.2 ± 59.9 0.016
Whole grains 30.4 ± 68.7 37.3 ± 71.1 44.6 ± 70.3 52.6 ± 77.0 <0.001

1 Values are presented as the mean ±SD unless otherwise indicated.

The cfPWV, PP and SBP values decreased as the dairy product intake increased (from ≤1
serving/day to >4 servings/day). Table 3 shows the confidence interval (95%) associated with the mean
of the outcomes of each intake group and summarizes the results of the statistical analyses applied to
the adjusted models according to the sociodemographic, anthropometric, lifestyle, clinical and dietary
variables. The lowest cfPWV values (mean = 9.17 m/s) in the model adjusted for demographic variables
were recorded in the group presenting the highest dairy product intake (>4 servings/day). Such a
trend remained in the models adjusted for anthropometric, lifestyle, clinical and dietary variables.

Table 3. Adjusted cfPWV, PP and SBP means 1 according to dairy servings per day among Brazilian
adults: ELSA-Brasil, 2008–2010.

Outcome

Categories of Dairy Consumption (Servings/Day)

p2
≤1 >1–2 >2–4 >4

n = 2036 n = 2862 n = 4700 n = 3294

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI

cfPWV

Model 1 9.43 9.36–9.49 9.33 9.27–9.38 9.26 9.22–9.31 9.17 9.12–9.22 <0.001 ‡

Model 2 9.43 9.36–9.49 9.32 9.26–9.38 9.27 9.22–9.31 9.17 9.12–9.22 <0.001 ‡

Model 3 9.34 9.28–9.40 9.28 9.23–9.33 9.29 9.25–9.34 9.21 9.16–9.26 0.006 ‡

Model 4 9.34 9.27–9.40 9.28 9.23–9.33 9.29 9.26–9.34 9.21 9.16–9.26 0.014 ‡

PP

Model 1 45.3 44.9–45.7 44.9 44.6–45.3 44.4 44.2–44.7 44.1 43.8–44.5 <0.001 ‡

Model 2 45.3 44.8–45.7 44.9 44.6–45.3 44.4 44.2–44.7 44.2 43.9–44.5 <0.001 ‡

Model 3 45.1 44.7–45.5 44.9 44.5–45.2 44.4 44.2–44.7 44.3 44.0–44.6 0.003 ‡

Model 4 45.3 44.9–45.8 45.0 44.7–45.3 44.4 44.2–44.7 44.0 43.7–44.4 <0.001 ‡

SBP

Model 1 122.4 121.7–123.0 121.6 121.1–122.2 119.9 119.5–120.4 119.6 119.1–120.1 <0.001 ‡

Model 2 122.2 121.6–122.9 121.5 121.0–122.1 120.0 119.6–120.4 119.7 119.2–120.2 <0.001 ‡

Model 3 122.0 121.3–122.6 121.4 120.9–121.9 120.0 119.6–120.5 119.9 119.4–120.5 <0.001 ‡

Model 4 122.4 121.8–123.1 121.7 121.2–122.2 120.1 119.7–120.5 119.3 118.8–119.9 <0.001 ‡

1 cfPWV, carotid-femoral pulse wave velocity; MAP, mean arterial pressure; PP, pulse pressure; and SBP, systolic
blood pressure. Adjusted mean determined by ANCOVA for each of the following variables: Model 1: demographic
characteristics (including age (continuous variable; years), sex, race, income (continuous variable. R$)); Model
2: model 1 + anthropometric measurements (weight (kg), height (m), waist circumference (cm)), lifestyle habits
(smoking status, alcohol intake (grams of ethanol per day), physical activity (metabolic equivalent min/week));
Model 3: model 2 + fasting glucose (mg/dL), total cholesterol (mg/dL), MAP (mmHg), antidiabetic drugs (yes/no),
lipid-lowering drugs (yes/no), antihypertensive drugs (yes/no); Model 4: extended set 2 + dietary (calorie intake
(kcal/day) and non-dairy food groups (g/day)). 2 p for F-test. ‡ p <0.01 for statistically significant linear trend. Linear
trend was tested by modelling dairy servings per day (≤1 serving/day, >1–2 servings/day, >2–4 servings/day and
>4 servings/day) as a continuous variable in the multivariable regression models.

The cfPWV values in the lowest intake category (≤1 serving/day) were significantly higher than
those in the highest intake category (p = 0.02). Comparisons between intake categories showed that
participants who consumed more than 4 servings of dairy products/day presented lower PP and SBP
values than those who consumed less than 1 serving/day or between 1 and 2 servings/day after the
model was adjusted to avoid possible confounding factors (Figure 1).
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Figure 1. Mean values of carotid-femoral pulse wave velocity (cfPWV), pulse pressure (PP) and systolic
blood pressure (SBP) in dairy intake groups after adjustment for variables in Model 4.

Table 4 shows differences in cfPWV, SBP and PP values according to the intake (servings/day) of
different dairy subgroups. Low-fat dairy products, fermented dairy, and cheese showed a significant
inverse association with cfPWV and PP. Whole and low-fat dairy products, fermented dairy, milk,
and cheese showed a significant inverse association with SBP. Butter showed a significant inverse
association only with cfPWV.

Table 4. Adjusted differences in cfPWV, PP and SBP associated with a 1 serving/day increase in the
intake of dairy products: ELSA-Brasil, 2008–2010 1.

Subgroups of Dairy, Servings/Day 1 cfPWV (m/s) PP (mmHg) SBP (mmHg)

Low-fat dairy −0.02 (−0.04, −0.01) −0.3 (−0.35, −0.15) −0.4 (−0.58, −0.26)
Full-fat dairy (without butter) −0.00 (−0.02, 0.01) −0.0 (−0.16, 0.06) −0.2 (−0.40, −0.06)
Fermented dairy −0.02 (−0.04, −0.01) −0.3 (−0.43, −0.21) −0.5 (−0.66, −0.33)
Milk 0.01 (−0.01, 0.03) −0.0 (−0.19, 0.12) −0.4 (−0.61, −0.12)
Cheese −0.02 (−0.04, −0.01) −0.4 (−0.47, −0.24) −0.5 (−0.69, −0.33)
Yogurt −0.02 (−0.07, 0.03) −0.1 (−0.47, 0.24) −0.5 (−1.05, 0.08)
Butter −0.05 (−0.09, −0.02) 0.0 (−0.22, 0.25) −0.1 (−0.51, 0.24)
1 Values are presented as the mean (95% CI) adjusted by using multivariable linear regression for variables in
model 4.

4. Discussion

The intake of dairy products in the current study was inversely associated with cfPWV, PP and SBP,
adjusted by sociodemographic, anthropometric, lifestyle, clinical and other dietary factors. The cfPWV
value was significantly lower in participants presenting a higher intake of dairy products than in those
classified in the lowest intake category. These results were supported by SBP and PP findings (replacing
haemodynamic indices used to assess arterial stiffness), which linearly decreased as the dairy product
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intake increased. Recent epidemiological findings suggested an inverse association between dairy
product intake, particularly fermented dairy, and CVD [4]. One of the possible mechanisms of the
beneficial effect of dairy products on cardiovascular health lies with the inverse relation between the
consumption of these products and BP [24] and, possibly, between these products and arterial stiffness,
which can be evaluated by measuring the PWV (as in the present study) or by the augmentation index
(AI)) obtained in arterial tonometry [9,10,13].

Dairy intake was associated with lower BP and lower risk of developing hypertension in
observational studies [24], but randomized controlled trials have shown mixed results [16,25].
Meta-analysis of seven mostly short-term randomized controlled studies with 711 adults found
no significant effects of increased dairy food on the BP. However, most of the trials were small and of
modest quality [25].

The current results corroborate with observational studies assessing the relation between dairy
product intake and measures of arterial stiffness in populations in the United States and Wales.
Crichton et al. [9] found lower cfPWV values in individuals consuming dairy products more than
5–6 times per week than in individuals presenting lower regular intake (1–4 times per week). In an
analysis based on data from the Caerphilly Prospective Study, Livingstone et al. [10] observed that
the AI was 1.8% lower in individuals in the highest dairy product intake quartile, after a 22.8-year
follow-up, but no association was found for cfPWV. On other hand, Petersen et al. [14] found an inverse
association between higher dairy intake and cfPWV, but not AI, in a cohort with diabetes. Previous
research supports a dissociation between cfPWV and AI, and this phenomenon may be modulated by
the presence of several factors, e.g., aging, use of medicaments and insulin resistance [26].

Intervention trials examining the effect of dairy on arterial stiffness are lacking. A randomized,
cross-over study showed that an additional 4 servings of non-fat dairy per day reduced cfPWV
compared with the no-dairy condition (4 servings of fruit juice). However, fruit juice may have a
detrimental effect on arterial stiffness and the result could be a reflection of this [16]. In a cohort of
individuals with type 1 and type 2 diabetes, AI and cfPWV were not improved with fruit and dairy
increased in the intervention group after 12 months. However, the result may have been limited by the
poor compliance of the participants with the intervention [17].

The mechanisms by which dairy products could reduce BP and arterial stiffness are not yet fully
understood. However, it is hypothesized that bioactive peptides released during milk-protein digestion
and milk-fermentation processes may be involved in this relation. Peptides deriving from casein were
capable of reducing the action of the angiotensin converting enzyme (ACE) in experimental models,
and it could reduce the circulating angiotensin II levels, thus preventing vasoconstriction and oxidative
stress and increasing endothelium-dependent vasorelaxation [27,28]. Furthermore, there is evidence
that certain milk peptides can inhibit the release of the vasoconstrictor endothelin-1 by endothelial
cells, thus avoiding increased BP [29]. Randomized clinical trials reported the benefit of fermented
dairy products rich in casein [30] and whey [31] on reducing BP and arterial stiffness.

A variety of other biologically active components, such as calcium, potassium and magnesium in
dairy products, may also have an impact on BP and arterial stiffness [28]. Several possible mechanisms
associated with the role played by calcium in cardiovascular health have been investigated. There is
evidence that calcium can lower BP by regulating the renin-angiotensin system and by improving the
sodium-potassium balance in humans [32]. A consistent set of results recorded in observational studies,
clinical trials and meta-analyses indicated that high dietary potassium intake is associated with lower
BP. Dietary potassium intake is important because it leads to vasodilation through sodium-potassium
pump stimulation and through the opening of potassium channels. In addition to vasodilation, many
other mechanisms by which potassium can influence BP, such as natriuresis, changes in intracellular
sodium and tonicity, baroreceptor sensitivity modulation, and reduced sensitivity to norepinephrine
and angiotensin II, have been investigated [33]. For magnesium, several mechanisms such as calcium
channel blockade, competition with sodium for binding sites in vascular smooth muscle cells, increased
prostaglandin E, endothelium-dependent vasodilatation and endothelial dysfunction improvement
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may also be involved in BP regulation. Magnesium is the most effective in reducing BP when it is used
in combination with calcium and potassium [34].

In the present study, fermented dairy was inversely associated with cfPWV, PP and SBP values.
However, the individual analysis applied to the dairy products showed that only for cheese this inverse
association was found. Such a finding supports the result of a recent dose-response meta-analysis that
assessed the relation between fermented dairy product intake and the risk of developing CVD. Cheese
(10 g/day) was marginally inversely related to CVD (RR: 0.98; 95% CI: 0.95–1.00; 11 populations),
whereas no significant association was found between yogurt and CVD [35].

Furthermore, we found an inverse association between the intake of low-fat dairy products and
cfPWV, corroborating with observational [13] and interventional [16] studies. Recio-Rodriguez et al.
found a decrease in cfPWV of 0.10 m/s estimated for every 100 g/day increase in low-fat dairy intake.
However, the authors also found a cfPWV increase by 0.11 m/s estimated for each 100-g/day increase
in the intake of whole dairy products. In the present study, there was no statistically significant
association between the intake of whole dairy products (without butter) and cfPWV, and there was a
smaller but significant association with SBP, comparing with low-fat dairy products. One hypothesis
for the different results presented between full-fat and low-fat dairy in BP could be the bioavailability of
minerals. It is possible that when consumed with fatty acids, released from the diet during digestion in
the small intestine, the divalent cations of calcium and magnesium form insoluble soaps not absorbed
by enterocytes [36].

In sensitivity analyses, we investigated whether intake of cheese was driving the associations with
cfPWV for low-fat dairy intake by excluding this item from this variable. As a result, the association was
not found for the subgroup with skimmed milk, low-fat milk and, low-fat yogurt, but the significant
association remained for low-fat cheese alone (B = −0.04, p < 0.001). The same result was not found for
full-fat cheese.

Interestingly, butter was inversely associated with cfPWV, a finding not detected for the other
haemodynamic indexes. Previous analysis in the ELSA-Brasil population showed a graded inverse
association between full-fat dairy and butter consumption and metabolic syndrome, and the results
suggested that saturated fatty acids (SFAs) found in dairy products could be responsible for this
association [37]. Saturated fat consumption has been classically related to elevated LDL (plasma
cholesterol) and to increased cardiovascular risk. However, prospective cohort studies and clinical
trials investigating the association between milk fat and CVD did not find clear evidence on the
intake of whole dairy products and CVD [38,39]. According to a recent meta-analysis, the intake of
high-fat dairy products (around 200 g/day) did not show an association with CVD (RR: 0.93; 95%
CI: 0.84–1.03) [35]. A prospective study investigating the association between the intake of different
dietary sources and the incidence of cardiovascular events in the Multi-Ethnic Study of Atherosclerosis
(MESA) population found that a higher intake of saturated fat from dairy products was associated
with a lower incidence of CVD. Replacement of 2% of the energy of the saturated fat derived from meat
by the energy of the saturated fat derived from milk was associated with 25% less risk of developing
CVD [40]. Moreover, in two prospective cohorts, higher plasma dairy fatty acid concentrations were
associated with lower incident diabetes [41]. However, in the present study inverse association was
only found between cfPWV and butter, but not for whole fat dairy (milk, cheese, and yogurt). It is
possible that butter consumption has been acting as a marker for an unknown confounding variable.

The differences in cfPWV and SBP associated with increased dairy product intake were relatively
small in the current study, 0.13 m/s for cfPWV and 3.1 mmHg for SBP between the lowest and the
highest intake category. Even though they are small, these differences may be clinically relevant.
Meta-analysis of the predictive cfPWV value in cardiovascular and death events estimated a cfPWV
increase of 1 m/s represents a 14%, 15% and 15% increase in the risk (adjusted for age and sex) of
cardiovascular events, death by CVD, and all-cause mortality, respectively [42]. According to Selmer
et al. [43], the reduction of 4 mmHg in SBP would be equivalent to a 15.7% lower risk of death by
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stroke and to a 9.9% lower risk of myocardial infarction. Therefore, our study supports the view that
reduction of cfPWV and BP can mediate the beneficial effects of dairy food on cardiovascular outcomes.

Our study has strengths and limitations. It is the first study to examine the relationship
between dairy food intake and arterial stiffness, as measured by cfPWV, in Latin America. Moreover,
this relationship was examined in a large sample (12,892 individuals from both sexes) with a
wide age range and controlled for relevant demographic, health and dietary variables. However,
the cross-sectional and observational nature of the study has limitations to be considered, since the
findings may result from residual confusion despite the extensive adjustment for other food variables
and confounding factors. The cross-sectional nature of the study, with a single measure of cfPWV and
BP, does not allow conclusions regarding causality.

In addition, although FFQs have been widely adopted in epidemiological studies, the method
also presents limitations, mainly because it produces a retrospective and subjective diet evaluation.
FFQ depends on participant memory, and it may lead to reports of insufficient or excessive food
intake. Another limitation was the absence of any objective biomarker of dairy intake, e.g., levels of
pentadecanoic and margaric acid levels.

5. Conclusions

Higher dairy food intake was associated with lower cfPWV and accompanying lower PP and
SBP values. However, dairy food intake was associated with many confounders that are generally
associated with better health, such as less smoking status, higher physical activity and fruit and
vegetable intake, and higher socioeconomic status. Therefore, additional evidence from longitudinal
and randomized studies are necessary to conclude if reduction of arterial stiffness and BP effectively
mediate the beneficial effects of dairy products on cardiovascular health, thus preventing development
of CVD.
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Abstract: Despite a major decrease in undernutrition worldwide over the last 25 years, underweight
and stunting in children still persist as public health issues especially in Africa and Asia. Adequate
nutrition is one of the key factors for healthy growth and development of children. In This study,
the associations between dairy consumption and nutritional status in the South East Asian Nutrition
Survey (SEANUTS) were investigated. National representative data of 12,376 children in Indonesia,
Malaysia, Thailand, and Vietnam aged between 1 and 12 years were pooled, representing nearly
88 million children in This age category. It was found that the prevalence of stunting and underweight
was lower in children who consumed dairy on a daily basis (10.0% and 12.0%, respectively) compared
to children who did not use dairy (21.4% and 18.0%, respectively) (p < 0.05). The prevalence of
vitamin A deficiency and vitamin D insufficiency was lower in the group of dairy users (3.9% and
39.4%, respectively) compared to non-dairy consumers (7.5% and 53.8%, respectively) (p < 0.05).
This study suggests that dairy as part of a daily diet plays an important role in growth and supports
a healthy vitamin A and vitamin D status.

Keywords: dairy; SEANUTS; stunting; underweight; vitamin A; vitamin D; haemoglobin
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1. Introduction

Although the proportion of under nutrition in the Southeast Asian region decreased tremendously
from 31% in 1990 to 10% in 2015, 16% of the children under 5 years of age are still moderately to
severely underweight [1]. Moreover, it is projected that more than 25% or 165 million children under
5 years of age are stunted, of which 90% reside in Africa and Asia [2].

In line with these numbers, the South East Asian Nutrition Surveys (SEANUTS) also showed
that under nutrition is still a major issue in the four countries of Indonesia, Malaysia, Thailand, and
Vietnam, yet at different degrees [3–6]. Overall, the prevalence of stunting in children 0.5–12 years
of age in these four countries was around 15%, with rural Indonesia having the highest prevalence
(38.8%) and urban Thailand the lowest prevalence (4.2%). The prevalence of underweight varied
between 6.4% for urban Thai children and 28.9% for rural Indonesian children. Moreover, SEANUTS
also found a high prevalence of vitamin D insufficiency in all of the four countries, varying from 20%
in Thailand up to 44% in Malaysia [7].

Nutrition is an important factor for healthy growth and development in children. Dietary
guidelines recommend a well-balanced diet including all major food groups for sufficient intake of
necessary macro- and micronutrients [8]. However, SEANUTS showed that a large proportion of
children did not meet their daily recommended intake (RDI) of many nutrients including calcium, iron,
vitamin C, and vitamin D [3–6]. It was also found that with the exception of meat/poultry, Malaysian
children did not meet the recommendations of daily intake for each food group [9].

Dairy products contribute to a healthy diet by providing energy, protein, and micronutrients
such as calcium, magnesium, and vitamins B1, B2, and B12 [10]. Dairy protein is considered to be
of high quality as it provides all the essential amino acids, with high bioavailability [11]. In many
recommendation and guidelines, dairy is often advised as part of a healthy diet [12]. Analyses of
SEANUTS data of Vietnam and Indonesia showed that children consuming dairy products were better
in achieving RDI levels for protein, calcium, iron, zinc, vitamins A, B1, B2, B3, C, and D, compared to
children who did not consume dairy [13,14].

A few studies have linked dairy consumption with nutritional status [12,15], but many of them
were relatively small or conducted in selected groups. The objective of This SEANUTS analysis was
to determine whether children who consumed dairy products as part of their daily diet had a better
nutritional status as measured by anthropometric indices and blood status for iron, vitamin A and D
compared to children who did not.

2. Materials and Methods

SEANUTS is a nationally-representative multi-centre survey in Indonesia, Malaysia, Thailand,
and Vietnam, conducted between 2010 and 2011, to assess the nutritional status and lifestyle factors of
over 16,500 children aged 0.5–12 years old. A multi-stage cluster sampling, stratified for geographical
location, gender and age was carried out. The survey was conducted according to the guidelines laid
down in the Declaration of Helsinki and in each country the survey and its procedures were approved
by local ethical committees. The survey is registered in the Netherlands Trial Register as NTR2462.
Details of SEANUTS methodology are described elsewhere [3–6,16]. In the current study only data of
children older than 1 year were used.

Nutrient intake and dairy consumption were calculated from 24 h recall questionnaires (Indonesia,
Thailand, and Vietnam) and/or from semi-quantitative food frequency questionnaires (FFQ, Indonesia,
Malaysia, Thailand) using the local food composition tables.

Even though different local dietary guidelines advice children to consume 2–3 servings of dairy
per day (500–750 g dairy), many children in South East Asia do not meet This recommendation.
Therefore, we decided to use lower criteria. A child was defined as ‘dairy user’ if he/she consumed
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a minimum of either 15 g milk powder (equals about 100 mL milk when dissolved in water), 100 g
UHT/flavoured/cultured milk or drink yoghurt, 50 g yoghurt, 10 g condensed milk or ice cream, or 5 g
cheese on a daily basis. Each of these amounts was also considered to reflect one dairy consumption.
If the consumption of each individual dairy product was below these criteria but the sum of all dairy
products exceeded 100 g, the child was classified as ‘dairy user’ as well. If different dairy products
were consumed in the above mentioned minimum amounts, consumption would be categorized as
≥2 consumptions per day.

Information on the level of education of the child’s mother and family income was collected
from the parents or primary caregivers using a structured questionnaire. Income was categorized into
country specific quintiles, while education was classified into three groups as primary school or lower,
secondary education or tertiary education.

Weight was measured using calibrated digital scales accurate to 0.1 kg. Height was measured
using wall-mounted stadiometers accurate to 0.1 cm. Body mass index (BMI, kg/m2) was calculated
as weight divided by height squared. Weight for age Z-scores (WAZ), BMI for age Z-scores (BAZ) and
height for age Z-scores (HAZ) were calculated based on WHO references [17,18]. Children with HAZ,
WAZ and BAZ lower than −2 SD of the reference value were classified as stunted, underweight and
thin, respectively. The cut-off values for overweight and obesity among children <5 years were +2 SD
and +3 SD, whereas they were +1 SD and +2 SD, respectively, for children aged ≥5 years.

Blood from a subsample of subjects was analysed for haemoglobin (Hb), ferritin, vitamin A
(serum retinol), and vitamin D (25-hydroxyvitamin D (25(OH)D)). Details of the methodologies used
are described in Schaafsma et al. [16]. Anaemia was defined as Hb concentrations <110 g/L for subjects
<5 years, <115 g/L for subjects aged 5–11.9 years, and <120 g/L for subjects aged ≥12 years [19]. Iron
deficiency was defined as serum ferritin concentrations <12 μg/L for children aged <5 years and
<15 μg/L for children aged ≥5 years [20]. Serum retinol concentration <0.70 μmol/L was used as an
indicator for vitamin A deficiency [21], whereas circulating 25(OH)D concentration <50 nmol/L was
used as an indication for vitamin D insufficiency [22].

Data were weighted using age, gender and residence weight factors to extrapolate to the total
population per country. The weight factors were based on data from the relevant national Statistical
Offices. In the pooled analyses, the population size of each country was taken into account to avoid
bias due to the effect of larger population number.

Data were analysed using SPSS version 20.0 (IBM Cooperation 2011, Armonk, NY, USA) with
complex sample techniques. Differences between groups were tested using analysis of (co)variance
after correction for possible confounders. Differences in categorical variables across groups were
tested using logistic regression with correction for confounding variables (age, residence, mother’s
educational level, and income level). Values are expressed as mean and SE and level of significance is
set at p < 0.05.

3. Results

The total sample size in the present analyses was 12,376, representing nearly 88 million children.
Table 1 shows the anthropometric characteristics of the children and their blood profiles.

Overall, 68% of the children consumed dairy (Table 2) according to the criteria as defined in
the Materials and Methods, although it varied per country. Most of the children in Thailand (98%)
consumed dairy on a daily basis, followed by Malaysia (69%), Indonesia (52%), and Vietnam (47%),
respectively. For the types of dairy product, amongst the four countries, UHT/flavoured milk was the
most consumed (32%), followed by powder milk (22%), but the consumptions varied across countries.
In Malaysia, mostly powder milk was consumed (41%). In Thailand and Vietnam, the children drank
mainly UHT/flavoured milk (84% and 34%, respectively). In Indonesia mainly condensed milk
was consumed (27%). Yoghurt and cheese were dairy formats less consumed by the children (data
not shown).
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Table 1. Characteristics of the children (1–12 years old) per country and in the four countries combined.

Indonesia Malaysia Thailand Vietnam
All Four

Countries

Sample size 3163 3472 2943 2798 12,376
Population 53,184,526 5,740,266 9,662,074 19,402,735 87,989,601

Mean SE Mean SE Mean SE Mean SE Mean SE

Age (years) 6.6 0.1 7.1 0.1 7.2 0.1 7.4 0.1 7.1 0.0
Weight (kg) 19.4 0.2 25.5 0.4 24.3 0.3 22.1 0.2 22.9 0.1
Height (cm) 110.5 0.4 118.2 0.6 118.2 0.5 118.0 0.3 116.2 0.2

BMI (kg/m2) 15.4 0.1 17.0 0.1 16.4 0.1 15.4 0.0 16.1 0.0
HAZ −1.44 0.03 −0.55 0.03 −0.52 0.02 −0.88 0.02 −0.84 0.01
WAZ −1.23 0.04 −0.33 0.03 −0.39 0.03 −0.81 0.03 −0.70 0.02
BAZ −0.47 0.03 0.14 0.03 −0.10 0.03 −0.54 0.03 −0.23 0.02

Hb (g/L) 122 0 131 0 125 1 127 1 126 0
Ferritin (μg/L) 46.8 1.0 48.5 1.5 59.4 1.9 49.1 2.3 51.0 0.9

Retinol (μmol/L) 1.47 0.02 1.06 0.01 1.23 0.02 1.05 0.03 1.18 0.01
25-hydroxyvitamin

D (nmol/L) 53.1 0.9 52.7 1.0 59.5 1.1 55.9 1.7 55.7 0.7

BMI: body mass index; HAZ: height for age Z-score; WAZ: weight for age Z-score; BAZ: body mass index for age
Z-score, Hb: Haemoglobin. Recommended values for Hb are >110 g/L for subjects <5 years, >115 g/L for subjects
aged 5–11.9 years and >120 g/L for subjects aged ≥12 years. Recommended iron values are >12 μg/L for children
aged <5 years and >15 μg/L for children aged ≥5 years. Recommended values for retinol is >70 μmol/L and for
vitamin D >50 nmol/L.

Table 2. Percentage of children consuming different dairy products and percentage of dairy users per
country and for the four countries combined.

Indonesia Malaysia Thailand Vietnam All Four Countries

UHT/flavoured milk (>100 g) 5 3 84 34 32
Milk powder (>15 g) 19 41 14 11 22

Condensed milk (>10 g) 27 15 0 4 12
Dairy user * 52 69 98 47 68

* Dairy user is defined as a minimum average consumption of either 15 g powder milk, 100 g UHT/flavoured milk,
50 g yoghurt, 10 g condensed milk or ice cream, or 5 g cheese on a daily basis. In case the consumption of each
individual dairy product was below these criteria but the sum of all dairy products exceeded 100 g, the child was
classified as ‘dairy user’ as well.

There were less dairy users in the older children (from approx. 6 years onwards), except for
Thailand where almost 100% of the children were dairy consumers irrespective of their age. Dairy
consumption did not differ between boys and girls, but in Indonesia and Vietnam more urban children
(62% and 72%, respectively) consumed dairy compared to rural children (44% and 34%, respectively,
p < 0.05). The consumption was also dependent on maternal education level and socio-economic
status except for Thailand. Significant more children consumed dairy when their mothers were higher
educated and when their families were in the higher income quintiles (data not shown).

Some 42.6% of the children were categorized in the <1 dairy consumption per day group, while
39.3% and 18.1% had 1 and ≥2 dairy consumptions per day, respectively. Mean dairy intake in the
group of 1 dairy consumption per day was 281 ± 6 g/day and in the group of ≥2 dairy consumptions
per day 521 ± 6 g/day. Children in the groups of 1 or ≥2 dairy consumptions per day had higher total
dietary intakes compared to children consuming <1 dairy consumption per day when compared to the
different local recommended dietary allowances of each country (Table 3).

In Table 4 the mean (SE) of anthropometric variables in the three dairy user groups and the
prevalence for malnutrition is shown. Weight, height, WAZ, and HAZ were significantly higher in
children in the groups of 1 or ≥2 dairy consumptions per day compared to children who consumed
<1 dairy consumption per day. Consequently, the prevalence for underweight and stunting was lower
in the children drinking more than 1 or ≥2 dairy consumptions per day. For height, HAZ, WAZ,
and stunting, there were also significant differences between 1 and ≥2 dairy consumptions per day.

69



Nutrients 2018, 10, 759

However, BMI, BAZ, or the prevalence for thinness, overweight, and obesity did not differ between
the three groups.

Table 3. Total dietary intake as percent of local RDA for the three different dairy user groups.

Dairy Per Day
<1 Dairy Consumption 1 Dairy Consumption ≥2 Dairy Consumptions

Mean SE Mean SE Mean SE

Energy 74 a 1 90 b 1 97 c 1
Protein 119 a 1 158 b 1 179 c 1

Calcium 55 a 1 96 b 1 83 c 1
Iron 76 a 1 117 b 2 101 b 2
Zinc 75 a 1 112 b 1 148 c 2

Vitamin B1 71 a 1 114 b 1 141 c 2
Vitamin B2 69 a 1 147 b 2 184 c 2
Vitamin B3 63 a 1 92 b 1 103 c 1
Vitamin C 73 a 2 132 b 3 99 c 2
Vitamin A 63 a 1 96 b 1 88 c 2
Vitamin D 41 a 1 86 b 2 101 c 2

a,b,c: Different letters in superscripts indicate significant difference with other cells in the same row.

Table 4. Anthropometric variables in the different dairy consumption groups and prevalence of
malnutrition after corrections for confounders †.

<1 Dairy Consumption/Day 1 Dairy Consumption/Day ≥2 Dairy Consumptions/Day

Mean SE Mean SE Mean SE

Age (years) 7.8 a 0.1 6.3 b 0.1 7.1 c 0.1
Height (cm) 114.6 a 0.1 115.9 b 0.1 117.1 c 0.1
Weight (kg) 22.2 a 0.2 22.8 b 0.1 23.2 b 0.2

BMI (kg/m2) 16.0 a 0.1 16.0 a 0.1 16.1 a 0.1
HAZ −1.09 a 0.02 −0.84 b 0.02 −0.63 c 0.02
WAZ −0.90 a 0.03 −0.73 b 0.03 −0.50 c 0.03
BAZ −0.26 a 0.03 −0.25 a 0.03 −0.17 a 0.03

Stunted (%) 21.4 a 15.2 b 10.0 c

Underweight (%) 18.0 a 15.0 ab 12.0 b

Thinness (%) 6.9 a 8.3 a 7.9 a

Overweight (%) 6.7 a 6.7 a 7.9 a

Obese (%) 7.3 a 6.9 a 7.3 a

† Except for age, all values are corrected for differences in age, sex, residence, education level of the mother, income
quintile and country. Stunted is defined as HAZ <−2 SD; underweight as WAZ <−2 SD, and thinness as BAZ
<−2 SD. Overweight and obesity are defined as BAZ > +2 SD and +3 SD, respectively, for children aged <5 years and
>+1 SD and +2 SD, respectively, for children aged ≥5 years. a,b,c: Different letters in superscripts indicate significant
difference with other cells in the same row.

One or ≥2 consumption of dairy per day was associated with a lower risk of being stunted and
children who had ≥2 dairy consumptions per day were less likely to be underweight (Table 5). Dairy
consumption was not significantly associated with the risk of being thin, overweight or obese (Table 5).

In Table 6, the sample sizes, mean blood values and prevalence are shown for anaemia, iron
deficiency, vitamin A deficiency, and vitamin D insufficiency. One or ≥2 dairy consumptions per
day were neither associated with the prevalence of anaemia which was around 11%–13% in the three
groups nor with the prevalence of iron deficiency, with or without correction for inflammation even
though there is a trend for a lower prevalence in the 1 and ≥2 dairy consumption groups. In contrast,
the prevalence of vitamin A deficiency and vitamin D insufficiency were significant lower in children
drinking 1 or ≥2 dairy consumptions per day. For vitamin A deficiency, the prevalence in the group of
1 dairy consumption per day was 3.9% while it was 7.5% in the group of <1 dairy consumption per day.
For vitamin D insufficiency, the prevalence was 39.4% and 53.8%, respectively. Consequently, the odds
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of being vitamin A deficient or vitamin D insufficient were lower in the groups of 1 or ≥2 dairy
consumptions per day.

Table 5. Odds ratio (OR) with 95% confidence interval (CI) for being stunted, underweight, thin,
overweight or obese in relation to dairy consumption category.

Stunted Underweight Thinness † Overweight † Obese †

OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI

<1 dairy
consumption/day 1 - 1 - 1 - 1 - 1 -

1 dairy
consumption/day 0.7 * 0.6, 0.9 0.9 0.7, 1.1 1.3 1.0, 1.6 1.0 0.8, 1.2 0.9 0.7, 1.2

≥2 dairy
consumptions/day 0.5 * 0.4, 0.6 0.7 * 0.6, 0.9 1.2 0.9, 1.6 1.2 1.0, 1.6 1.1 0.8, 1.4

Data are corrected for confounding effect of age, sex, urban/rural, education of mother, income quintile, energy
intake and country. Stunted is defined as HAZ <−2 SD; underweight as WAZ <−2 SD, and thinness as BAZ <−2 SD.
Overweight and obesity are defined as BAZ > +2 SD and +3 SD, respectively, for children aged <5 years and >+1 SD
and +2 SD, respectively, for children aged ≥5 years. † Reference category is ‘normal weight’. * p < 0.05.

Table 6. Mean blood values and prevalence of anaemia, iron deficiency, vitamin A deficiency, and
vitamin D insufficiency in the different dairy consumption groups and odds ratios for having a
micronutrient deficiency.

n
<1 Dairy

Consumption/Day
1 Dairy

Consumption/Day
≥2 Dairy

Consumptions/Day

Mean SE Mean SE Mean SE

Hb (g/L) 4149 126 a 0 126 a 0 127 a 0
Ferritin (μg/L) 3041 48.5 a 1.6 50.2 ab 1.5 55.1 b 1.4

Ferritin (μg/L) † 2861 45.7 a 1.4 46.4 a 1.4 49.6 a 1.5
Retinol (μmol/L) 3024 1.15 a 0.02 1.19 a 0.02 1.22 a 0.02

25 Hydroxyvitamin D
(nmol/L) 1987 51.6 a 1.3 58.7 b 1.2 57.0 b 0.9

Anaemia 13.1 a 11.6 a 10.9 a

Iron deficiency † 6.6 a 4.9 a 4.1 a

Vitamin A deficiency 7.5 a 3.9 b 2.9 b

Vitamin D insufficiency 53.8 a 39.4 b 40.6 b

ODDS 95% CI ODDS 95% CI ODDS 95% CI
Anaemia 1 - 0.8 0.6, 1.2 0.8 0.5, 1.1

Iron deficiency † 1 - 0.7 0.4, 1.3 0.6 0.3, 1.2
Vitamin A deficiency 1 - 0.5 * 0.3, 0.9 0.4 * 0.2, 0.7
Vitamin D deficiency 1 - 0.5 * 0.4, 0.7 0.6 * 0.4, 0.8

Hb: haemoglobin. Anaemia is defined as Hb concentrations <110 g/L for subjects <5 years, <115 g/L for
subjects aged 5–11.9 years, and <120 g/L for subjects aged ≥12 years. Iron deficiency is defined as serum ferritin
concentrations <12 μg/L for children <5 years and <15 μg/L for children ≥5 years. Serum retinol concentration
<0.70 μmol/L is an indicator for vitamin A deficiency, whereas 25(OH)D concentration <50 nmol/L was used as an
indicator for vitamin D insufficiency. † After correction for inflammation. a,b Different letters in superscript indicate
significant difference with other cells in the same row. * p < 0.05. Data are corrected for the confounding effects of
age, sex, and residence.

4. Discussion

The present study shows that incidence of dairy consumption was positively associated with
the nutritional status of 1–12-year-old children in the SEANUTS population of Indonesia, Malaysia,
Thailand, and Vietnam based on anthropometric indices. Children were less likely to be stunted or
underweight when dairy was part of their daily diet. Stunting is associated with increased morbidity
and impacts cognitive development [23,24]. It is also a risk factor for chronic diseases in adulthood [25].

Previous intervention and observational studies have shown a positive effect of milk and dairy
products on the growth of preschool and school-aged children [26–29]. As early as 1928, it was reported
that milk supplementation in 5–14-year-old Scottish children resulted in approximately 20% more
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height gain compared to children who received a biscuit as control [26]. Another study that followed
the effect of a school milk programme in 6–9-year-old Malaysian primary school children showed that
there was a reduction in underweight, stunting, and wasting after two years [27]. In Indonesia, it was
shown that supplementation of fortified milk to 6–59 month old children was associated with a lower
risk of stunting [29]. A meta-analysis of 12 trials examining the association between dairy consumption
and height showed that supplementation of approximately 245 mL milk on a daily basis resulted in an
additional 0.4 cm growth per year [28]. Our current results confirm the positive association between
dairy consumption and growth.

Recently, it was hypothesized that insufficiency in essential amino acids may be an important
limiting factor in linear growth [30]. When specific amino acids, especially the essential ones,
are deficient in the children’s diet, protein and lipid synthesis and cellular growth is negatively
affected [31]. Dairy is known to provide all essential amino acids. Moreover, dairy protein has a high
protein-digestibility-corrected amino acid score (PDCAAS) [12] indicating that the amino acids are
easily bioavailable for digestion, absorption, and utilization by the body. This may be the mechanism
behind the association between dairy consumption and lower prevalence and risk of stunting. Further
analyses of the dietary intake data of SEANUTS showed that stunted children had a lower intake of
total protein compared to normal height children (data not shown). Moreover, intake of animal protein
was also lower (data not shown), which is also linked to stunting [32,33].

The association between dairy and overweight/obesity is more complicated than dairy and linear
growth. A systematic review of 19 studies in both children and adults by Louie et al. [34] showed
results ranging from dairy having a protective effect against weight gain (nine studies), to no impact
(seven studies), or to even increasing the risk of weight gain (three studies) and the authors, therefore,
stated that it is difficult making firm conclusions. Our data showed no difference in overweight/obesity
prevalence between dairy consumers and non-dairy consumers and also the odds for being overweight
or obese did not differ between the three groups.

The prevalence of vitamin A deficiency and vitamin D insufficiency in the group of 1 or ≥ 2 dairy
consumptions per day was lower than in the group with <1 dairy consumption per day. Moreover,
the former were also found to be less likely vitamin A or vitamin D deficient (Table 6). A possible
explanation could be that dairy consumption is associated with healthier food choices and better total
diet quality in general [35] resulting in better intakes of vitamin A and D. On the other hand, although
cow’s milk does not naturally contain high levels of these vitamins, today’s trend is that many dairy
products in Indonesia, Malaysia, Thailand, and Vietnam, especially those in powder formats and those
targeted for children, are often fortified with micronutrients such as vitamin A, B2, and D. Vitamin D
insufficiency is a major issue in many countries, also in the SEANUTS countries, despite the abundance
of sun light available in the Southeast Asian region [7,36,37]. Therefore, dietary vitamin D intake,
either via foods naturally rich in vitamin D such as oily fish and eggs, or via vitamin D fortified foods,
might become more and more important. The relatively high percentages of vitamin D insufficiency
in the groups of dairy consumers may warrant evaluation of fortification policies and practices by
government and manufacturers [38].

No significant differences were found in anaemia and iron deficiency between the three groups,
which is not surprising as dairy is not a good dietary source for iron. In contrast, a trial in Vietnam
showed a decrease in anaemia prevalence from 46.7% to 9.3% and from 43.7% to 19.2% in the
7–8-year-old children after 6 months of consuming fortified milk and regular milk, respectively [39].
A reason for these different findings could be that the anaemia prevalence in the SEANUTS cohort was
much lower than in the children studied by Lien et al. [39]. Another reason could be the type of milk
consumed in the present study, whereby UHT milk was the format most commonly consumed, which
is normally not iron-fortified while powder milk and especially growing up milk powder are fortified
with iron.

Although the prevalence of lactose intolerance is higher in the Asian region compared to for
example Western Europe, it is not a clinical issue in younger children. For adults and older children,
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most who have been diagnosed with lactase deficiency can often tolerate consuming some dairy
products. Dairy formats such as yoghurt can be an alternative for normal milk products as fermented
milk products are better tolerated by individuals who are lactose-intolerant [12,40]. For This reason,
the possible higher risk of being lactose intolerant should not be a contra-indication for consuming
dairy as prevention for stunting or micronutrient deficiencies.

The current study has its limitations as it was not designed to study the relationship between
nutritional status and dairy consumption. Also, different methodologies were used to assess dairy
consumption. Furthermore, local food composition databases might not be up to date in a fast changing
market of dairy products and may differ between countries.

5. Conclusions

In conclusion, the results showed that children who consumed dairy were less likely to be stunted
or underweight and less likely to be vitamin A deficient or vitamin D insufficient. Future studies
should focus on the status of other micronutrients like B vitamins or zinc as more and more data are
emerging that those deficiencies are prevalent in the Asian region [41,42]. On the other hand, more
intervention studies should be conducted for a better understanding of the role of dairy and how to
improve the nutritional status of children. Then, in relation to public health, national policies should
consider the availability and accessibility of dairy to its population to support the healthy growth and
development of children.
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Abstract: Lactoferrin is an abundant glycoprotein in bovine milk that has immunomodulatory effects
on human cells. Bovine lactoferrin (LF) binds lipopolysaccharides (LPS) with high affinity and
is postulated to act via TLR4-dependent and -independent mechanisms. It has been shown that
LF modulates differentiation of human monocytes into tolerogenic dendritic cells. However, in a
previous study, we showed that LPS also mediates differentiation into tolerogenic dendritic cells (DC).
Since LF binds LPS with high affinity, it remains to be investigated whether LF or LPS is mediating
these effects. We, therefore, further investigated the LPS-independent effect of LF on differentiation of
human monocytes into dendritic cells (DC). Human monocytes were isolated by magnetic cell sorting
from freshly isolated PBMCs and cultured for six days in the presence of IL-4 and GM-CSF with or
without LF or proteinase K treated LF to generate DC. These immature DC were stimulated for 48 h
with LPS or Poly I:C + R848. Cell surface marker expression and cytokine production were measured
by flow cytometry. DC differentiated in the presence of LF produced higher IL-6 and IL-8 levels
during differentiation and showed a lower expression of CD1a and HLA-DR. These LFDCs showed
to be hyporesponsive towards TLR ligands as shown by their semi-mature phenotype and reduced
cytokine production. The effect of LF was abrogated by proteinase K treatment, showing that the
functional effects of LF were not mediated by LPS contamination. Thus, LF alters DC differentiation
and dampens responsiveness towards TLR ligands. This study indicates that LF can play a role in
immune homeostasis in the human GI tract.

Keywords: bovine lactoferrin; moDC; DC differentiation; semi-mature phenotype; hyporesponsive; LPS

1. Introduction

Bovine lactoferrin (LF) is an abundant glycoprotein in cow’s milk that is 69% identical to human
lactoferrin at the protein level [1]. LF is an extensively researched protein that has been shown to
exert antimicrobial and antiviral activity [2]. The involved anti-pathogenic mechanisms, which are
mostly investigated in vitro, range from depriving iron, antimicrobial activity by bioactive peptides
and decoy receptor activity. These mechanisms may underlie the protective effect against sepsis
by LF supplementation in very low birth weight (VLBW) infants [3–7]. LF was shown to protect
against sepsis in VLBW infants in either breast fed or formula fed, showing the need for additional
supplementation [3]. Subsequent analysis of this study showed that LF inhibits the progression of
invasive fungal infections [4], indicating immunomodulatory effects of LF. In line with these findings,
LF was shown to induce the prevalence of regulatory T cells in VLBW infants [6]. Although these
studies indicate an immunoregulatory role of LF in humans, little mechanistic evidence is available
to date.
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In infants, LF ends up in the intestine intact and is only partly hydrolysed into bioactive peptides
with antibacterial activity [8]. Moreover, intact human lactoferrin was found in stool and urine of
VLBW infants and resisted trypsin and chemotrypsin treatment in vitro [9]. LF was shown to largely
resists gastric hydrolysis in vivo in adults [10]. However, LF is completely degraded in the small
intestine of adults [11]. Thus LF may, in contrast to adults, retain its bioactivity throughout the
gastro-intestinal tract and may even become systemically available in infants [9,12,13]. This could be
explained by lower concentrations of proteases in the small intestine in infants compared to adults [14].
Additionally, breast milk contains protease inhibitors, which may limit degradation of milk proteins in
the GI tract of infants [15].

LF has specific domains that bind iron with high affinity, a high isoelectric point (pI around
9) and an overall nett positive charge with high cationic peptide regions, which is crucial for its
bactericidal activity [16]. Due to these biochemical properties, LF may bind multiple receptors
(e.g., intelectin-1 and DC-SIGN) with low affinity [1,17,18]. LF was shown to bind the human lactoferrin
receptor (i.e., intelectin-1) on Caco-2 cells and, dependent on the concentration, induce proliferation or
differentiation of these epithelial cells [19].

Additionally, LF is known for its binding activity to lipopolysaccharides (LPS). Binding of LF to
LPS may result in neutralisation of LPS, which is hypothesized to play an important role in the immune
regulatory role of LF [20]. In contrast, LF was shown to activate monocytes during DC differentiation,
which resulted in diminished TLR activation [21]. Similarly, human LF was shown to induce the
differentiation into anergic macrophages that were hyporesponsive towards TLR ligands [22]. However,
LF binds LPS with a high binding affinity [23]. Since LPS induces differentiation of monocytes into
tolerogenic DC as well [24], it is of interest to investigate the true immunomodulatory potential of
LPS-free LF. A previous study showed that LPS-free LF induces the expression of pro-inflammatory
cytokines on porcine derived macrophages in a TLR4-independent manner [25]. It is however unknown
whether this TLR4-independent signaling of LF affects the functionality of human monocytes and
dendritic cells. We therefore investigated whether LF, independently of bound LPS, is capable of
inducing differentiation of human monocytes into tolerogenic dendritic cells.

2. Materials and Methods

2.1. Isolation of Bovine Lactoferrin

The whey fraction from bovine colostrum was collected after spinning the milk at 100,000 g
for 45 min (Ultracentrifuge Avanti J301, Beckman Coulter, Brea, CA, USA). This casein and fat-free
fraction was stored at −20 ◦C until further use. These whey proteins were thawed and diluted with
washing buffer containing 0.01 M KH2PO4 and 0.1 M NaCl, pH 6.5. Samples were centrifuged at
23,500 g for 20 min and the supernatant was carefully collected through a filter paper to remove casein
traces. Ion exchange chromatography (Akta Purifier, Pharmacia, Stockholm, Sweden) was used to
isolate LF from the whey proteins. The Hiprep SP FF 16/10 column was preconditioned by rinsing the
column with 100 mL washing buffer (3 mL/min; 12 mS/cm) and elution buffer (3 mL/min; 85 mS/cm).
Whey proteins were loaded on the preconditioned column with a flow rate of 3 mL/min (HiLoad
P50 pump, Pharmacia). After the complete volume of whey protein has run over the column, it was
connected to the AKTA. Unbound matrix proteins were washed from the column with washing buffer
(3 mL/min). Bovine lactoferrin was eluted from the column using an increasing gradient of 0.1–1 M
NaCl. The preparation was desalted and concentrated on a 10 kDa Ultracel PLGC membrane using an
Ultrafiltration Cell model 8200 (Amicon/Millipore).

2.2. Isolation and Culturing of Monocyte-Derived DC

Peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation from buffy
coats obtained from healthy anonymous donors (Sanquin blood bank, Nijmegen, The Netherlands) as
described previously [24]. A written informed consent was provided before blood collection. In short,
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1:1 diluted blood in phosphate buffered saline (PBS) (Mg2+ and Ca2+ free, Lonza, BE17-516F, Basel,
Switzerland) was loaded on Ficoll-Paque (Amersham Bioscience, Uppsala, Sweden) and centrifuged
for 20 min at 500 g without brake. The PBMC layer was collected and washed three times with PBS.
Cells were spun down and the pellet was resuspended with anti-human CD14 magnetic beads (BD
Biosciences, 557769, Franklin Lakes, NJ, USA). CD14+ cells were isolated on a separation magnet
(BD IMagnet, BD Biosciences) according to the manufacturer’s instructions. 100,000 monocytes per
well were cultured in 96 cells wells flat bottom plates in RPMI 1640 (Gibco, Carlsbad, CA, USA,
22409-015) and 10% FCS (Gibco, 10270-106), normocin (100 μg/mL, Invivogen, anti-nr-1, San Diego,
CA, USA), penicillin and streptomycin (100 U/mL, Gibco, 14150-122). Monocytes were differentiated
into dendritic cells by culturing them for six days in the presence of 20 ng/mL IL-4 (Peptrotech; 200-04,
Rocky Hill, CT, USA) and GM-CSF (Peprotech; 300-03, Rocky Hill, CT, USA) with or without 10 μg/mL,
250 μg/mL bovine lactoferrin (FC) or 10 nM VitD3 (Sigma-Aldrich, D1530, St. Louis, MO, USA). After
six days, immature DC were matured with 1 μg/mL LPS (Escherichia coli, Sigma, L2880, St. Louis, MO,
USA) or 3 μg/mL R848 (Invivogen: tlrl-r848-5) and 20 μg/mL Poly I:C (Sigma, P1530) for 48 h.

2.3. Isolation and Staining of moDC

After 6 days (immature-) or 8 days (mature-) moDC were incubated on ice (while shaking) for
30 min in ice cold FACS buffer (PBS (Lonza, BE17,516F) containing 0.5% BSA fraction V (Roche,
10735086002, Basel, Switzerland), 2.0 mM EDTA (Merck, 108418, Kenalworth, NJ, USA) and 0.05
NaN3) to facilitate the detachment of DC from the surface. Surface marker expression was analysed
by using fluorochrome-conjugated antibodies directed against CD14 (FITC; BD Biosciences, 555397),
CD86 (V450; BD Biosciences, 560357), CD83 (FITC; BD Biosciences, 556910), HLA-DR (APCef780;
eBiosciences, 47-9956-42, San Diego, CA, USA), CD80 (PE-Cy5; BD Biosciences, 559370), PD-L1
(PE-Cy7; BD Biosciences, 558017), CD1a (PerCP/Cy5-5; Biolegend, 300130, San Diego, CA, USA).
10 μg/mL of human Fc Block (BD Bioscience, 554220) was added to the antibody mixture to block
non-specific binding. Compensation beads (eBiosciences, 01-2222-41) stained with single antibodies
were run for every experiment. Cells were washed with 200 μL FACS buffer and stained by incubating
the antibody mixture for 30 min in the dark at 4 ◦C. Before measuring DRAQ7 (Abcam; ab109202,
Cambridge, UK) was added and incubated for 10 min in the dark to stain nonviable cells. Cells were
resuspended in 100 μL FACS buffer and acquired on a BD FACS Canto II (BD Biosciences) and analysed
using the FlowJo software V10.

2.4. Quantification of Cytokine Levels in Supernatants

Levels of IL-8, IL-6, IL-10, TNF-α and IL-12p70 were measured in the supernatants of moDC
cultures using cytometric bead array technique (BD Biosciences). Individual flex-sets for IL-8
(558277), IL-6 (558276), TNF-α (560112), IL-10 (558274) or IL-12p70 (558283) were run according
to the manufacturer’s instructions.

2.5. Proteinase K Treatment and SDS-Page

LF was treated with 100 μg/mL proteinase K for 1 h at 46 ◦C followed by 10 min on 95 ◦C to
inactivate the enzyme activity. 1 μg of LF and proteinase K treated LF were loaded on a SDS-page gel
(Mini-PROTEAN TGX Precast SDS-page gel, Biorad, Berkeley, CA, USA) and run on 120 V for 1 h.
The gel was stained with GelCode (Thermo Scientific, 24590, Waltham, MA, USA) according to the
manufacturer’s instructions.

2.6. LPS Detection

LF and Triton X-114 treated LF was tested for LPS contamination by a recombinant factor C LAL
assay that was performed according to the manufacturers recommendations (EndoZyme recombinant
factor C assay, Hyglos; 609050, Bernried am Starnberger See, Germany).
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2.7. Triton X-114 Treatment

LPS was removed from LF by an optimized Triton X-114 method (Amresco, cat. # M114, Solon,
OH, USA) [26]. In short, 2% v/v Triton X-114 was added to the sample and the mixture was stirred for
30 min at 4 ◦C and thereafter transferred to a 41 ◦C water bath for 10 min. The micelles were spun
down by centrifugation for 10 min at 20,000 g at 25 ◦C. The upper layer was collected and treated
with 10 mg/mL Bio-beads SM-2 (cat. # 152-8920) under constant stirring at 4 ◦C to remove Triton
X-114 traces.

2.8. TLR4 Reporter Assay

HEK-293 cells expressing human TLR4, CD14 and MD-2 and harbouring a pNIFTY
construct (Invivogen, Toulouse, France) were grown on selective medium containing DMEM and
Glutamax (Fisher Emergo, Landsmeer, The Netherlands) supplemented with 10% FCS, 100 μg/mL
penicillin/streptomycin (Sigma, St. Louis, MO, USA), Zeozin (50 μg/mL), Normocin (100 μg/mL)
and HygroGold (45 μg/mL) (Invitrogen, Carlsbad, CA, USA) in an atmosphere of 5% CO2 at 37 ◦C.
HEK-293 cells were seeded at 3 × 105 cells/mL and cultured overnight before stimulation the next day.
NF-κB activation was measured after 24 h stimulation by adding Bright-GloTM (Promega, Fitchburg,
MA, USA) substrate to cells. The plate was shaken and luminescence was measured using a spectramax
M5 (Molecular Devices, Sunnyvale, CA, USA).

2.9. Statistics

Data was assessed for normality using a D’Agistino and Pearson omnibus test. A repeated
measures ANOVA with Tukey’s multiple comparison test or Friedman test with Dunn’s multiple
comparison post-hoc test was performed for normal and non-normal distributed data, respectively.
Data is represented as mean ± standard error of the mean (SEM). Graphpad Prism V. 5.0 was used for
all statistical analyses.

3. Results

Monocytes were differentiated into monocyte-derived DC (moDC) in the presence or absence of
LF. Upon differentiation into moDC, monocytes lost CD14 expression and gained CD1a expression.
Although LFDC were negative for CD14, a lower percentage of cells gained CD1a expression
(Figure 1A). LFDC showed a higher expression of CD86 and PD-L1 (Figure 1B,C) and a significantly
lower expression of HLA-DR when differentiated in the presence of 250 μg/mL LF (Figure 1D). These
phenotypical changes induced by LF during differentiation were accompanied by a dose-dependent
increase in IL-8 production (Figure 1E) and increase in IL-6 production when cultured in the presence
of 250 μg/mL LF (Figure 1F). Interestingly, in contrast to the profound effects of LF during the
differentiation of monocytes into moDC, LF did not induce phenotypic changes on moDC that
were already differentiated (Figure S1). Moreover, moDC stimulated with LF or LF + Poly I:C and
R848 for two days did not show phenotypic changes compared to moDC or moDC + Poly I:C and
R848, respectively.
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Figure 1. LF modulates DC differentiation. Monocytes were differentiated into moDC by culturing
them for six days in the presence of IL-4 and GM-CSF with or without LF (10 or 250 μg/mL LF). (A) The
percentage CD1a+CD14− DC and the median fluorescent intensity (MFI) of (B) CD86, (C) PD-L1 and
(D) HLA-DR was shown. The production of (E) IL-8 and (F) IL-6 was measured in the supernatant
by CBA. The mean ± SEM of four independent experiments with 12 different donors was shown.
Significance is indicated by *** = p < 0.001, ** = p < 0.01 and * = p < 0.05.

Next, we investigated the responsiveness of LFDC by stimulating the cells with LPS. LFDC
showed to be hyporesponsive towards LPS as observed by the reduced induction of the maturation
marker CD83 (Figure 2A) and costimulatory molecules CD86 (Figure 2B), PD-L1 (Figure 2C) and
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CD80 (Figure S2A) upon LPS stimulation. HLA-DR expression was lower on mature LFDC compared
to mature moDC (Figure 2D). In line with their phenotype, LFDC also produced lower cytokine
levels, showing a lower production of IL-10 (Figure 2E), IL-6 (Figure S2B), TNF (Figure S2C) and
abrogated levels of IL-12p70 (Figure 2F). Since DC were differentiated and subsequently stimulated in
the presence of LF, we wanted to exclude the possibly that the hyporesponsiveness towards LPS was
caused by neutralisation of LPS by LF. We showed that the surface marker expression was unaffected
by replacing 3

4 of the medium and that the cells were also hyporesponsive towards R848 and Poly:IC
stimulation, indicating that the effect was not mediated by LPS neutralisation (Figure S3).
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Figure 2. LFDC are hyporesponsive for LPS stimulation. Immature DC that were cultured in the
presence or absence of LF were stimulated with 1 μg/mL LPS for 48 h. (A) The median fluorescent
intensity (MFI) of (A) CD83, (B) CD86, (C) PD-L1 and (D) HLA-DR was shown. The production
of (E) IL-10 and (F) IL-12p70 was measured in the supernatant by CBA. The mean ± SEM of
four independent experiments with 12 different donors was shown. Significance is indicated by
*** = p < 0.001, ** = p < 0.01 and * = p < 0.05.
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LF is reported to bind LPS and has been postulated to induce immunomodulation via
TLR4-dependent mechanisms. However, previously we showed that low concentrations of LPS can
also LPS induce these phenotypic changes. We therefore measured the concentration of LPS in LF by an
endozyme LAL assay. LF used in this study showed concentrations of 2.6 EU LPS/mg LF (Figure S4A).
We therefore applied an optimized Triton X-114 method [26] to reduce LPS levels. This method
reduced the endotoxin levels to 0.58 EU LPS/mg LF (Figure S4A). Despite this five-fold decrease in
LPS levels, the immunomodulatory activity of LF remained the same (Figure S4). Nevertheless, we
have previously shown that low concentrations of LPS induce endotoxin tolerance [24]. We therefore
wanted to be absolutely certain that the functional effects of LF were not mediated by LPS. Therefore,
we treated LF with proteinase K to degrade the protein and release any potentially bound endotoxins.
We confirmed that LF was completely degraded after proteinase K treatment as observed on SDS-page
gel (Figure S5A), Additionally, we showed by using a TLR4 reporter assay that the NF-κB inducing
capacity of LPS was unaltered by proteinase K treatment (Figure S5B), indicating that the LPS released
from bound to LF remains functional. Interestingly, the dose-dependent increase of CD86 (Figure 3A)
and PD-L1 (Figure S6B) and decreased CD1a (Figure 3B) expression induced by LF was reduced to
moDC levels after proteinase K treatment. Similarly, the LF induced production of IL-6 (Figure 3C)
and IL-8 (Figure S6A) during DC differentiation was abrogated after degradation of the protein. Thus,
the LF-induced phenotype on immature DC was completely abolished by proteinase K treatment of
the protein, showing that the effect is mediated by LF and not by LPS. In line with these findings,
the responsiveness towards LPS of LFDC was completely restored to that of moDC upon proteinase
K treatment as shown by the expression of CD86 (Figure 3D), CD83 (Figure 3E), CD80 and PD-L1
(Figure S7A,B) and the production of cytokines such as IL-6 (Figure 3F), IL-12p70, TNF and IL-10
(Figure S7D–F).

Figure 3. Proteinase K treatment of LF restores responsiveness towards LPS. (A–C) monocytes were
cultured in the presence of IL-4 and GM-CSF with or without LF or proteinase K treated LF. (D,E) These
immature DC were subsequently stimulated with 1 μg/mL LPS for 48 h. The median fluorescent
intensity (MFI) of (A,D) CD86 and (E) CD83 and (B) the percentage CD1a+CD14− DC was shown.
(C,F) The production IL-6 was measured in the supernatant by CBA. The mean ± SEM of 3 different
donors was shown. Significance is indicated by *** = p < 0.001, ** = p < 0.01 and * = p < 0.05.
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4. Discussion

In this paper, we show that LF modulates human DC differentiation and function. Additionally,
we show that its immunomodulatory capacity is not mediated by LPS. With this study, we confirm and
expand on the study of Puddu et al. (2011), that showed that LF is capable of inducing differentiation
into tolerogenic DC [21]. Since trace amounts of LPS can already induce a tolerogenic phenotype [24],
it is necessary to assess that LF and not LPS is responsible for the effect. Here, we show that LF
alters the differentiation of monocytes into DC, resulting in a phenotypical distinct DC type which is
hyporesponsive towards several TLR ligands.

It has been proposed that the GI tract is in a constant state of low-grade inflammation or
“primed homeostasis” due to the constant exposure to commensal bacteria and microbial products
in which monocytes are recruited toward the GI tract [27,28]. In line with this thought, a local
micro-environment comprised of dietary and microbial factors may steer monocyte differentiation. We
therefore investigated the effect of LF on monocyte differentiation into DC. It is well established that
monocytes lose CD14 expression and gain CD1a expression during differentiation into moDC. In the
presence of LF, DC lose CD14 expression and gain less CD1a expression compared to conventional
differentiated moDC. CD1a is an important functional marker for immature DC. Moreover, CD1a+
DC produce higher IL-12p70 levels and lower IL-10 levels upon stimulation and show a lower
internalisation capacity compared to CD1a-DC [29,30]. Potential explanations for the reduced CD1a
expression on LFDC can be induction of PPARγ activity [30], differentiation into more macrophage-like
cells due to IL-6-mediated autocrine M-CSF production [31], or inhibition of GM-CSF signalling [32].
Interestingly, an embryonic fibroblast cell line transfected with the human lactoferrin gene showed
inhibited GM-CSF levels upon stimulation [33]. LF is, in contrast to moDC, internalised into the
nucleus of human monocytes [21]. This finding makes it appealing to speculate about direct effect of
internalised LF on the GM-CSF promotor in monocytes. Additionally, LF induces the production of
IL-6 and IL-8 within 24 h of differentiation (data not shown). Although IL-6 has been shown to be
an important cytokine capable of modulating DC differentiation [18] and boosting autocrine G-CSF
production [31], Puddu et al. (2011) showed that the effects of LF are not mediated by IL-6. In line with
these findings we show that IL-6 production was not elevated if monocytes are differentiated in the
presence of 10 μg/mL LF and yet this concentration is sufficient to induce DC that are hyporesponsive
towards TLR ligands.

LFDC produced much lower cytokine levels and upregulated costimulatory molecules markers
to a lesser extent compared to moDC upon contact with TLR ligands. Moreover, they showed a
semi-mature (CD83intCD86int) phenotype, which is postulated to induce polarisation of naive T cells
in regulatory T cells [34]. Thus, LF induces the differentiation of monocytes into more tolerogenic DC.
In contrast to the effect of LF on monocytes, we show that LF does not induce phenotypical changes
on human moDC nor modulate Poly I:C and R848-induced inflammation. These findings are in line
with previous research, showing internalisation of LF into the nucleus of human monocytes and not
in moDC [21]. Their findings propose that the uptake of LF is mediated by a receptor expressed on
human monocytes that is not expressed on moDC, which could explain the distinct effect of LF on
both cell types. LF binds to intelectin-1 (i.e., intestinal lactoferrin receptor), which is expressed on
epithelial cells [19]. To date, no evidence suggests expression of intelectin-1 on myeloid cells. LF also
binds DC-SIGN which is expressed on monocytes and moDC [18]. However, the observed effects
are also not likely mediated via DC-SIGN since its expression increases upon differentiation into
DC [35]. Additionally, it has been suggested that LF binds with low affinity to several other receptors
(e.g., RAGE and MNR). Interestingly, human LF was also shown to bind to soluble CD14 [36]. Since
CD14 expression is lost upon differentiation of monocyte into moDC, it is tempting to speculate that
our phenotypic changes are induced via CD14. However, LF in concentration used in this study did
not activate NF-κB on CD14-MD-2:TLR4 expressing HEK cells (data not shown). Recently, CD14 was
shown to be essential for endocytosis of the TLR4 complex [37], showing that its function is more than
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just facilitating LPS to bind TLR4. We therefore hypothesize that LF:LPS complexes can be internalized
on monocytes in a unknown CD14-mediated manner.

This study shows, in line with the literature, that bovine LF, as well as human LF, induces
differentiation of monocytes into hyporesponsive DC [21] and macrophages [22], respectively.
However, due to the high binding affinity of LF to LPS, it is essential to investigate whether LPS
or LF is responsible for this tolerogenic phenotype. Importantly, we showed that our sample did
contain traces of LPS as measured by a LAL assay. In this assay, a recombinant factor C protein is used
to detect LPS, which binds the lipid A part of the molecule [38]. LF was also shown to bind the lipid
A part of the molecule [23], which could shield LPS from binding TLR4 and apparently not factor C.
According to the LPS contamination measured in our sample (i.e., 2.6 EU/mg), the concentrations of LF
used in our study of 0.25 mg/mL and 0.01 mg/mL, thus, contain 0.65 EU and 0.026 EU, respectively. We
have shown that LPS contamination of >0.5 EU induces the differentiation into tolerogenic DC [24]. The
concentrations of LPS measured in LF in this study could, thus, theoretically explain the tolerogenic DC
phenotype. Nevertheless, we demonstrated that the effects of LF are lost upon proteinase K treatment
and that Triton X-114-treated LF shows the same immunomodulatory capacity compared to non-treated
LF. We thereby exclude the possibility that effects of LF are mediated by endotoxin tolerance. This
finding is in line with earlier research showing that the induced expression of pro-inflammatory genes
in porcine macrophages is mediated in a TLR4-independent manner [25].

This study adds on to the current understanding of the role of LF in immune regulation.
Additionally, LF is well-known for its anti-pathogenic activity. Hence, LF supplementation to infants
and immunocompromised individuals has been studied to investigate its efficacy against inflammatory
conditions. Moreover, several clinical studies in children have been conducted with LF, all showing no
adverse effects of LF supplementation [39]. LF supplementation to breast milk or infant formulas has
been shown to reduce the incidence of sepsis VLWB infants [3–7]. These VLWB infants often suffer
from excessive gut inflammation and have an impaired epithelial barrier functioning, which may result
in necrotizing enterocolitis [40]. Additionally, several studies show that LF fortification to early life
nutrition may alleviate symptoms of viral infections [41–44]. Moreover, LF supplementation to children
<5 years of age and to infants in the first year of life showed a reduction of the incidence of rotaviral
gastroenteritis [41] and lower respiratory tract infections [42]. Similarly, LF supplementation to infant
nutrition resulted in a lower incidence of symptoms of respiratory illness (e.g., running nose, coughing,
wheezing) compared to infants receiving non-fortified formula [43]. LF supplementation has also been
investigated for its additive effect in HIV therapy in children by measuring several immune parameters
and viral titers. Interestingly, phagocytic activity, CD14/TLR2 expression and IL-12p70/IL-10 ratio in
CD14+ was increased in children receiving LF supplementation [44]. Thus, apart from functioning as a
direct anti-pathogenic protein, LF may inhibit infections by its immunomodulatory capacity. Since, LF
is poorly digested in the GI tract of infants and a fraction of the protein is taken up intact and reaches
the circulation [9,12,13], it may impact the functionality of monocytes and DC in vivo. Larger cohorts
should validate the protective effect of LF supplementation against viral infections and sepsis and
investigate its immunomodulatory potential in vivo.

5. Conclusions

Taken together, our results show that LF inhibits DC differentiation which hampers their
responsiveness towards TLR ligands. Additionally, we showed that these effects are diminished
after degrading the protein, formally showing that the LF-induced differentiation of monocytes into
hyporesponsive DC is not mediated by endotoxin tolerance. This study indicates that LF may promote
immune homeostasis in the gastrointestinal tract.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/7/848/s1.
Figure S1: LF does not modulate immature DC activation. Monocytes were differentiated into moDC by culturing
them for six days in the presence of IL-4 and GM-CSF. These immature DC were stimulated with 20 μg/mL
Poly I:C and 3 μg/mL R848 in the presence or absence of LF. The median fluorescent intensity (MFI) of (A)
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CD8, (B) CD86, (D) HLA-DR, (E) PD-L1, (F) CD80 and the percentage of CD83 + CD86 + DC was shown. The
expression of three individual donors with mean and standard deviation was shown in a scatter plot. Figure S2:
LFDC are hyporesponsive for LPS stimulation. Immature DC that were cultured in the presence or absence of
LF were stimulated with 1 μg/mL LPS for 48 h. (A) The median fluorescent intensity (MFI) of (A) CD80 was
shown. The production of (B) IL-6 and (C) TNF was measured in the supernatant by CBA. The mean ± SEM of
four independent experiments with 12 different donors was shown. Significance is indicated by *** = p < 0.001,
** = p < 0.01 and * = p < 0.05. Figure S3: hyporesponsiveness of LFDC is not mediated by decoy activity. Immature
DC that were cultured in the presence or absence of LF were stimulated with 1 μg/mL LPS (A)without or
(B) with replacing 3

4 of the medium or (C) 20 μg/mL Poly I:C and 3 μg/mL R848 for 48 h. (A) The median
fluorescent intensity (MFI) of (A) CD80 was shown. The mean ± SEM 3 different donors was shown. Figure S4:
DC modulatory activity of LF is not reduced by Triton X-114 treatment. (A) an Endozyme LAL assay was used
to detect LPS in LF before or after applying an optimised Triton X-114 method. Immature DC were cultured in
the presence or absence of Triton X-114 treated or non-treated LF. (A) The percentage CD1a+ CD14− DC was
shown on immature DC. These immature DC were stimulated with 1 μg/mL LPS for 48 h. Median fluorescent
intensity (MFI) of (C) CD83 and (D) CD86 was shown. The production of (E) IL-10 and (F) IL-12p70 was measured
in the supernatant by CBA. The mean ± SEM of 3 different donors was shown. Significance is indicated by
*** = p < 0.001, ** = p < 0.01 and * = p < 0.05. Figure S5: Proteinase K treatment does not affect NF-κB activation via
TLR4 by LPS. (A) 1 μg/mL LF was loaded before and after proteinase K treatment on SDS-PAGE gel. (B) LPS,
proteinase K treated LPS and heated LPS was tested for its NF-κB activation in a TLR4 reporter assay. Figure S6:
proteinase K treatment of LF abrogates its effect on DC differentiation. Monocytes were cultured in the presence
of IL-4 and GM-CSF with or without LF or proteinase K treated LF. (A) The production of IL-8 was measured in
the supernatant by CBA. The median fluorescent intensity (MFI) of (B) PD-L1 and (C) HLA-DR was shown. The
mean ± SEM of 3 different donors was shown. Figure S7: proteinase K treatment of LF restores responsiveness
towards LPS. Monocytes were cultured in the presence of IL-4 and GM-CSF with or without LF or proteinase K
treated LF for six days and subsequently stimulated with 1 μg/mL LPS for 48 h. The median fluorescent intensity
(MFI) of (A) CD80, (B) PD-L1 and (C) HLA-DR was shown. The production of (D) TNF, (E) IL-10 and (F) IL-12p70
was measured in the supernatant by CBA. The mean ± SEM of 3 different donors was shown. Significance is
indicated by *** = p < 0.001, ** = p < 0.01 and * = p < 0.05.
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Abstract: Background: Previous epidemiological and clinical studies have shown that dairy products
have beneficial effects on cognitive decline and dementia. Enzymatic digestion of whey protein
produces a whey peptide rich in tryptophan-tyrosine-related peptides which improve cognitive
performance in mice. We evaluated the effects of whey peptides on cognitive functions in healthy
adults in a randomized, double-blind, placebo-controlled design. Methods: 101 healthy adults (45
to 64 years), with a self-awareness of cognitive decline received either whey peptide or placebo
supplements for 12 weeks. Changes in cognitive function were assessed using neuropsychological
tests at 6 and 12 weeks after the start of supplementation. Results: Verbal fluency test (VFT) score
changes tended to be higher in the whey peptide group compared with the placebo at 12 weeks.
Subgroup analysis classified by the degree of subjective fatigue showed that changes in the VFT as
well as the Stroop and subjective memory function tests between baseline and 6 weeks of intervention
were significantly better in subjects with high-level fatigue from the whey peptide group as compared
to the placebo group. Conclusions: Intake of whey peptide might improve cognitive function in
healthy middle- and older-aged adults with high subjective fatigue levels. Further studies will
elucidate the relationship among cognitive improvement, whey peptides, and psychological fatigue.

Keywords: dairy food; whey peptide; cognitive function

1. Introduction

With the rapid increase in the world’s aging population, the number of people suffering with
dementia and cognitive decline is rapidly increasing. The United Nations estimates that the number of
people aged over 60 years will reach 1.4 billion by 2030, and 2.1 billion by 2050 [1]. The number of
patients with dementia is estimated to reach 130 million by 2050 [2]. At present, there is no effective
therapy for dementia, and thus preventive approaches are receiving increasing attention.

Recent epidemiological and clinical studies have suggested that consumption of dairy products,
including yogurt and cheese, may reduce the risk of cognitive decline in later life [3]. A prospective
cohort study surveyed more than 1000 Japanese subjects in a local community and showed that
frequent intake of milk and dairy products is associated with a lower risk of cognitive decline and
dementia [4]. In addition, a retrospective cross-sectional study in Australia revealed that intake of
low-fat dairy products is beneficial for social functioning and memory function [5]. A clinical trial using
a sample of twin pairs showed that high intake of dairy products was associated with better short-term
memory scores, using the Wechsler memory scale, in men [6]. We previously demonstrated that intake
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of a dairy product fermented with Penicillium candidum, i.e., Camembert cheese, had preventive effects
against Alzheimer’s disease pathology in a mouse model [7]. It is concluded that the consumption of
dairy products is associated with the prevention of cognitive decline and that some of the ingredients
in the dairy products are beneficial to cognitive function [8]; however, the underlying mechanism and
responsible agents have not yet been elucidated.

Whey, the supernatant of yogurt and a byproduct of cheese, is rich in protein and consists of
β-lactalbumin, α-lactoglobulin, immunogloblin, bovine serum albumin, and other minor proteins.
Whey protein is a globally consumed food material and is well known for its health benefits, such as
its reducing effects on body weight, blood glucose, and blood pressure [9]. In addition, recent clinical
trials revealed that whey protein improves cognitive functions and mood status: an intake of 20 g whey
protein improved memory performance in stress-vulnerable subjects aged from 18 to 35 years old [10].
Whey protein also reduced depressive symptoms in stress-vulnerable subjects under conditions of
stress [11]. In healthy elderly subjects, the intake of 50.5 g whey protein improved delayed paragraph
recall [12], but this quantity is not easily consumed in everyday life. We previously demonstrated
that some whey peptides, produced through specific enzymatic digestion, improved spatial working
memory, episodic memory, and attention in an experiment using scopolamine-induced amnesia model
mice and aged mice [13]. The memory improvements were more pronounced in mice which received
whey peptide compared with mice which received whey protein: tryptophan-tyrosine (WY)-related
peptides, especially the glycine–threonine–tryptophan–tyrosine (GTWY) peptide, were identified for
their involvement in the improved cognitive performance. Whey protein did not show any memory
improvement effects when used at the same dose as the whey peptide rich in WY-related peptides,
suggesting that the whey peptide has greater memory improvement effects than whey protein These
studies suggest that intake of whey peptides rich in WY-related peptides could improve cognitive
performance in middle aged and older people; however, the effect of whey peptides has not been
elucidated. The present study is the first clinical demonstration to evaluate the effects of whey peptides
rich in WY-related peptides, which are not whey protein itself but are in fact the result of enzymatic
digestion of whey protein, on cognitive function in middle aged and older people in a randomized,
placebo-controlled, double-blind, parallel-group comparative study.

2. Materials and Methods

2.1. Subjects

We recruited 101 healthy Japanese-speaking adults, aged from 45 to 65 years, with a self-awareness
of carelessness and forgetfulness; in particular adults that tended to forget the names of people and
objects. Subjects with relatively low neuropsychological test scores were preferentially included.
Exclusion criteria included: (1) visual or hearing impediments; (2) suspected dementia (Hasegawa
Dementia Rating Scale-Revised; HDS-R ≤ 20); (3) anamnesis of cranial nerve disease; (4) current
treatment for cognitive function; (5) diagnosis of depressive disorder or depressive symptoms;
(6) diagnosed menopausal symptoms or hormone treatment; (7) frequent irregular lifestyle, such as
shift work; (8) high habitual consumption of alcohol (>20 g/day); (9) use of cigarettes; (10) experience
of the same neuropsychological tests within the prior year; (11) regular consumption of drugs or health
foods affecting cognitive functions (>once a week); (12) regular consumption of protein supplements
(>once a week); (13) anamnesis of severe disease requiring regular treatment; (14) allergy or sensitivity
to milk; (15) pregnancy or breastfeeding; (16) participation in other clinical trials; (17) blood donation
within 3 months; (18) unhealthy status as determined during clinical examination; (19) classification
of unsuitability by the principal investigator for other reasons. Inclusion and exclusion criteria were
checked during the screening session by the questionnaire and clinical examination.

Based on the pilot study, we calculated a sample size of 44 to detect differences of 0.86 in the word
recall test with a power of 0.80 and a significance level of 0.05 (two-sided α level). An assumption of a
10% withdrawal rate required at least 50 subjects in each group.
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2.2. Experimental Supplements

The test formula consisted of 6 tablets containing a total of 1 g of whey peptide, which included
1.6 mg of GTWY peptide; the tablets were ingested by the test group every day for 12 weeks. Whey
peptide was purchased from Megmilk Snow Brand Co., Ltd. (Tokyo, Japan). The placebo group
ingested tablets substituted with an equivalent amount of maltodextrin every day for 12 weeks. The
test and placebo tablets were the same size and shape and were indistinguishable by taste. Using
amnesia model mice, we previously evaluated that 1 g of whey peptide, which is much lower than
the amount of whey protein in the previous clinical studies (>20 g) [10,11], displayed an equivalent
memory improvement to 1.6 mg of GTWY peptide.

2.3. Procedures

This study was performed using a randomized, placebo-controlled, double-blind, parallel group
comparative design. Figure 1 shows the screening procedure for the 101 subjects. Questionnaires for
the inclusion/exclusion criteria, the HDS-R, and clinical examinations for safety assessments were
performed as part of the first screening step and neuropsychological tests and subjective psychological
assessments were performed in the second screening step. Selected subjects were then randomly
allocated using the table of random numbers in a 1:1 ratio to the whey peptides group or placebo group
under the stratification of the median of the score of the 5 min-delayed word recall and delayed story
recall. The person generating the table of random numbers was not involved in determining subject
eligibility, data collection, or analysis. Both research staff and subjects were blinded to the group
allocation until the completion of data analysis. Neuropsychological tests and subjective psychological
assessments were repeated at 6 and 12 weeks of tablet ingestion. Clinical examinations for safety
assessment were also performed at 12 weeks. Subjects were instructed to maintain their regular
lifestyles and avoid taking any drugs, health functional foods, and protein supplements which could
affect the neuropsychological tests during the study. Compliance was monitored by interview, subject
diary, and number of ingested tablets. On the day of the neuropsychological tests, subjects were
instructed to completely avoid food and beverages containing caffeine and to avoid ingesting other
food and beverages, except water, for 4 hours prior to the tests. Subjects were instructed to ingest the
study tablets 30 minutes before the start of the neuropsychological tests. The data were collected at
Kensyokai Medical Corporation (Osaka, Japan) between June 2017 and December 2017, and the study
was conducted by the contract research organization, TTC Co., Ltd. (Tokyo, Japan).

2.4. Neuropsychological Tests

Memory function was evaluated using word and story recall tests, and a verbal fluency test
(VFT). The word recall test was conducted according to the Hamamatsu Higher Brain Function Scale
which assesses short-term memory [14]. Subjects were given seven words and asked to verbally recall
them immediately and then 5 and 20 min after they were given. The story recall test was conducted
according to the Japanese version of the Rivermead Behavioural Memory Test (RBMT) which also
assesses short-term memory [15]. Subjects were given a short story and asked to verbally recall it
immediately and 20 min later. The VFT was used to assess long-term memory; subjects were asked
to verbally name as many items as they could beginning with “a” (phonemic fluency task) and as
many animals as possible (semantic fluency task) in one minute [16]. The Stroop test, digit span, and
paced auditory serial addition test (PASAT) were used to evaluate attention and executive functions.
For the Stroop test, subjects named words and colors (step 1, read the words printed in black; step 2,
read the color of the printed circle; step 3, read words when it has been printed in a different-colored
font, e.g., subjects should say red when it has been printed in blue font; step 4, read the print color
of words that can be seen in step 3, e.g., subjects should say blue where the word “red” has been
printed in blue font). Error numbers and reading time were measured [17]. Digit span (forward) test
and PASAT were conducted according to the clinical assessment for attention (CAT) [18]. In the digit
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span test, which assessed working memory, subjects repeated numbers in increasing spans in forward
sequences. The PASAT assessed updating and shifting attention: single digits were introduced every
2 s, and subjects added the new digit to the one immediately prior to it.

2.5. Subjective Psychological Assessment

Subjective mental fatigue from the neuropsychological test was assessed using a 100-mm
visual analog scale (VAS) before and after the neuropsychological tests. The VAS consisted of a
100-mm line drawn from “not at all” to “most”, and subjects indicated the degree of fatigue at that
moment on the line [19]. Previous reports defined high-level fatigue as a greater than 20-mm VAS
score [20,21]. The subjective mood status during one week was assessed using the Profile of Mood
States (second edition short version; POMS2), which consists of subscales of anger–hostility (AH),
confusion–bewilderment (CB), depression–dejection (DD), fatigue–inertia (FI), tension–anxiety (TA),
vigor–activity (VA), friendliness (F), and total mood disturbance (TMD). Every POMS2 score was
normalized to the T-score which is the score adjusted to the normal distribution (generation average:
50, and standard deviation: 10) and shows the degree of difference from the generation average [22].
To evaluate subjective memory performance, the Japanese version of the everyday memory checklist
(EMC), composed of 13 four-point scaled items, was used to assesses memory impairments in an
individual’s daily life [23].

2.6. Safety Assessment

Safety assessments were performed by clinical examinations and included blood collection
(white blood cell (WBC), red blood cell (RBC), hemoglobin (Hb), hematocrit (Ht), platelet (PLT),
total protein (TP), albumin (Alb), total bilirubin (TB), direct bilirubin (D-B), indirect bilirubin (I-B),
alkaline phosphatase (ALP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate
dehydrogenase (LD), γ-glutamyl transpeptidase (γ -GT), total cholesterol (TC), triglyceride (TG),
HDL-cholesterol (HDL-C), LDL-cholesterol (LDL-C), urea nitrogen (UN), creatinine (Cr), uric acid
(UA), Na, K, CL, glucose (GLU)), urine collection (protein, glucose, uric occult blood), body weight,
blood pressure, and pulse measurements. Adverse events were reported in the subject’s diary and
supervised by the principal investigator.

2.7. Statistical Analysis

The results were expressed as means ± standard deviation (SD). Statistical comparisons were
performed using IBM SPSS Statistics 23 (IBM, New York, NY, USA) and Microsoft Excel 2010 (Microsoft,
Redmond, WA, USA). Comparisons of all results, except for EMC, were examined with paired
t-tests (between baseline and after intervention), and unpaired t-tests (between groups). EMC
results were analyzed using the Wilcoxon signed-rank test (between baseline and after intervention),
and Mann–Whitney u-tests (between groups). Multiple comparisons were not employed because this
study was exploratory.

2.8. Ethics and Registration

The study was conducted in accordance with the Declaration of Helsinki, and approved by the
ethics committee of Kensyokai Medical Corporation (Osaka, Japan). Written informed consent was
obtained from all participants. The study was registered on 5 June 2017 in the database of the University
Hospital Medical Information Network (UMIN) prior to enrollment (Registration No. UMIN000027644;
Registration title. A study for the effect of intake of ingredients derived from animal on cognitive
functions).

91



Nutrients 2018, 10, 899

3. Results

3.1. Baseline Characteristics of the Study Groups

The flow of subjects through the experimental procedure is described in Figure 1. Following the
first screening step, 242 subjects were included, and 64 subjects were excluded due to withdrawal
of participation (n = 8), not meeting inclusion criteria (n = 1), suspected dementia (n = 3), anamnesis
of cranial nerve disease (n = 1), high habitual alcohol consumption (n = 5), regular consumption of
supplements affecting cognitive functions (n = 6), anamnesis of severe disease (n = 4), classification as
unhealthy on clinical examination (n = 31), and unsuitability as per the principal investigator (n = 5).
At the second screening step, 141 subjects were excluded due to withdrawal of participation (n = 5),
not meeting inclusion criteria (relatively low neuropsychological test score) (n = 59), participation in
other clinical trials (n = 1), anamnesis of severe disease (n = 1), and unsuitability as per the principal
investigator (n = 75). The remaining 101 subjects were randomly allocated into either the whey peptides
group or the placebo group for 12 weeks. Two subjects in the whey peptides group withdrew from the
study due to whey peptides-unrelated health reasons, and one subject in the placebo group withdrew
due to participation in another clinical trial, disclosed after allocation. Finally, 98 subjects completed
all tests and were analyzed; their characteristics are shown in Table 1.

Figure 1. The flow of subjects.
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Out of 306 subjects who were screened for the inclusion and exclusion criteria, 101 subjects were
included in the study. The subjects were randomly allocated into the whey peptide (n =50) or placebo
(n = 51) group. Two subjects in the whey peptide and one subject in the placebo group dropped out of
the study during intervention, and thus finally 48 subjects in the whey peptide and 50 subjects in the
placebo group were analyzed.

Table 1. Characteristics of the analyzed subjects at baseline (week 0).

Characteristics Placebo (n = 50) Whey Peptide (n = 48) p-Value

Age 51.8 ± 5.2 52.3 ± 4.3 0.568
Male/female 17/33 17/31 1.000

Body mass index (kg/m2) 21.35 ± 2.04 21.11 ± 2.10 0.564
Education years 14.1 ± 1.8 14.5 ± 2.0 0.406

HDS-R score 28.4 ± 1.5 28.5 ± 1.8 0.678

Data are the mean ± SD. The p-values were calculated using unpaired t-tests, except for the male/female p-value
which was calculated using the χ2 test. HDS-R: Hasegawa Dementia Rating Scale-Revised.

3.2. Subjective Psychological Assessment

The baseline scores of the POMS2, VAS, and EMC before intervention are shown in Table 2. There
were no significant differences in the POMS2, VAS, and EMC scores between groups before and after
intervention, except V-A and F scores. These results suggest that psychological and cognitive fatigue,
evaluated by VAS, were induced by the series of neuropsychological tests; however, no psychological
improvement between the groups was measured after whey peptide intake.

Table 2. Subjective psychological assessments at baseline (week 0).

Psychological Status Placebo (n = 50) Whey Peptide (n = 48) p-Value

POMS2
AH 45.9 ± 9.1 45.5 ± 8.7 0.842
CB 48.8 ± 7.6 48.2 ± 8.4 0.707
DD 46.9 ± 6.0 46.3 ± 7.3 0.663
FI 45.2 ± 7.9 44.2 ± 8.9 0.547
TA 47.8 ± 7.4 46.4 ± 7.9 0.360
VA 47.2 ± 8.3 53.0 ± 10.2 0.002
F 48.8 ± 8.9 53.3 ± 9.5 0.019

TMD 47.2 ± 6.9 45.0 ± 8.6 0.159
VAS (after-before) 19.1 ± 16.1 20.6 ± 18.1 0.661

EMC 13.0 ± 4.8 12.8 ± 4.6 0.826

Data are presented as the mean ± SD. Unpaired t-tests were performed for the POMS2 and VAS. The
Mann–Whitney u-test was performed for EMC. POMS2: Profile of Mood States (second edition short version);
VAS: visual analog scale; EMC: everyday memory checklist; AH: anger–hostility; CB: confusion–bewilderment;
DD: depression–dejection; FI: fatigue–inertia; TA: tension–anxiety; VA: vigor–activity; F: friendliness; TMD: total
mood disturbance.

3.3. Neuropsychological Tests (Full Analysis Set (FAS))

The neuropsychological test measurements at weeks 0 (baseline), 6, and 12, in addition to the
changes from baseline are shown in Table 3 (memory) and Table 4 (attention and executive functions).
The changes in VFT (words beginning with “a”) at 12 weeks of intervention from baseline tended to be
higher in the whey peptide group compared with the placebo group (p = 0.094). In the VFT (animal), the
scores were significantly increased at 6 weeks of intervention compared to baseline in the whey peptide
group (p = 0.012) but there were no significant changes in the placebo group. These results suggest that
whey peptide intake may affect long term memory retrieval rather than short term memory, however,
there were no significant differences between the groups in the neuropsychological tests.
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Table 3. Changes in neuropsychological tests assessing memory function.

Test Group
Week 0

(Baseline)
Week 6 Week 12

Word recall

Immediate recall
Score

P 4.2 ± 0.9 4.8 ± 0.9 ** 5.1 ± 1.1 **
W 4.4 ± 1.0 5.1 ± 0.9 ** 5.2 ± 1.0 **

Changes from
baseline

P 0.7 ± 1.3 0.9 ± 1.1
W 0.8 ± 1.2 0.8 ± 1.3

5-min delayed recall
Score

P 3.6 ± 1.1 4.9 ± 1.3 ** 5.3 ± 1.2 **
W 3.7 ± 1.1 4.7 ± 1.5 ** 5.1 ± 1.4 **

Changes from
baseline

P 1.3 ± 1.4 1.7 ± 1.3
W 1.0 ± 1.9 1.4 ± 1.7

20-min delayed recall
Score

P 4.3 ± 1.2 5.3 ± 1.3 ** 5.6 ± 1.4 **
W 4.2 ± 1.2 5.1 ± 1.6 ** 5.4 ± 1.4 **

Changes from
baseline

P 1.0 ± 1.8 1.3 ± 1.6
W 0.9 ± 1.8 1.2 ± 1.7

Story recall

Immediate recall
Score

P 15.93 ± 2.53 17.65 ± 3.03 ** 17.56 ± 2.77 **
W 15.51 ± 2.55 16.58 ± 2.64 * 16.92 ± 2.52 **

Changes from
baseline

P 1.72 ± 3.71 1.63 ± 3.63
W 1.07 ± 3.08 1.41 ± 3.38

20-min delayed recall
Score

P 14.39 ± 3.05 16.59 ± 3.45 ** 16.63 ± 2.81 **
W 14.44 ± 2.50 15.88 ± 3.00 ** 16.83 ± 2.53 **

Changes from
baseline

P 2.20 ± 3.83 2.24 ± 3.65
W 1.44 ± 3.51 2.40 ± 3.66

VFT (verbal fluency test)

Beginning with “a”
Score

P 12.1 ± 3.3 13.1 ± 3.6 * 13.7 ± 3.8 **
W 11.4 ± 4.1 13.2 ± 3.9 ** 14.1 ± 4.1 **

Changes from
baseline

P 1.0 ± 2.8 1.7 ± 3.1
W 1.9 ± 3.3 2.8 ± 3.1

Animal
Score

P 19.5 ± 4.4 19.6 ± 4.7 20.9 ± 3.9 *
W 18.3 ± 4.1 19.4 ± 4.0 * 20.1 ± 4.6 **

Changes from
baseline

P 0.2 ± 3.7 1.4 ± 3.9
W 1.2 ± 3.2 1.9 ± 3.9

Data are presented as the mean ± SD for the placebo (P) (n = 50) and whey peptide (W) groups (n = 48). * p < 0.05,
** p < 0.01, performed by paired t-tests (vs. baseline).

Table 4. Changes in neuropsychological tests assessing attention and executive functions.

Test Group
Week 0

(Baseline)
Week 6 Week 12

Stroop test

Step 3
error numbers

Score
P 0.0 ± 0.1 0.2 ± 0.9 0.1 ± 0.3
W 0.1 ± 0.3 0.0 ± 0.2 0.1 ± 0.3

Changes from
baseline

P 0.1 ± 0.9 0.1 ± 0.3
W 0.0 ± 0.4 0.0 ± 0.5

Step 3
reading time (second)

Score
P 45.6 ± 7.1 42.9 ± 8.1 ** 41.0 ± 7.5 **
W 44.8 ± 10.7 42.4 ± 9.6 ** 40.9 ± 7.8 **

Changes from
baseline

P −2.7 ± 6.0 −4.6 ± 6.9
W −2.4 ± 5.8 −3.9 ± 8.2

Step 4
error numbers

Score
P 0.1 ± 0.3 0.1 ± 0.4 0.2 ± 0.7
W 0.2 ± 0.5 0.2 ± 0.4 0.2 ± 0.6

Changes from
baseline

P 0.0 ± 0.4 0.1 ± 0.7
W 0.0 ± 0.6 0.0 ± 0.6

Step 4
reading time (second)

Score
P 59.5 ± 15.4 53.5 ± 9.9 ** 50.8 ± 12.0 **
W 57.2 ± 11.4 52.0 ± 10.1 ** 49.7 ± 8.5 **

Changes from
baseline

P −6.1 ± 10.8 −8.7 ± 12.4
W −5.2 ± 6.8 −7.5 ± 7.1
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Table 4. Cont.

Test Group
Week 0

(Baseline)
Week 6 Week 12

Digit Span

Spans
Score

P 6.1 ± 1.1 6.4 ± 1.2 * 6.6 ± 1.4 **
W 6.2 ± 1.2 6.3 ± 1.1 6.6 ± 1.1*

Changes from
baseline

P 0.3 ± 1.0 0.5 ± 1.1
W 0.1 ± 1.1 0.4 ± 1.1

PASAT (paced auditory serial addition test)

Accuracy (%)
Score

P 68.8 ± 16.0 77.4 ± 16.6 ** 83.1 ± 11.7 **
W 70.0 ± 16.0 76.4 ± 14.8 ** 78.4 ± 19.6 **

Changes from
baseline

P 8.6 ± 12.3 14.2 ± 11.8
W 6.4 ± 12.7 8.4 ± 18.1

Data are presented as the mean ± SD for the placebo (P) (n = 50) and whey peptide (W) (n = 48) groups. * p < 0.05,
** p < 0.01, performed by paired t-tests (vs. baseline).

3.4. Subgroup Analysis by the Degree of Fatigue

The change in VAS scores between before and after the neuropsychological tests indicated that the
series of cognitive tasks induced psychological fatigue in subjects. The VAS score levels differed among
the subjects, and therefore subjects were classified into two subgroups of high-level and low-level
fatigue, similar to previous reports [20,21]. Previous reports defined high-level fatigue as a VAS greater
than 20 mm.

In the high-level fatigue subgroup, the increase in the number of recalled words beginning with
“a” in the VFT at 6 weeks from baseline was significantly higher in the whey peptide group compared
with the placebo group (p = 0.023). In addition, the number of recalled words beginning with “a” at 6
and 12 weeks and the number of animal words recalled at 6 weeks were significantly increased from
baseline in the whey peptide group, whereas the scores did not change in the placebo group (Table 5
and Figure 2A).

The reduction in error numbers in the Stroop test (step 3), was significantly lower at 6 weeks in
the high fatigue whey peptide group compared with the high fatigue placebo group (p = 0.047); at
12 weeks the reduction in error numbers tended to be lower in the whey peptide group compared
with the placebo group (p = 0.080, Table 5 and Figure 2B). These results suggest that whey peptide
intake for 6 weeks improves long-term memory retrieval, attention, and executive functions in subjects
vulnerable to psychological fatigue.

Table 5. Changes of word numbers in VFT and error numbers in the Stroop test from baseline (week 0)
in the high and low fatigue subgroups, classified using the VAS.

Test Group Week 6 Week 12 Week 6 Week 12

VFT High fatigue Low fatigue

Beginning with
“a”

Changes from
baseline

P 1.0 ± 3.7 1.3 ± 3.6 1.1 ± 2.2 * 2.0 ± 2.8 **
W 3.3 ± 2.5 **,# 2.6 ± 3.0 ** 0.9 ± 3.5 2.8 ± 3.2 **

Animal
Changes from

baseline
P −0.6 ± 4.2 0.5 ± 3.7 0.7 ± 3.3 2.0 ± 3.9 **
W 1.3 ± 2.6 * 0.8 ± 4.5 1.1 ± 3.6 2.5 ± 3.4 **

Stroop test High fatigue Low fatigue

Step 3
error numbers

Changes from
baseline

P 0.1 ± 0.3 0.0 ± 0.2 0.2 ± 1.1 0.1 ± 0.4
W −0.1 ± 0.3 # −0.1 ± 0.3 0.0 ± 0.4 0.1 ± 0.5

Step 4
error numbers

Changes from
baseline

P 0.1 ± 0.4 0.3 ± 1.0 0.0 ± 0.4 0.0 ± 0.4
W −0.1 ± 0.2 0.0 ± 0.5 0.0 ± 0.7 0.0 ± 0.7

Data are presented as the mean ± SD for the placebo (P) (n = 21) and whey peptide (W) (n = 19) groups classified
into the high fatigue subgroup, and placebo (n = 29) and whey peptide (n = 29) groups in the low fatigue subgroup.
# p < 0.05 performed using unpaired t-tests. * p < 0.05, ** p < 0.01, performed using paired t-tests (vs. baseline).
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Figure 2. Changes of word numbers in the VFT (A) and error numbers in the Stroop test—step 3
(B) from baseline in the high fatigue subgroup, classified by the VAS. The solid line shows the whey
peptide group (n = 19) and the dotted line shows the placebo group (n = 21). The data represent mean,
and error bars indicate SD. The p-values and # show between group differences, performed using
unpaired t-tests, # p < 0.05. * p < 0.05; ** p < 0.01 performed using paired t-tests (vs. baseline).

In addition to the neuropsychological tests, the EMC scores, which give a subjective measure
of memory failure in everyday life, were significantly lower in the high fatigue whey peptide group
compared with the high fatigue placebo group at 12 weeks. In addition, the EMC score was significantly
decreased compared to baseline in the whey peptide group at 12 weeks, but not in the placebo group
(Figure 3).

In the low-level fatigue subgroup, there were no significant differences between the whey peptide
and placebo groups in the neuropsychological test results, except the word recall test: immediate
recall was significantly higher in the whey peptide group compared with the placebo group at 6 weeks
(5.2 (whey peptide group), 4.8 (placebo), p = 0.040, data not shown).

Subjects were also classified into fatigue-level subgroups using the FI scores from the POMS2
test, which indicates fatigue level in subjects in the week that tests are performed. The average test
score is set as 50, therefore subjects with an FI score more than or equal to 50 at baseline were defined
as the high fatigue subgroup. The changes in number of recalled words beginning with “a” and
animal names were significantly higher or tended to be higher in the high fatigue whey peptide group
compared with the high fatigue placebo group at 6 weeks (p = 0.047 and p = 0.072, respectively) (Table 6
and Figure 4).
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Figure 3. Changes in the EMC scores in the high fatigue subgroup, classified using the VAS. The solid
line shows the whey peptide group (n = 19) and the dotted line shows the placebo group (n = 21).
The data represent mean, and error bars indicate SD. # p < 0.05 between groups performed using the
Mann–Whitney u-test. ** p < 0.01 performed using the Wilcoxon signed-rank test (vs. baseline).

Figure 4. Changes of word numbers in the VFT and error numbers in the Stroop test from baseline
in the high-fatigue subgroup, classified using POMS2. The solid line shows the whey peptide group
(n = 12) and the dotted line shows the placebo group (n = 13). The data represent mean, and error
bars indicate SD. The p-values and # show between group differences, performed using unpaired
t-tests, # p < 0.05. ** p < 0.01 performed using paired t-tests (vs. baseline).
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Table 6. Changes of word numbers in the VFT and error numbers in the Stroop test from baseline
(week 0) in the high and low fatigue subgroups, classified using the POMS2 FI score.

Test Group Week 6 Week 12 Week 6 Week 12

VFT High fatigue Low fatigue

Beginning with
“a”

Changes from
baseline

P 0.8 ± 2.4 2.7 ± 3.1 ** 1.1 ± 3.0 * 1.3 ± 3.1 *
W 3.1 ± 2.9 **,# 4.1 ± 3.7 ** 1.4 ± 3.4 * 2.3 ± 2.8 **

Animal
Changes from

baseline
P −1.2 ± 3.5 1.1 ± 3.5 0.7 ± 3.7 1.5 ± 4.0 *
W 1.2 ± 2.7 2.3 ± 4.6 1.2 ± 3.3 * 1.7 ± 3.7 **

Stroop test High fatigue Low fatigue

Step 3
error numbers

Changes from
baseline

P 0.5 ± 1.7 0.0 ± 0.0 0.0 ± 0.2 0.1 ± 0.4
W −0.2 ± 0.4 −0.1 ± 0.5 0.0 ± 0.3 0.0 ± 0.4

Step 4
error numbers

Changes from
baseline

P 0.0 ± 0.6 −0.1 ± 0.5 0.0 ± 0.4 0.2 ± 0.8
W 0.0 ± 0.0 0.3 ± 0.9 −0.1 ± 0.7 −0.1 ± 0.5 #

Data are presented as the mean ± SD for the placebo (P) (n = 13) and the whey peptide (W) (n = 12) groups classified
into the high fatigue subgroup, and placebo (n = 37) and the whey peptide (n = 36) groups in the low fatigue
subgroup. # p < 0.05 performed using the unpaired t-test. * p < 0.05, ** p < 0.01 performed using the paired t-test (vs.
baseline).

3.5. Safety Assessment and Compliance

In order to evaluate the safety of whey peptide used in this study, we conducted safety assessments
using subject diaries in 101 subjects (whole subjects after allocation) and clinical assessments in
98 subjects (final number of subjects completing the analysis): 74 adverse events occurred in the
placebo group (30 subjects/51 subjects), and 63 adverse events occurred in the whey peptide group
(25 subjects/50 subjects). None of the adverse events were severe and were judged to have no
association with whey peptide by the principal investigator. Slight changes to some of the clinical
assessment values from baseline were detected but these were judged to have no clinical significance
by the principal investigator. Compliance with this trial was high, with a tablet consumption rate of
91.7–102.4%. The changes in clinical assessments are shown in supplementary Tables S1–S3.

4. Discussion

This is the first reported evaluation of the effects of whey peptide on cognitive performance in
middle- and older-aged volunteers in a randomized, double-blind, placebo-controlled trial. The low
dropout rate (3%) during the interventions and no exclusions during the analysis increases the
reliability of this study. Whey peptide intake tended to improve the VFT score, reflecting fluent
semantic memory retrieval in middle- and older-aged healthy subjects with self-awareness of cognitive
decline. In the full analysis set, there was no significant improvement in neuropsychological tests
between the groups.

Subgroup analysis, stratified for subjective fatigue, revealed that the intakes of whey peptides for
6 weeks improved the fluent semantic memory retrieval (VFT), and attention and executive function
(Stroop test) in the subjects with high fatigue. In these tests, the improvements were significant after 6
weeks of whey peptide intake but not significant after 12 weeks. It is suggested that repeated memory
and attention assessments might increase the learning effects at week 12, resulting in a reduction in the
difference between placebo and whey peptide group at week 12 compared with week 6. According to
previous reports [20,21], subjects with high fatigue levels were classified as those with over 20-mm
changes in their VAS before and after neuropsychological testing at week 0 of the intervention. Since
subjects are required to concentrate for about one hour during the neuropsychological tests, those
experiencing fatigue are considered to be vulnerable to psychological or cognitive fatigues. In addition
to the neuropsychological test results, subjective memory conditions in daily life, measured by EMC,
were also improved in the high fatigue subgroup. The fatigue levels indicated by the VAS score in the
present study reflect the fatigue induced by the neuropsychological test, which indicates a short-term
acute condition; the fatigue levels indicated by POMS2 reflect the fatigue in the subject’s daily life for
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as recently as one week, which indicates a long-term condition. Whey peptide intake could improve
fluent semantic memory retrieval, attention and executive function in subjects with both acute and
chronic psychological fatigue. However, it should be noted that VAS and POMS2 are subjective scales.
Subjective fatigue is affected by multiple physical and psychological conditions, so, we could not
clearly assert “fatigue”, and further study will elucidate this issue.

In the present study, whey peptide intake improved the phonemic verbal fluency of the VFT and
error numbers in the Stroop test. VFT is often included in clinical practice to diagnose the cognitive
impairment of neurodegenerative disorders, such as Alzheimer’s disease, and in research to measure
verbal ability and lexical retrieval ability [24]. Phonemic verbal fluency, including words beginning
with a specific letter, is closely associated with the frontal cortex, especially the dorsolateral prefrontal
cortex (dlPFC); sematic words, including objects such as animals, are associated with the temporal
cortex [25,26]. Neuroimaging studies revealed that phonemic fluency tests activate the neurons in the
dlPFC [25]. The Stroop test is used to evaluate inhibition of executive function, which is composed
of inhibition, updating/shifting and working memory [27]. In the present study, the functions of
inhibition, updating/shifting, and working memory were measured using the Stroop test, PASAT,
and digit span, respectively. Inhibition of executive function is closely associated with conditions of
the prefrontal cortex, especially the dlPFC, and anterior cingulate cortex (ACC). Functional magnetic
resonance imaging revealed that dlPFC and ACC play important roles in the implementation of control
and performance monitoring in incongruent stimuli, respectively [28]. The evidence suggests that
whey peptide intake may improve the function of the frontal cortex, especially the dlPFC, and ACC.
Psychological and cognitive fatigue induced by cognitive tasks in the present study are common
symptoms in neurological disorders (e.g., dementia, mild traumatic brain injury) and aging, which are
associated with executive functions and conditions of the PFC and ACC [29–31]. Subjects with high
fatigue levels might be sensitive to the effects of whey peptides in certain neuropsychological tests,
e.g., the VFT and Stroop test which are related to PFC and ACC performance.

We previously demonstrated that the whey peptide used in the present study improves long-term
episodic memory and spatial working memory in amnesia model mice and aged mice and identified
GTWY peptides as an ingredient to improve cognitive function [13]. Short-term oral administration
of GTWY peptides increased dopamine levels in the brains of mice. The dopaminergic system in the
PFC is crucial for cognitive function, including attention, executive function, learning, and memory
function [32,33]; intake of whey peptide rich in GTWY peptides might improve the fluency and
executive functions via dopaminergic activation in the PFC. In addition to dopaminergic activation,
some whey peptides have anti-oxidant and anti-inflammatory activity [34,35]. Thus, reduction of
oxidative stress and inflammation might contribute to the beneficial effects of whey peptide in this
study. Further clinical studies to evaluate the effects of whey peptides on cerebral activity, oxidative
stress, or inflammatory markers will be conducted to elucidate the underlying mechanisms.

There are some limitations in this study: firstly, the fatigue scales evaluated in the present study
are subjective methods, which might be affected by other psychological conditions other than fatigue;
further studies measuring biochemical fatigue markers (e.g., salivary amylase) should be conducted in
order to distinguish fatigue from other psychological conditions. Secondly, multiple comparisons were
not employed, so there is a risk of α-errors. Further studies should confirm the results obtained in
this study. Thirdly, we could not dissociate the chronic effects of whey peptide from the acute effects:
further studies are required to dissociate these effects.

5. Conclusions

In the present study, the effects of daily whey peptide intake on cognitive functions in healthy
middle- and older-aged people were evaluated. It is suggested that whey peptide improves some
cognitive functions in people with a high level of subjective fatigue. Our results support previous
epidemiological and preclinical findings which suggested that intake of whey peptide in daily life
might be beneficial to cognitive function.
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Abstract: The development and maturation of the neonatal intestine is generally influenced by
diet and commensal bacteria, the composition of which, in turn, can be influenced by the diet.
Colonisation of the neonatal intestine by probiotic Lactobacillus strains can strengthen, preserve, and
improve barrier integrity, and adherence of probiotics to the intestinal epithelium can be influenced
by the available carbon sources. The goal of the present study was to examine the role of probiotic
lactobacilli strains alone or together with a carbohydrate fraction (CF) from caprine milk on barrier
integrity of a co-culture model of the small intestinal epithelium. Barrier integrity (as measured
by trans epithelial electrical resistance (TEER)), was enhanced by three bacteria/CF combinations
(Lactobacillus rhamnosus HN001, L. plantarum 299v, and L. casei Shirota) to a greater extent than CF or
bacteria alone. Levels of occludin mRNA were increased for all treatments compared to untreated
co-cultures, and L. plantarum 299v in combination with CF had increased mRNA levels of MUC4,
MUC2 and MUC5AC mucins and MUC4 protein abundance. These results indicate that three out
of the four probiotic bacteria tested, in combination with CF, were able to elicit a greater increase
in barrier integrity of a co-culture model of the small intestinal epithelium compared to that for
either component alone. This study provides additional insight into the individual or combined
roles of microbe–diet interactions in the small intestine and their beneficial contribution to the
intestinal barrier.

Keywords: caprine milk carbohydrates; in vitro studies; small intestinal epithelium; barrier integrity;
probiotic lactobacilli bacteria

1. Introduction

Milk is the first food for all mammals [1] and provides the nutritional needs for normal growth
and development of the rapidly growing offspring [2]. Milk has a complex chemical composition
which can be influenced by the diet, environmental conditions and the stage of lactation, and can
also vary between animal species [1]. For example, the average protein, lipid and lactose profile of
human milk is 1.2%, 4.4% and 6.8%, respectively, whilst that of caprine milk is 3.4%, 3.9% and 4.4%,
respectively [2]. Together with lactose, oligosaccharides are the main contributor to the carbohydrate
profile of milk, and in human milk there are 5–8 g/L of oligosaccharides [3]. In comparison caprine
milk has 0.25–0.3 g/L of oligosaccharides, which although less than human milk, has an overall profile
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of neutral and acidic oligosaccharide structures which is more similar to human milk than either
bovine or ovine milk [3].

Milk in early age has multifunctional roles beyond simply nutrition within the gastrointestinal
tract by assisting in the establishment of a symbiotic microbiota [1], aiding in the development of the
immune system, stimulating cellular growth and inducing epithelial barrier maturation [4]. At birth,
although the gastrointestinal tract has all the cellular and structural features of the adult intestine [5],
the epithelial barrier is functionally immature, and as such, there is increased risk of injury and
inflammation caused by the movement of toxins and bacteria from the lumen [6]. The intestinal
barrier is comprised of a single layer of epithelial cells known as the intrinsic barrier and the extrinsic
mucus barrier [7–9]. Important components of the intrinsic barrier are the intercellular junctional
complexes [10]. Occludin is an integral membrane protein that contributes to the tight junction
(TJ) complex and interacts with tight junction protein (TJP)-1 and TJP2, which in turn interacts
with the cytoskeleton [11]. The TJ structure can be altered in response to stimuli, such as growth
factors, pathogenic/commensal bacteria, and dietary components leading to an increase or decrease in
permeability [12]. Dietary components, such as fructo-oligosaccharides, can directly promote barrier
protective effects by activating host cell signalling and the induction of select TJs in the intestine [13].

Intestinal development and barrier maturation after birth is not only influenced by dietary intake,
but also by the colonisation by mutualistic microorganisms [14]. Bacterial colonisation is initiated in
utero [15], but establishment of the intestinal microbiota after birth is influenced by the mode of delivery
and the environment [16]. The establishment of a microbiota that is protective to the infant [17] may
aid in barrier integrity via modulation of host gene expression and mucin secretion [18–20], whereas
abnormal bacterial colonisation may disrupt this process and contribute to the development of host
diseases [21]. Diet plays a major role in selecting for initial colonisers of the intestine [17], for example;
milk oligosaccharides which are composed of 3–10 monosaccharide residues [22] are not-digested by
infants, but instead pass unabsorbed into the large intestine where they selectively stimulate the growth
and/or activity of specific bacterial genera such as bifidobacteria and lactobacilli [23,24]. In addition to
the beneficial effects exerted by such oligosaccharides on the commensal microbiota, they are generally
considered to improve the survival, adherence, transient colonisation and subsequent proliferation
of probiotic micro-organisms [25,26]. However, few reports have focused on the influence of such
substrates on the adherence of probiotic bacteria in the small intestine.

Determining the adherence or persistence of dietary probiotics in the intestine is largely dependent
on measurements of the microbial composition in faecal samples, mainly because obtaining samples
directly from the small intestine is difficult due to the highly invasive intubation methods used. At best
the measurement in faecal samples reflects the microbial composition of the large intestine, which
differs substantially from that of the small intestine. For example, anaerobic bacteria from the families
Bacteriodaceae and Clostridiaceae are found in high abundance in the large intestine [27], whilst in the
small intestine, fast-growing facultative anaerobes such as Lactobacillaceae and Enterobacteriaceae
are dominant families of the microbial community, which “tolerate the combined effects of bile acids
and antimicrobials while still effectively competing with both the host and other bacteria for the
simple carbohydrates that are available in this region of the gastrointestinal tract” [27]. Studies of
orally administered lactic acid bacteria have demonstrated that the lactic acid bacterial counts in
the small intestine increase after ingestion [28–31]. Evidence indicates that particular Lactobacillus
probiotic strains can strengthen and preserve the intestinal barrier in an in vitro model of necrotising
enterocolitis [32], increase the expression of genes involved in TJ formation [33], and increase barrier
integrity of intestinal epithelial cell (IEC) monolayers as measured by trans epithelial electrical
resistance (TEER) [34–36]. In addition, probiotics may provide protective effects for the intestinal
barrier by actively secreting soluble mediators [37], facilitating TJ formation [38], and inducing mucin
gene expression with a resultant change in the mucus layer composition which may occur as a
direct response to bacterial adhesion to the epithelium [39]. From in vitro investigations using IECs
such as mono-cultures of Caco-2 cells [34], mono-cultures of HT29 (and various sub-clones) [40],
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and co-cultures of Caco-2:HT29–MTX cells [41] it has been determined that adherence of probiotics can
be both species and strain specific [42] and dependent on the carbon source present in their growth
medium [43]. For example, a study undertaken by Wickramasinghe et al. [44] determined that there
was a higher rate of adhesion of Bifidobacterium infantis ATCC 15697 to Caco-2 cells when grown with
human milk oligosaccharides than when cultured in lactose [44]. These studies provided the evidence
of the protective effects of some probiotics on epithelial barrier maturation and the ability of prebiotic
substrates to enhance the survival and transient colonisation of probiotic bacteria in the intestinal tract.

In this study, we hypothesised that a carbohydrate fraction (CF) from caprine milk in combination
with known probiotic bacterial strains would increase the barrier integrity of a co-culture model of
the small intestinal epithelium when compared to either the CF or bacteria alone. A representative
co-culture model of the small intestine which incorporated both absorptive enterocytes (Caco-2)
and mucin secreting goblet cells (HT29–MTX), in a ratio similar to that of the small intestine
(90:10 Caco-2:HT29–MTX) [45] was used because this would typically be the first site of probiotic
interaction with the host’s intestinal cells and the site at which the host and the microbiota
(probiotics) compete for the simple carbohydrates found in milk such as lactose, glucose and galactose.
Additionally, because milk oligosaccharides are not absorbed or directly utilised by cells of the small
intestine, these components of milk have the potential to influence the adherence and therefore the
overall persistence of probiotic bacterial strains in the small intestine. The epithelial barrier integrity (as
measured by TEER), the expression levels of genes that encode for TJs and mucins, and the abundance
of mucin proteins were measured after 3 h, to determine if selected probiotic bacterial strains in
combination with CF had a greater enhancing effect on barrier integrity, when compared to either
component alone. A 3 h time point was used in this study as this reflects the transit time of digesta
through the small intestine (15 min to 5 h) and as such is biologically relevant. A comparison of the
effects on the barrier integrity of the co-culture model could help elucidate the distinct responses of
intestinal cells to the combined or specific effects of probiotics or the CF.

2. Materials and Methods

2.1. Composition of Carbohydrate Fraction (CF) and Stock Solutions

The CF used in this study was kindly provided by Caroline Thum (AgResearch, Grasslands,
Palmerston North, NZ) [46]. The carbohydrate composition of the CF (as a percentage of total
carbohydrates) used in this study was: 25.6% oligosaccharides, 0.4% galacto-oligosaccharides,
46.1% lactose, 12% glucose and 15.9% galactose [47].

In addition to CF, a sugar combination (galactose, glucose and lactose (all from BDH, Global
Science, Auckland, NZ)) as well as the monosaccharide galactose and the disaccharide lactose were
used at comparable concentrations to that found in the CF. Also two acidic oligosaccharides, 3′ and 6′

sialyl lactose (both from Carbosynth, Berkshire, UK) were used.
The CF and selected carbohydrates for all experiments were suspended in phosphate buffered

saline (PBS, pH 7.2), and filter sterilised (0.22 μm filters; Millipore Australia Pty Ltd., Sydney, Australia).
For use in IEC assays, stock carbohydrate solutions were diluted with Dulbecco’s Modified Eagles
Medium (DMEM; Life Technologies, Penrose, Auckland, NZ). CF was used at a final concentration of 4
mg/mL because this concentration of CF has previously been shown to increase TEER, and MUC2 and
MUC5AC mucin gene and protein abundance of 90:10 Caco-2:HT29–MTX co-cultures [47]. The sugar
combination, galactose and lactose were used at final concentrations (comparable to those found in the
CF) of 3 mg/mL, 0.6 mg/mL and 1.8 mg/mL respectively, whilst 3′ and 6′ sialyl lactose were both
used at 1 mg/mL.

2.2. IEC Co-Culture Conditions

The human colon adenocarcinoma cell line HT29 (HTB-38; ATCC, Manassas, VA, USA)
previously adapted with 10−7 M methotrexate (MTX) was kindly provided by Rachel Anderson
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(AgResearch, Grasslands, Palmerston North, NZ) and further adapted with 10−6 M MTX as described
previously [48,49]. The human colorectal adenocarcinoma cell line Caco-2 (HTB-37) was obtained from
the ATCC at passage 18. The HT29–MTX and Caco-2 cells were used in experiments from passage
18–25 and 28–33 respectively.

Caco-2 and HT29–MTX cells were cultured separately in tissue culture flasks (Corning, Lindfield,
Sydney, Australia) in DMEM supplemented with 10% (v/v) foetal bovine serum (FBS; Life Technologies,
Auckland, NZ) and 1% (v/v) Penicillin-Streptomycin (Pen-Strep; 10,000 units/mL Penicillin and
10 mg/mL Streptomycin; Sigma-Aldrich, Auckland, NZ) as described previously [47].

Both Caco-2 and HT29–MTX cells were subcultured when they reached 80% confluence,
and re-seeded at a 1:5 dilution into new 75 cm2 flasks (Corning). The cultures were maintained at
37 ◦C in a 5% CO2, 95% air/water saturated atmosphere, with the medium being replaced every 48 h.

For experimental studies, Caco-2 and HT29–MTX cells were stained with trypan blue,
counted using the Countess automated cell counter (Life Technologies), suspended at a ratio of
90:10 (Caco-2:HT29–MTX) to simulate the cellular configuration of the small intestine [45] and seeded
at a density of 6.3 × 104 cells per cm2. Co-cultures of IECs were cultured for 21 days. Twenty
four hours prior to their use in experiments (day 20 post-seeding) the co-cultures were washed as
described previously [47], replenished with serum- and antibiotic-free medium (DMEM) to eliminate
any interference from extraneous proteins or hormones [50] and incubated for 24 h.

2.3. Bacterial Strains and Culture Conditions

Four probiotic lactobacilli strains used in this study were originally isolated from human,
dairy or food origins; L. rhamnosus Goldin and Garbach (LGG; American Type Culture Collection
(ATCC) 53103—healthy human faecal sample), L. plantarum 299v (Lp299v; Deutsche Sammlung von
Mikroorganismen (DSM) 9843—healthy human intestinal mucosa), L. rhamnosus HN001 (HN001;
Danisco New Zealand Ltd, Auckland, NZ—dairy—cheddar cheese), and L. casei Shirota (LcS; Yakult
New Zealand, Auckland, NZ—food). These strains were chosen as they are all Generally Recognised
As Safe (GRAS) by the United States Food and Drug Administration (FDA) and as such have published
data showing their efficacy in in vitro models, animal models, and controlled human trials. For more
information refer to the FDA website using the GRAS notice numbers: 231 (LGG), 685 (Lp299v),
288 (HN001), and 429 (LcS). Strains were stored in deMan, Rogosa and Sharpe (MRS) broth (Acumedia,
MI, USA) containing 35% glycerol at −80 ◦C and propagated twice in MRS broth prior to use. All
strains were grown overnight at 37 ◦C in anaerobic broth (MRS flushed with oxygen-free CO2) using
Hungate culture tubes (16 mm diameter, 125 mm long; BellCo glass, Vineland, NJ, USA) sealed with
butyl rubber stoppers. For all studies, the bacterial strains were used at stationary growth phase.
The time taken for bacteria to enter stationary phase was determined by constructing growth curves
by measuring optical density at 600 nm (OD600) using an Ultrspec 1100 pro photometer (Amersham
Biosciences, Auckland, NZ) at intervals during growth.

2.4. Bacterial Growth with CF and Selected Carbohydrates

The growth characteristics of each probiotic were assessed in triplicate using Hungate tubes
containing DMEM-supplemented with the selected carbohydrate substrate. DMEM was used as the
basal media because it is the same media that the Caco-2:HT29–MTX (90:10) co-cultures are typically
cultured with. Briefly, 30 μL of stationary phase bacteria from MRS broth cultures was inoculated
into the test media. All cultures were incubated in a 5% CO2, 95% air/water saturated atmosphere at
37 ◦C. The growth of the bacteria was monitored by measuring optical density at 600 nm at hourly
intervals post inoculation, and assessed after 3 h. Prior to absorbance measurements the incubated
tubes were inverted three times to suspend any sedimented bacterial cells. The arithmetical median
was calculated from all single OD readings and absorbance values at time zero were subtracted from
each time point for respective Hungate tubes.
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2.5. IEC and Bacterial Cell Co-Cultures

Bacteria from stationary phase cultures were washed by diluting 1:5 in PBS, following
centrifugation at 2492× g for 5 min (11180/13190 rotor, Sigma 3-18K centrifuge) and re-suspension in
DMEM or DMEM supplemented with CF. Approximately 107 colony forming units (CFU) were added
to each well as ascertained by plate counts.

Caco-2:HT29–MTX (90:10) co-cultures in 24-well tissue-culture plates (Corning), were prepared
24 h prior (day 20 post-seeding) to the adhesion assay as described in Section 2.2. On the day
of the assay the co-cultures were gently washed four times with PBS, and to appropriate wells,
bacteria-supplemented medium was added and plates incubated at 37 ◦C in a 5% CO2 atmosphere
for 3 h.

2.6. Adhesion Assays to IEC Co-Cultures

Following incubation, the growth medium was removed, and the co-cultures were gently washed
4 times with PBS to remove any non-adherent bacteria, and lysed with 1 mL of PBS containing 1%
(v/v) Triton X-100 (Sigma-Aldrich) to release adherent bacteria. The lysates were serially diluted
with PBS and bacteria enumerated on MRS agar plates as described previously [34]. To determine
original CFU/mL aliquots of the experimental inocula were retained, diluted, and plated on MRS
agar. To account for variaions in the orginal inocula between strains the results were expressed as
adherent bacteria as a percentage of the original inoculum, (CFU/mL of recovered adherent bacteria
÷ CFU/mL of inoculum) × 100. Each adhesion assay was conducted independently in triplicate over
two successive passages of IECs.

2.7. Measurement of Metablic Activity of IEC Co-Cultures

The metabolic activity of Caco-2:HT29–MTX (90:10) co-cultures was quantified by absorbance
at 450 nm with a reference wavelength of 650 nm (FlexStation 3 Benchtop Multi-Mode
Microplate Reader; Molecular Devices, Sunnyvale, CA, USA) using the 4–[3–(4–Iodophenyl)–
2–(4–nitrophenyl)–2H–5–tetrazolio]–1,3 benzene disulfonate (Wst-1) colourimetric assay (Roche,
Auckland, NZ). In 96-well tissue-culture plates (Corning), post-confluent (21 days post-seeding)
Caco-2:HT29–MTX (90:10) co-cultures were incubated for 3 h in carbohydrate-supplemented DMEM
media. Additional wells in each plate containing medium and Wst-1 reagent only (without cells) were
processed in parallel and used as reference blanks [51,52]. Each substrate was tested in 10 replicates,
over three successive passages of IECs. The metabolic activity of the Caco-2:HT29–MTX (90:10)
co-cultures was expressed as absorbance (A450 nm–A650 nm).

2.8. TEER Assay

The TEER assays were undertaken as described in [47]. Briefly, Caco-2 and HT29–MTX cells (90:10)
were seeded onto 12 mm diameter, 0.4 μm2 pore size, polyester (PET) Transwell inserts (Corning) and
cultured as described in Section 2.2.

Post-confluent, differentiated co-cultures were prepared 24 h prior (day 20 post-seeding) to the
TEER assay as described in Section 2.2. After 24 h incubation, initial resistance readings were obtained
(EndOhm Culture cup connected to an EVOM voltohmmeter (World Precision Instruments, Sarasota,
FL, USA)) for all co-cultures. The medium in the well was replaced with DMEM, and the medium in
the Transwell insert was replaced with either DMEM (untreated) or DMEM supplemented with CF
(4.0 mg/mL) with or without bacteria. The resistance across each cell monolayer was measured after
3 h, and the percentage change in TEER calculated as described previously [34]. Experiments were
undertaken in triplicate (three successive passages of cells), each with three replicates per treatment.
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2.9. Mucin Protein Quantification

The abundance of mucin proteins in cell lysate (CL) and spent media (SM) was determined
by indirect enzyme linked immunosorbent assay (indirect ELISA) using MUC2 mouse mono-clonal
antibody (clone 4A4, 1:250; Creative Biomart, New York, NY, USA), MUC4 mouse mono-clonal
antibody (clone 5B12, 1:500; Abnova, Taipei, Taiwan) or MUC5AC mouse mono-clonal antibody (clone
2H7, 1:250; Abnova) and horseradish peroxidase-rabbit anti-mouse immunoglobulin G conjugate
(Abcam, Cambridge, UK; 1:5000 dilution for MUC2 and MUC5AC and 1:10,000 dilution for MUC4) as
described previously [47]. 3,31,5,51-tetramethylbenzidine (TMB) peroxidase solution (Invitrogen) was
added for 0.5 h and stopped with 2N H2SO4 (Reagent grade sulphuric acid; Sigma-Aldrich). Using
the well scan option on a FlexStation 3 Benchtop Multi-Mode Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA) the absorbance was read at 450 nm and the abundance of mucin proteins was
calculated from standard curves using MUC2 (Creative Biomart, New York, NY, USA), MUC4 (Abnova)
and MUC5AC (Abnova) recombinant proteins as standards. Experiments were undertaken in triplicate
(three successive passages of cells), each with three replicates per treatment. Each sample was analysed
in duplicate by indirect ELISA.

2.10. Quantification of mRNA of IEC Co-Cultures

The expression of mucin and TJ related genes in Caco-2:HT29–MTX (90:10) co-cultures was
quantified using TaqMan quantitative real-time PCR (qPCR). All reagents were obtained from Applied
Biosystems (Foster City, CA, USA) unless otherwise stated. The expression of these genes in reference
samples (untreated controls) was also quantified. The genes quantified were; MUC2, MUC4, MUC5AC,
TJP1, TJP2, and OCLN. (TaqMan assay IDs Hs.PT.56a.26485553, Hs.PT.56a.5039491, Hs.PT.56a.25473826,
Hs.PT.58.39733148, Hs.PT.58.25666947 and Hs.PT.58.24465876 respectively).

Caco-2:HT29–MTX cells (90:10) were seeded into 12-well cell culture plates (Corning). Twenty
days post-seeding monolayers were prepared as described in Section 2.2 After 24 h the SM was
removed and monolayers washed gently four times with PBS. Pre-warmed, DMEM (untreated) or
DMEM supplemented with 4.0 mg/mL CF was gently added to the monolayers either with or without
the bacterial strains of interest and cultures incubated for 3 h.

After 3 h the SM was removed and monolayers lysed with 1 mL of Tri-reagent (Invitrogen).
The total RNA from each well was isolated as described previously [47] using the RiboPure RNA
isolation kit. The total RNA was stored at −80 ◦C overnight and quantified using a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific, Auckland, NZ). The integrity of the RNA was measured
using an Agilent 2100 Bioanalyser (Agilent Technologies, Santa Clara, CA, USA) to ensure samples
had an RNA integrity number (RIN) above 8.0 prior to downstream analysis.

For real-time PCR analysis, 1.5 μg of total RNA was reverse transcribed into cDNA using a
high-capacity RNA-to-cDNA Kit (Applied Biosystems) according to the manufacturer’s instructions.
The cDNA was stored at −20 ◦C prior to the determination of the expression levels of the six
genes, relative to the reference genes hypoxanthine phosphoribosyltransferase [53,54] (HPRT1;
Hs.PT.39a.22214821), glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Hs.PT.39a 22214836)
and βeta-2-microglobulin (B2M; Hs.PT.58v.18759587) determined using TaqMan probes on the
Rotor-Gene 6000 real-time thermal cycler (Corbett Life Science, Concord, Australia). The ACTB
(Hs.PT.39a.22214847) reference gene was also evaluated but excluded from the final analysis as it did
not meet the requirements of a reference gene in all the samples tested [55]. All PCRs (no template
controls, untreated, and treated samples) were prepared as triplicate 10 μL reactions as described
previously [55]. The thermal profile used was 95 ◦C for 180 s followed by 40 cycles 95 ◦C for 3 s
and 60 ◦C for 30 s. The data were normalised to the reference genes and analysed for expression
level changes using Relative Expression Software Tool (REST) 2009 software (version 2.0.13; Qiagen,
Valencia, CA, USA). Experiments in triplicate were completed (three successive passages of cells), each
with three replicates per treatment. Each sample was analysed in triplicate by qPCR.

107



Nutrients 2018, 10, 949

2.11. Statistical Analysis

Data were first evaluated for normality with the Shapiro-Wilk test, and for equal variance with
the Brown-Forsythe test using SigmaPlot 13.0b software. Data that were normally distributed but
had heterogeneous variances, such as the bacterial growth and adherence data, were assessed by
non-parametric tests, namely the Kruskall–Wallis test, followed by the Mann–Whitney U test. All TEER
assay data were analysed for statistical significance, using a repeated measure ANOVA with SigmaPlot
13.0b software. The real-time PCR data was analysed using REST with efficiency correction [45].
For the Wst-1 metabolic activity bioassay and the ELISA protein abundance assay, treatments were
compared using an analysis of variance (ANOVA), followed by the Holm–Sidak post-hoc method.
Differences were considered statistically different at probability values less than 0.05.

3. Results and Discussion

The aim of this study was to determine the influence of specific combinations of probiotic bacteria
and a CF from caprine milk on the barrier integrity of IEC co-cultures. The CF used in this study
was a mixture of carbohydrates therefore we first sought to determine whether CF or individual CF
components had contrasting impacts on the growth of four probiotic bacteria or the metabolic activity
of the IECs. A pure preparation of oligosaccharides could not be obtained using our standard CF
purification methods, therefore we used the acidic milk oligosaccharides 3′ and 6′ sialyl lactose as they
represent 22% of the oligosaccharides found in the CF [47].

3.1. Selective Carbohydrate Fermentation by Probiotic Lactobacilli

The effect of carbohydrate substrate on the growth of all four probiotic Lactobacillus strains when
cultured in DMEM (5% CO2) was examined (Figure 1A–D). Only L. rhamnosus GG appeared able to
utilise the acidic milk oligosaccharide 6′ sialyl lactose for growth compared to both the media control
(DMEM) and CF (Figure 1A). The growth of the remaining three lactobacilli strains during culture in 3’
and 6′ sialyl lactose supplemented media was significantly lower than CF (Figure 1B–D).There was
increased growth of L. rhamnosus HN001 during incubation with CF, sugar combination and galactose
compared to the DMEM control (Figure 1B). Similarly, growth of L. plantarum 299v in CF was
increased when compared to all other carbohydrate substrates investigated (Figure 1C) suggesting
that L. plantarum 299v could utilise additional components such as the neutral oligosaccharide
N-Acetyl-glucosaminyl-lactose or other acidic oligosaccharides that are present in the CF but not
in the sugar combination. L. plantarum strain FUA3112 has previously been reported to metabolise
neutral oligosaccharides [56].

3.2. Carbohydrates Do not Influence Metabolic Activity of IEC Co-Cultures

Incubation of monolayers with CF or selected carbohydrates for 3 h had no significant effect on the
metabolic activity and thus proliferation rates, of post-confluent Caco-2:HT29–MTX (90:10) co-cultures
when compared to the media control (DMEM) (Figure 2). A previous study by Kuntz et al. [57]
reported that proliferation rates of HT29 and Caco-2 cells was inhibited by neutral oligosaccharides
(2.3 and 0.2 mg/mL respectively) and acidic oligosaccharide (0.3 and 0.7 mg/mL respectively) isolated
from human milk [57]. In contrast, 1 mg/mL lactose had no effect on the proliferation of primary
human foetal intestinal cells [58], but proliferation of the same cell line was increased after exposure
to whey produced from bovine colostrum [59] and complete human milk [60]. Thus, it could be
suggested that treatment of IECs with purified preparations of neutral or acidic oligosaccharides
inhibits cellular proliferation to a greater extent than IECs exposed to treatments comprised of a
combination of carbohydrates such as the CF. How this relates to the mechanism of action was not
determined in this study, but it is known that neutral and acidic oligosaccharides inhibit proliferation
rates of IECs through alterations in epidermal growth factor receptor (EGFR) signalling and cell
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cycle regulators [58,61], and human milk increases proliferation through a unique tyrosine kinase
pathway [60].

Figure 1. Ability of (A) Lactobacillus rhamnosus GG, (B) L. rhamnosus HN001, (C) L. Plantarum 299v,
and (D) L. casei Shirota to ferment carbohydrates. Bacterial growth (absorbance 600 nm) in Dulbecco’s
Modified Eagles Medium (DMEM) or DMEM supplemented with a carbohydrate fraction from caprine
milk (CF; 4 mg/mL) or selected carbohydrates (at comparable concentrations to those found in the
CF—refer to text) as fermentable carbohydrate source as indicated and cultured for 3 h under 5% CO2

atmospheric conditions. Values represent the mean absorbance (±S.D.); n = 3. * = significantly different
(P < 0.05) to DMEM media control; a = significantly different (P < 0.05) to CF.

3.3. CF Modulates Bacterial Adherence to Caco-2:HT29–MTX (90:10) Co-Cultures

There was a marked species-specific difference in adherence of the four probiotic bacterial
strains to Caco-2:HT29–MTX (90:10) co-cultures (Figure 3). This result is similar to that observed
previously [62]. Although levels of adherence were modulated by the inclusion of CF in the media,
only the adherence of L. rhamnosus HN001 was significantly reduced (Figure 3). Decreased adherence
to the epithelial monolayers in CF-supplemented assay media, such as occurred for L. rhamnosus
HN001, may have been related to the oligosaccharides in the CF being structurally similar to receptor
sites of the IECs or mucus layer to which specific bacteria recognise and adhere. For some bacterial
strains, oligosaccharides may act as a molecular receptor decoy inhibiting bacterial adherence [63].
Unfortunately the binding of oligosaccharides to the surface of probiotic bacteria or commensal
bacteria is not well investigated, although there is a larger body of work studying glycan binding with
pathogenic bacteria [64].
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Figure 2. The metabolic activity of post-confluent (21 days post seeding) 90:10 Caco-2:HT29–MTX
co-cultures after 3 h incubation with a carbohydrate fraction (CF) from caprine milk (CF; 4 mg/mL)
and selected carbohydrates (at comparable concentrations to those found in the CF—refer to text) as
determined from the Wst-1 assay. Values are means (±SEM) for three experiments (10 samples per
treatment per experiment); n = 3. DMEM is the media control.

Figure 3. Influence of a carbohydrate fraction (CF) from caprine milk (CF; 4 mg/mL) on the adherence
of bacteria (as percentage of inoculum) to 90:10 Caco-2:HT29–MTX co-cultures. Data are expressed
as the means (±SEM) for three experiments (three samples per treatment per experiment); n = 3.
* = Significantly different (P < 0.05) to respective bacteria only treated monolayers. LGG = L. rhamnosus
GG; HN001 = L. rhamnosus HN001; Lp299v = L. plantarum 299v and LcS = L. casei Shirota.

Other strain specific observations have been reported previously for Lactobacillus strains;
Kadlec et al. [25] reported that the prebiotic substance Orafti P95 increased the adherence of
L. rhamnosus strain CCDM150 to Caco-2:HT29–MTX (90:10) co-cultures, but decreased the adherence
of both L. rhamnosus strain CCDM289 and strain CCDM598 to the same co-cultures [25].
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Adherence to intestinal surfaces, whether directly to IECs or the mucus layer, and temporary
colonisation within the intestine, are considered to be defining activities of a probiotic [62].
For Lactobacillus species, both protein and non-protein mediated adherence mechanisms have been
reported [65]. For example, L. rhamnosus GG possesses mucin binding proteins [66] which are
known as one of the effector molecules involved in its adherence to the host [67]. Conversely,
the cell surface of L. rhamnosus GG contains high molecular weight, galactose rich heteropolymeric
exopolysaccharide molecules, which may negatively impact its adherence, possibly by shielding
adhesion molecules [68,69]. The binding affinity of bacteria can be modulated by the presence of
different sugars on the epithelial surface. For example L. plantarum 299v adheres to mannose residues
on IECs [70,71]. Adherence of bacteria to biotic or abiotic surfaces can also be influenced by growth
temperature, pH of the cultures and the specific growth phase of the bacteria themselves [72,73].

3.4. The Combination of CF and Probiotic Bacteria Increases TEER

After 3 h incubation the TEER of Caco-2:HT29–MTX (90:10) co-cultures was increased for all
individual bacteria/CF combinations compared to untreated, CF and also to the respective bacteria
only control, except for the L. rhamnosus GG/CF combination (Figure 4). Only co-cultures treated with
L. casei Shirota had similar TEER compared to untreated (Figure 4).

Figure 4. Influence of a carbohydrate fraction (CF) from caprine milk (CF; 4 mg/mL) and probiotic
bacteria either alone or in combination on trans-epithelial electrical resistance (TEER) of 90:10
Caco-2:HT29–MTX co-cultures. The change in TEER as the percentage change after 3 h compared
with initial TEER. Values are means (±SEM) for three experiments (three samples per treatment per
experiment); n = 3. * = Significantly different (P < 0.05) to untreated monolayers; a = significantly
different (P < 0.05) to CF treated monolayers; and z = significantly different (P < 0.05) to respective
bacteria only treated monolayers. UNT = untreated; LGG = L. rhamnosus GG; HN001 = L. rhamnosus
HN001; Lp299v = L. plantarum 299v and LcS = L. casei Shirota.

Similar to that of bacterial adherence, the effect of bacteria/CF combinations on TEER was
strain-dependent (Figure 4). This observation is concordant with other studies where L. plantarum
strain 299 had a greater effect on enhancing the TEER of Caco-2 cells compared to L. plantarum strain
299v [34]. In addition, a previous study using Caco-2 mono-cultures, determined that there were
definite species- and sugar-dependent effects with fermentation of inulin based oligofructose [74,75]
where the probiotic B. lactis Bb-12 exerted the most beneficial effects [75]. In another study, the synbiotic
combination of resistant starch and B. lactis (strain unknown), protected against the development of
colorectal cancer in rats, and was greater than the benefit of either component alone [76].
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3.5. CF and Bacteria When Cultured Alone or in Combination Impacts on TJ Related Gene Expression

The ability of CF and probiotic lactobacilli either alone or in combination to alter the expression
level of three TJ related genes of Caco-2:HT29MTX (90:10) co-cultures was quantified using qPCR.
The mRNA expression of OCLN, but not TJP1 or TJP2, was increased (fold change >1.5) by all bacterial
strains, both alone and when in combination with CF, compared to untreated monolayers (Figure 5A,B),
but not when compared to CF (Figure 5C) or their respective bacteria controls (Figure 5D). This result is
in accordance with Orlando et al. [77] where incubation of Caco-2 cells with L. rhamnosus GG over a 6 h
period increased OCLN expression levels. Increased expression or abundance of occludin is associated
with protection of the epithelial barrier, whilst decreased occludin levels are associated with epithelial
barrier dysfunction and increased epithelial permeability [11]. Additionally a study by Yan et al. [78]
determined that the colonisation of neonatal mice with L. rhamnosus GG resulted in increased claudin
3 mRNA expression and TJP1 membrane localisation in the ileum, in addition to increased proliferation
and differentiation of epithelial cells indicating that L. rhamnosus GG colonisation is beneficial for
intestinal growth and development during early life and promotes intestinal functional maturation
and tight junction formation [78].

Figure 5. Fold change of TJP1, TJP2, and OCLN mRNA from Caco-2:HT29–MTX (90:10) co-cultures
after 3 h incubation with (A) probiotic bacteria or a carbohydrate fraction (CF) relative to untreated
co-cultures; (B) bacteria/CF combinations compared to untreated monolayers; (C) bacteria/CF
combinations compared to monolayers incubated with CF; and (D) bacteria/CF combinations relative
to bacteria only controls. Data are expressed as the mean fold change (±SEM) of three replicates across
three independent experiments; n = 3 A statistically significant difference in fold change at ±1.5 is
indicated by * (P < 0.05). LGG = L. rhamnosus GG; HN001 = L. rhamnosus HN001; Lp299v = L. plantarum
299v and LcS = L. casei Shirota.

In this study, levels of TJP1 mRNA did not change as a result of any treatment (Figure 5A–D).
This result is similar to those findings of Yang et al. [74] where the expression and abundance of TJP1
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were unchanged in IPEC-J2 cells after incubation with L. reuteri I5007. Caco-2:HT29–MTX (90:10)
co-cultures incubated with L. rhamnosus HN001 had increased levels of TJP2 mRNA compared to
untreated (Figure 5A). Treatment of co-cultures with L. rhamnosus GG and L. rhamnosus HN001 in
combination with CF resulted in decreased (P < 0.05) levels of TJP2 mRNA compared to treatment of
co-cultures with bacteria alone (Figure 5D).

Changes to other TJ components not measured in this study may also account for the observed
increases in TEER. For example, the intracellular plaque protein cingulin, which binds directly to TJP1
as well as to actin filaments of the cytoskeleton [79], contributed to an increase in TEER of Caco-2
monolayers after treatment with L. plantarum MB452 [33]. Other important transmembrane TJ proteins
such as claudin 1, also interact directly with TJP1, the upregulation of which was observed in jejunal
epithelium of young piglets after treatment with L. reuteri I5007 [74]. Similarly, treatment of mice with
L. rhamnosus GG increased the abundance levels of both claudin-1 and claudin-3 protein [80].

There are different mechanisms through which probiotic bacteria can enhance the intestinal
barrier and include:

1. The secretion of bacterial proteins such as the p40 and p75 proteins secreted by L. rhamnosus
GG [81], leading to the activation of protein kinase C (PKC) and the mitogen activated protein
(MAP) kinases, extracellular signal-regulated kinases (ERK) 1/2 [36] and enhanced TJ expression;

2. Increased phosphorylation levels and activation of p38, MAPK, and ERK signalling
pathways [82,83] resulting in a reorganisation of the TJ complex and an increase in the expression
levels of TJ proteins, following treatment with the probiotic mix VSL#3 [82];

3. Directly modulating the function of epithelial cells by increasing TEER with a corresponding
increase in the expression of TJP1 and OCLN after administration of live probiotic strains such as
L. rhamnosus GG or L. plantarum [77,84]; and

4. An increase in occludin and TJP1 in the vicinity of TJ structures of the duodenum following
activation of the Toll-like receptor 2 signalling pathway by L. plantarum WCFS1 [11].

Although the direct effects of carbohydrate substrates, such as prebiotics, on the intestinal
epithelium have been largely unexplored, a study by Wu et al. [13] demonstrated that prebiotics
directly activate PKC, resulting in the induction of select TJs such as OCLN or TJP1, and as such can
directly alter TJ expressions to affect epithelial barrier function. Additionally, prebiotics directly alter
kinase activities (the kinome) of IECs to regulate host signalling pathways [85]. This suggests that
carbohydrate substrates can directly act on the intestinal epithelium and elicit specific cell signalling
responses and directly modulate intestinal homeostasis. Whether the combined effects of probiotic
lactobacilli and CF act independently or synergistically on the same pathways for the enhancement of
the intestinal barrier needs further exploration.

3.6. CF and Bacteria When Cultured Alone or in Combination Had Variable Effects on Mucins

Mucins are an important aspect of the protective capacity of the intestinal barrier. Probiotic
bacteria either alone or in association with CF had contrasting effects on mucin gene and protein
expression. Although the levels of mucin mRNA were modulated by some bacteria/CF combinations,
this did not always translate to concomitant changes in the abundance of the respective mucin proteins.

Treatments were shown to have variable effects on mucin gene expression levels, although
CF did not change the levels of any mucin gene investigated compared to untreated co-cultures
(Figure 6A). Previously we reported that CF increased MUC2 and MUC5AC gene expression
levels in Caco-2:HT29–MTX (90:10) co-cultures [47] after 12 h incubation, whilst a study by
Martinez-Augustin et al. [86] reported that levels of MUC2 and MUC4 expression was decreased
in HT29–MTX cells after exposure to a goat’s milk fraction enriched with oligosaccharides, suggesting
increased exposure times of IECs to carbohydrates can have differential effects on mucin gene
expression [86]. In contrast, co-cultures incubated with L. rhamnosus GG had increased levels of
MUC4, MUC2 and MUC5AC mRNA compared to untreated co-cultures. An increase in MUC2 mRNA
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has previously been shown for the goblet cell line LS174T after 6 h incubation with L. rhamnosus
GG [87]. This increase resulted from the activation of the EGFR/Akt pathway by the soluble protein
p40 produced by L. rhamnosus GG, suggesting that this strain does not need to be adhered to the
cells to stimulate mucin gene expression. Although Caco-2:HT29–MTX (90:10) co-cultures incubated
with L. rhamnosus HN001 also had increased levels of all mucin mRNA investigated, only that of
MUC5AC mRNA was significantly increased compared to untreated (Figure 6A). The expression levels
of all mucin genes were similar between co-cultures incubated with L. casei Shirota and untreated,
whilst incubation with L. plantarum 299v resulted in decreased levels of both MUC2 and MUC5AC
mRNA (Figure 6A). This result was in contrast to the study of Mack et al. [88] who showed that
incubation of HT29 cells with L. plantarum 299v increased the expression of both MUC2 and MUC3
mRNA. This difference could be attributed to the use of cell co-cultures in this study as opposed
to a monoculture of predominantly undifferentiated HT29 cells. Only the combination of L. casei
Shirota/CF was associated with a decrease in the level of MUC2 mRNA compared to untreated
co-cultures (Figure 6B). This observation may be due to the combined effects of both CF and L. casei
Shirota, because individually both treatments were noted to cause a decrease in MUC2 mRNA although
these decreases on their own were not significant. All other bacteria/CF combinations had similar
levels of MUC4, MUC2 and MUC5AC mRNA compared to untreated co-cultures (Figure 6B).

Figure 6. Fold change of MUC4, MUC2, and MUC5AC mRNA from Caco-2:HT29–MTX (90:10)
co-cultures after 3 h incubation with (A) probiotic bacteria or a carbohydrate fraction (CF)
relative to untreated co-cultures; (B) bacteria/CF combinations compared to untreated monolayers;
(C) bacteria/CF combinations compared to monolayers incubated with CF; and (D) bacteria/CF
combinations relative to bacteria only controls. Data are expressed as the mean fold change (± SEM)
of three replicates across three independent experiments; n = 3 A statistically significant difference in
fold change at ±1.5 is indicated by * (P < 0.05). LGG = L. rhamnosus GG; HN001 = L. rhamnosus HN001;
Lp299v = L. plantarum 299v and LcS = L. casei Shirota.
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Similar to that observed for TJ related gene expression, there was no difference in the levels
of mucin mRNA between any bacteria/CF combinations and CF treated Caco-2:HT29–MTX (90:10)
co-cultures (Figure 6C). However, it was of interest that the level of MUC2 and MUC5AC mRNA
between CF and the L. plantarum 299v/CF treated co-cultures were not different considering the
decrease in the expression of these genes after incubation with L. plantarum 299v alone. This suggests
that the CF when in combination with L. plantarum 299v abrogates the detrimental effect of this
bacterial strain on the expression of these genes. Although the mechanisms through which CF when in
combination with lactobacilli modulates mucin gene expression were not investigated in this study,
previous reports have shown that neutral and acidic oligosaccharides from human milk activate
EGFR [61], and that activation of EGFR and its downstream targets by probiotic lactobacilli stimulate
mucin gene expression [87].

In comparison to co-cultures incubated with L. rhamnosus HN001, co-cultures incubated with
the L. rhamnosus HN001/CF combination had decreased levels of both MUC2 and MUC5AC mRNA.
This result indicates that the CF abrogates the beneficial effect of L. rhamnosus HN001 in respect to
MUC5AC mRNA and has an additive detrimental effect on the expression of MUC2 mRNA (Figure 6D).
The combination of L. casei Shirota/CF was associated with decreased levels of both MUC4 and MUC2
mRNA compared to L. casei Shirota alone (Figure 6D), the decrease of MUC2 which could be attributed
to an additive effect of the bacteria and the CF, whilst the decrease of MUC4 could be viewed as a
combined effect. In contrast the levels of MUC5AC mRNA were increased for L. casei Shirota/CF
compared to its bacteria control. Additionally, the levels of all the mucin genes investigated were
increased in co-cultures incubated with the L. plantarum 299v/CF combination compared to co-cultures
incubated with L. plantarum 299v alone (Figure 6D), the result of which was not unexpected because
L. plantarum 299v alone was shown to reduce the expression of all mucin mRNA when compared to
untreated co-cultures.

The abundance of MUC2 mucin protein was similar for all monolayers after incubation with
any bacteria/CF treatment. In contrast, all bacteria/CF preparations were shown to increase the
abundance of MUC5AC compared to untreated co-cultures, except those treated with L. rhamnosus
HN001. Additionally, monolayers treated with the L. rhamnosus HN001/CF combination had an
increased relative abundance of MUC5AC protein compared to its respective bacteria control (Figure 7).
There was no difference in the abundance of MUC5AC protein between co-cultures incubated with CF
and any of the bacteria/CF combinations, but there was a significant increase in the abundance of this
protein in CF treated co-cultures compared to untreated (Figure 7). Only Caco-2:HT29–MTX (90:10)
co-cultures treated with the combination of L. plantarum 299v/CF had an increased MUC4 abundance
compared to both untreated and respective bacteria alone co-cultures. However, there was no increase
in the relative abundance of MUC4 in co-cultures treated with CF compared to untreated co-cultures
(Figure 7). The abundance of MUC4 was similar for all other treatment groups. Wan et al. [89]
suggested that the disparity between the changes in the levels of mucin genes and respective mucin
proteins levels, such as occurred for the L. rhamnosus HN001/CF combination may be attributable
to “methods used for quantifying mRNA transcripts levels are more sensitive than those for protein
identification and quantification”.

An increase in mucin abundance following incubation with probiotic lactobacilli when compared
to untreated co-cultures could potentially enhance their ability to colonise the intestinal tract [39].
However, there was no association between changes in the abundance of specific mucin proteins which
resulted in the modulation of bacterial adherence. Such interactions do exist between the lactic acid
bacteria, Lactococcus lactis subsp. lactis BGKP1 and MUC3 and MUC5AC proteins, which aids in the
adherence of this bacterial species to the mucus layer [90].

Only the L. plantarum 299v/CF combination was associated with an increased abundance of
MUC4 mucin protein compared to its respective bacterial control (Figure 7). Membrane-bound mucins
such as MUC4, are major components of the glycocalyx, and in addition to their role in providing a
physical barrier, are also involved in a wide range of interactions in the luminal environment [91] (such
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as intracellular signalling events [8]), and play an important role in foetal development, epithelial
renewal and differentiation, and epithelial integrity [92,93].

Figure 7. The abundance of MUC4, MUC2 and MUC5AC mucin protein from Caco-2:HT29–MTX
(90:10) co-cultures after 3 h incubation with bacteria or a carbohydrate fraction (CF) from caprine
milk either alone or in combination. Results are expressed as the mean abundance (±SEM);
n = 3. * =significantly different (P < 0.05) compared to untreated co-cultures, and z = significantly
different (P < 0.05) compared to co-cultures incubated with the respective bacteria only.
UNT = untreated; LGG = L. rhamnosus GG; HN001 = L. rhamnosus HN001; Lp299v = L. plantarum
299v; and LcS = L. casei Shirota.

Binding of bacteria to the extracellular domain of membrane mucins can result in cleavage of
the mucin. Such cleavage could be an activation signal to the intracellular domain and activation
of mucin-specific signalling pathways that alter inflammatory responses, epithelial cell adhesion,
and differentiation of epithelial cells [94]. Although the relationship between bacterial binding,
cleavage of mucins and activation of the intracellular domain has not been fully elucidated,
membrane-bound mucins may act as signalling receptors that sense the external environment and
activate intracellular signal transduction pathways essential for barrier maintenance and damage
repair [94]. Additionally, the secretion of mucins from goblet cells can be regulated by the host sensing
intestinal microbes or their metabolites such as SCFAs or cytokines [95].

4. Conclusions

This work demonstrates that probiotic bacteria, when used in combination with CF, are able
to increase the barrier integrity to a greater extent than the bacteria or the CF alone, in a Caco-2:
HT29–MTX (90:10) co-culture model of the small intestinal epithelium. The precise mechanism
through which barrier integrity was increased could not clearly be linked to changes in IEC metabolism
associated with CF utilisation, or enhanced mucin gene or protein expression. However, both barrier
integrity (TEER) and transcription levels of occludin were enhanced during incubation of co-cultures
with bacteria and CF. Global analysis of mRNA and proteins from co-cultures incubated with CF
or bacteria alone, and compared to mRNA from co-cultures incubated with CF and bacteria may
provide important information on contrasting inter, and intra-cellular signalling cascades and IEC
immunomodulation influenced by probiotic bacteria and/or dietary carbohydrates.
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Abstract: In general, dairy products are well regarded for their nutritional value.
Consumer perception of dairy products is influenced by many interrelated factors but healthiness
remains one of the key attributes and values for consumers. Furthermore, contemporary consumers
increasingly seek out dairy products with additional health benefits and, therefore, it is essential
to explore which attributes are important drivers of food choices and how producers can better
respond to shifting consumer values and needs in each dairy product category. Therefore, the aims
of the study were: (a) to identify consumer segments based on the importance they attached to
selected attributes of dairy products, (b) to explore differences between the identified segments in
their perceptions of health-related attributes of dairy products, (c) to determine if health-related
aspects influenced consumers decisions to buy high-quality dairy products, and (d) to identify
if consumers were open to novelties in dairy products. The data were collected within a CAPI
(Computer Assisted Personal Interview) survey on a representative sample of 983 adult Polish
consumers. The non-hierarchical K-means clustering method was used to identify four clusters of
consumers, namely: Enthusiastic, Involved, Ultra-involved and Neutral. Enthusiastic consumers
attach more importance to the influence of dairy products on immunity and are more willing to
agree with the opinion that dairy products are a source of mineral nutrients as well as vitamins.
Ultra-involved and Involved consumers pay less attention to some health aspects of dairy products
compared to other clusters; however, the Ultra-involved are more quality-oriented than are the
Involved. Neutral consumers are more open to accept changes on the dairy product market and
are relatively more inclined to choose new dairy products. However, these consumers have scored
lower on those aspects related to the healthiness of dairy products and, in order to target them
effectively, it is essential to develop well-tailored communication strategies highlighting the health
benefits of dairy products. These results relate to the Polish market and are important for the
development of new dairy products and for targeting public nutrition as well as for directing
marketing communication. The results may provide important insights for those who develop
educational strategies and campaigns.

Keywords: consumer; dairy products; health aspects

1. Introduction

Dairy products are characterized by an appropriate nutritional value which contributes positively
to human health [1–3]. Dairy products also play a key role in the prevalence and/or treatment of some
diseases; examples include obesity [4–6], hypertension [7,8], type 2 diabetes [5,9,10], and cardiovascular
disease [5,11–13]. Some kinds of dairy products are valued for their favorable effect on the digestive
system [14,15]. Moreover, the consumption of dairy products is associated with lower body weight
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and/or body fat [16–18]. In general, the consumption of dairy products provides various health
benefits [2]; however, some study results also show that, besides consumption-related benefits for
example flavoring milk with added sugar may promote milk intake, this consumption may not be
without adverse effects in terms of caloric intake and possibly obesity for children and adolescents [19].
Results of other studies also show that the possibility that milk intake is simply a marker of diets with
good nutritional quality cannot be excluded, and this aspect needs further research [20].

The food sector faces an increasingly competitive and more globalized market and more
demanding consumers who exhibit greater concern about quality and health benefits with respect to
products [21]. Among the different product sectors, the dairy sector is the one that has undergone
the greatest change, with the introduction of new products claiming healthy characteristics [22].
Polish consumers are increasingly interested in healthiness and the safety of food [23,24], and health is
perceived as the most important value [25,26]. Consumer opinions on health are crucial, particularly
when it comes to benefits and risks to health and disease prevention [27,28]. In addition, the effect on
health is important in consumers’ choice behavior concerning dairy products [29].

Therefore, the aims of the current study were: (a) to identify consumer segments based on the
importance they attached to selected attributes of dairy products, (b) to explore differences between the
identified segments in their perceptions of health-related attributes of dairy products, (c) to determine
if health-related aspects influenced consumers decision to buy high quality dairy products, and (d) to
identify if consumers were open to novelties in dairy products.

2. Materials and Methods

2.1. Data Collection Process

Quantitative data were collected in 2013 within the project “BIOFOOD-Innovative,
Functional Products of Animal Origin” aimed at increasing innovation in the Polish agro-food sector
through the development of products of animal origin providing functional and nutritional benefits.
This paper presents some of the findings from a larger multidisciplinary study identifying drivers
of and obstacles to innovation in products of animal origin [30], including consumer perception and
acceptance of innovative food products [31].

The sample in our study (N = 983) was drawn from the Social Security addresses database and
was representative for the national population in terms of age, gender and the region that consumers
lived in. The survey was conducted in each of the 16 voivodships in Poland. After drawing the starting
addresses, the random route method was used in the selection of the sample [32,33]. A number of
sampling points were drawn with probability proportional to population size, for total coverage of the
country, and to population density. In order to do so, the sampling points were drawn systematically
from each of the “administrative regional units”, after stratification by individual unit and type of
area. They thus represent the whole of Poland as well as the distribution of the resident population.
In each of the selected sampling points, a starting address was drawn at random. Further addresses
were selected by standard “random route” procedures from the initial address. In each household,
a respondent was drawn, at random (following the “closest birthday rule”).

The interviews were conducted face-to-face at respondents’ homes by a professional market
research agency in accordance with the ESOMAR (European Society for Opinion and Marketing
Research) code of conduct using the CAPI (Computer Assisted Personal Interview) technique.
All respondents were aged 21+. Only those respondents who met the recruitment criteria, i.e., made
their own or cooperative food purchases and declared dairy product consumption, participated in
the study.

2.2. Description of Questionnaire

The questionnaire used in the study was structured in two main blocks and covered aspects
such as consumer perception of food quality and consumer perception of health aspects of dairy
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products. In order to identify consumer segments, a question related to the importance of different
attributes of dairy products in consumer food choices was used for the factor and then cluster
analysis (“Please specify to what extent the factors listed below encourage you to consume dairy
products”). A 7–point scale was used, where 1–meant “definitely does not encourage to consume dairy
products”, and 7–“definitely encourages you to consume dairy products”. Analysis of statements’
reliability in a given question was performed using Cronbach Coefficient Alpha. The obtained value
of Cronbach Coefficient Alpha = 0.803 confirmed the right choice of questions for factor analysis
(Principal Component Analysis–PCA). To profile segments, three further questions were used regarding
opinions on dairy products. One of these referred to opinions on selected attributes of products.
The next question identified opinions on high-quality products, including health aspects. In the
following question, a scale designed for the needs of other studies on products of animal origin was
used [34], including statements from other scales used in available literature on the subject [35,36].
The question was worded as follows: “People have different opinions on food. Please specify to
what extent you agree or disagree with the statements on dairy products listed below”. For these
3 questions, a 7–point scale was used, where 1–meant “I strongly agree”, and 7–“I strongly disagree”.
Analyses were conducted using the SAS 9.4 statistical package (SAS Institute, Cary, NC, USA).

3. Results

Consumer segmentation was preceded by a factor analysis using PCA with a varimax rotation
of 14 statements. Based on eigenvalues (eigenvalues higher than 1), a 3–factor solution describing
the phenomenon analyzed was suggested (Table 1). The factors obtained via PCA analysis explained
54.54% of total variation. Qualification for particular factors was based on the minimum value of factor
loadings estimated at 0.4. Factor adequacy for the requirements of factor analysis, as studied by the
Kaiser-Mayer-Olkin measure (KMO). The KMO value indicating collective correlation of variables was
0.89, which clearly confirmed the logic behind using the variable reduction method. Identified factors
presented in Table 1 were used for cluster analysis (segmentation).

Table 1. Principal components analysis (PCA) of consumers’ use of dairy product consumption factors;
varimax rotated factor loadings percentage of explained variance (N = 983, Poland).

Food Characteristics
Factor 1

Hedonic Aspects
Factor 2

Health Aspects
Factor 3

Health Concerns

Easy to prepare 0.754
A quick snack which can be eaten between meals 0.711

Taste 0.696
Wide product range 0.691
Variety to the menu 0.661

Habits 0.579
Mineral and vitamin content 0.538

Medical/dietary recommendations 0.797
Appropriate animal breeding 0.675

Health reasons 0.617
Low level of processing 0.549

Presence of preservatives 0.804
Presence of flavors 0.704

Fat content 0.447
The variance explained/% explained variance 34.79 10.66 9.09

The division of consumers into segments was conducted in two stages. Firstly, a cluster
analysis using hierarchical methods was performed. In the second stage of consumer segmentation,
a cluster analysis was used based on non-hierarchical method K-means with initial cluster seeds
obtained through the hierarchical method. The non-hierarchical K-means clustering method led to
the identification of four clusters: Enthusiastic, Ultra-Involved, Involved, and Neutral. In general,
the names of the clusters related to consumers’ perceptions of dairy products and reflected their
mean scores; the highest for the Enthusiastic, average for the Ultra-Involved, relatively lower for the
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Involved and the lowest for the Neutral. The profiles of the resulting segments were determined
using chi square cross-tabulation and ANOVA (Analysis of Variance) with post-hoc Waller-Duncan
K-ratio t Test comparison of mean scores. The socio-demographic characteristics, including gender,
age, education, place of residence, number of members in the household, number of children in
the household, the subjective evaluation of health and income satisfaction, are presented in Table 2.
The results of cluster analysis, together with the size of each cluster, are reported in Tables 2–5. The data
analysis presented in Table 2 indicates that, in the sample tested, there were statistically significant
differences observed in terms of all the clusters identified. In the total sample, a slight majority of
respondents were women. In terms of the age of the total sample, it can be seen that the largest age
group was 45–54, people aged 65–75 were the least numerous. Over 40% of the surveyed declared
the lowest education level, and people with university education were the least numerous group.
Over 1/3 of the respondents declared living in rural areas, while every 10th respondent indicated
living in big cities with over 500 thousand inhabitants. Almost 75% respondents lived in households
comprising 2–4 persons, and over half of the people surveyed declared having children. A subjective
evaluation of income satisfaction showed that almost 40% of the surveyed people lived frugally and
had enough money to buy what they needed and over 1/3 lived very frugally to save money for major
purchases. About half of the surveyed people evaluated their health as good, more than 20% as very
good, and almost one quarter of respondents selected a neutral answer (i.e., “neither good nor bad”).

Cluster 1 (Enthusiastic–29.09%) was dominated by women and people aged 45–54, 55–64 as well
as 35–44. Over 2/5 respondents were those with the lowest level of education, over 1/3 declared
secondary education, and one fifth of respondents had a university education. The most numerous
group were inhabitants of rural areas. A subjective evaluation of health showed that half of the
respondents described their health as good and almost 20% as very good. A subjective evaluation of
income satisfaction showed that the majority of the surveyed people lived frugally and had enough
money or lived very frugally to save money for major purchases. Two- and three-person households
were the most numerous in segment 2. Families with children constituted over half of this segment.

Cluster 2 (Ultra-involved–18.82%) was dominated by men, people aged 45–64 and by people with
secondary or lower education levels, one fifth of respondents, similar to cluster 2, declared a university
education; the biggest group of respondents came from rural areas. More than half of the people in this
segment assessed their health as good and almost 30% as very good. A subjective evaluation of income
satisfaction showed that over 2/5 of the surveyed people lived frugally and had enough money to buy
what they needed. Compared with other segments, the largest share of people who have children was
noted in segment 3.

Cluster 3 (Involved–27.56%) was dominated by people with lower education levels (primary, lower
secondary and vocational) living in rural areas, small towns (up to 100 thousand inhabitants) and
medium-sized cities (200–500 thousand inhabitants). In this segment, almost half of the people were
those respondents who assessed their health as good, more than 25% assessed it as very good. Over 1/3
of this segment was constituted by people from two-person households. In this segment there was the
lowest share of people with children, compared with other segments.

In cluster 4 (Neutral–24.41%) half of the people were respondents with the lowest levels of
education (primary, lower secondary and vocational). In this segment, over 1/4 of those surveyed
were people living in rural areas, and almost 60% of the people came from towns of over 20 thousand
inhabitants (the aggregate of percentages for towns of 20 thousand–100 thousand, 100 thousand–500
thousand and of more than 500 thousand). More than 50% of the surveyed people from this segment
assessed their health as good, and one tenth of respondents assessed it as very good. A subjective
evaluation of income satisfaction showed that more than 2/5 of the surveyed people lived very frugally
to save money for major purchases, and almost 1/3 lived frugally and had enough money to buy what
they needed. The most represented households in this segment were 2-and 3-person ones. Moreover,
an average share of people with children was noted among the Neutral group (Table 2).
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Table 2. Socio-demographic characteristics of the consumers surveyed (N = 983, Poland).

Variables
Total

Sample (%)

Cluster 1
Enthusiastic

N = 286

Cluster 2
Ultra-Involved

N = 185

Cluster 3
Involved
N = 271

Cluster 4
Neutral
N = 240

p-Value
for χ2 Test

Gender 0.0185

Women 50.97 58.04 44.32 50.92 47.72

Men 49.03 41.96 55.68 49.08 52.28

Age (years) 0.0182

21–27 16.3 11.19 22.16 17.34 16.6

28–34 15.9 13.64 17.3 15.5 17.84

35–44 18.3 17.83 20.54 16.61 19.09

45–54 20.2 22.73 21.62 18.82 17.84

55–64 18.4 19.58 12.43 22.14 17.43

65–75 10.89 15.03 5.95 9.59 11.2

Education 0.011

Vocational 46.80 44.41 41.08 50.18 53.53

Secondary 37.81 36.36 39.46 36.53 37.34

Higher 15.39 19.23 19.46 13.28 9.13

Place of residence <0.0001

Rural area 35.62 37.41 52.97 29.52 26.81

Cities up to 20,000 13.51 13.99 9.73 14.76 14.47

Cities above 20,000 to 100,000 19.96 18.53 16.22 20.3 24.26

Cities above 100,000 to 500,000 19.75 19.23 14.05 24.72 19.15

Cities above 500,000 11.16 10.84 7.03 10.7 15.32

Number of persons in the household 0.0056

1 13.10 11.87 11.36 12.25 16.96

2 27.71 28.06 21.59 31.62 27.68

3 25.56 27.34 25.57 21.34 28.13

4 21.70 21.22 21.02 22.92 21.43

5 and more 11.92 11.51 20.45 11.86 5.8

Children (Yes) 52.74 53.50 63.46 45.87 50.81 0.0087

Subjective assessment of
financial situation 0.0155

Sufficient budget without necessity
to economize 8.33 7.04 13.1 6.53 8.3

We live frugally and have enough
money to buy what we need 38.8 39.63 44.05 42.04 30.57

We live very frugally to save money
for major purchases 35.8 34.44 28.57 34.29 44.1

We have enough money for the
cheapest food or clothes and less 17.10 18.89 14.29 17.14 17.03

Health assessment 0.0008

Very good 21.28 19.23 29.19 25.46 12.92

Good 50.81 50.0 51.35 49.08 53.33

Neither good nor bad 23.93 25.52 18.92 20.66 29.58

Bad 3.56 4.9 0 4.06 4.17

Very bad 0.41 0.35 0.54 0.74 0

3.1. Consumer Perception of Health-Related Attributes of Dairy Products

Regarding opinions on perception of dairy products, respondents declared the highest level of
agreement with the statement that dairy products are a rich source of protein and that dairy products,
particularly yogurts, kefirs and butter milk, have a beneficial influence on immunity. In all the
statements analyzed (Table 3), statistically significant (p < 0.05) differences were noted between mean
scores in particular clusters. An additional post-hoc test (Waller-Duncan K-ratio t Test) compared
mean values of opinions between pairs of clusters.

127



Nutrients 2018, 10, 1007

Table 3. Profile of the segments in terms of different perceptions of dairy products (N = 983, Poland).

Statements Mean
Cluster 1

Enthusiastic
N = 286

Cluster 2
Ultra-Involved

N = 185

Cluster 3
Involved
N = 271

Cluster 4
Neutral
N = 240

p-Value

Dairy products are a rich source of protein 6.13 6.61 a 6.52 a 6.05 b 5.35 c <0.0001

Dairy products, particularly yogurts, kefirs
and butter milk, have a beneficial influence
on immunity

5.85 6.33 a 6.09 b 5.68 c 5.28 d <0.0001

Dairy products are a rich source of minerals 5.76 6.28 a 6.04 b 5.54 c 5.18 d <0.0001

Dairy products are a rich source of vitamins 5.73 6.17 a 5.95 b 5.58 c 5.19 d <0.0001

Healthy nutrients in dairy products have
a beneficial influence on the
digestive system

5.61 6.13 a 5.94 a 5.28 b 5.10 b <0.0001

Dairy products with reduced fat content are
the best for health 4.74 5.14 a 4.53 b,c 4.32 c 4.84 a,b <0.0001

a,b,c,d Means with the same letter are not significantly different; ANOVA (Analysis of Variance) post-hoc
Waller-Duncan K-ratio t Test.

When compared to other segments, the Enthusiastic attached the most importance to the influence
of dairy products on immunity (dairy products, particularly yogurts, kefirs and butter milk have
a beneficial influence on immunity). They have agreed to a greater extent with the opinion that
dairy products are a rich source of minerals as well as vitamins, and that products with reduced fat
content are the best for one’s health. The Ultra-involved, to a greater extent than two other segments
(i.e., Involved and Neutral), agreed with the statement that dairy products have a beneficial influence
on immunity, that they are a source of minerals and vitamins and that healthy nutrients in dairy
products have a beneficial influence on the digestive system.

The Involved, more often than the Neutral, agreed with the opinion that dairy products are a rich
source of protein and have a beneficial influence on immunity and that dairy products are a rich source
of minerals as well as vitamins. Moreover, the Neutral, more often than the Involved, agreed with the
opinion that dairy products with reduced fat content are the best for one’s health.

In all the analyzed statements on health aspects of dairy products, statistically significant (p < 0.05)
differences were noted between mean scores in particular clusters.

3.2. Quality Attributes of Dairy Products as Drivers of Food Purchasing Decisions

The degree of agreement with the statement on the importance of dairy product quality in the
choice of food shows its significant role in consumers’ decisions, whereby the Enthusiastic agreed with
it to the highest extent and Neutrals to the least extent (Table 4).

Table 4. Profiles of the segments in terms of different perceptions of high quality dairy products
(N = 983, Poland).

Statements Mean
Cluster 1

Enthusiastic
N = 286

Cluster 2
Ultra-Involved

N = 185

Cluster 3
Involved
N = 271

Cluster 4
Neutral
N = 240

p-Value

Quality matters to me while
choosing dairy products 5.71 6.22 a 5.98 b 5.48 c 5.14 d <0.0001

I buy high-quality dairy products
because they have a beneficial
influence on my children’s health

4.59 4.95 a 4.63 a 3.96 b 4.78 a <0.0001

I buy high-quality dairy products
because they have a beneficial
influence on my body shape

4.08 4.39 a,b 4.07 b 3.32 c 4.51 a <0.0001

I buy high-quality dairy products
only for those family members who
have health issues

3.18 3.12 b 2.57 c 2.82 b,c 4.07 a <0.0001

a,b,c,d Means with the same letter are not significantly different; ANOVA post-hoc Waller-Duncan K-ratio t Test.
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Compared with other clusters, the Involved to a lesser extent expressed their agreement with the
statement that they bought high-quality dairy products due to their beneficial influence on children’s
health or that they bought high-quality dairy products due to their beneficial influence on their body
shape. The Neutral, more often than the respondents from other clusters, agreed with the opinion that
they bought high-quality dairy products only for those family members who had health issues.

3.3. Consumers’ Willingness to Accept Innovation in Dairy Products

In order to identify respondents’ opinions on their willingness to buy dairy products and to accept
changes on the food market regarding dairy products, those surveyed were asked about the level of
their agreement with statements describing selected opinions on the willingness to buy dairy products
and to accept some changes on the dairy product market. In all the analyzed statements on openness
to new milk-based products, statistically significant differences were noted between mean scores in
particular clusters (Table 5). An additional post-hoc test (Waller-Duncan K-ratio t Test) compared mean
values of opinions between pairs of clusters.

The highest degree of agreement amongst respondents was noted for the statement: “If I do not
know what is in a food, I will not try it”, “I am very particular about the foods I will eat”. Analysis of the
responses in individual clusters showed that, compared with other consumers, the Neutral expressed
the highest level of agreement with the majority of suggested statements concerning openness to new
products, which may indicate that they exhibit greater pro-innovative attitudes. The Enthusiastic,
to a greater extent than the Ultra-involved, declared that they usually know more than others about
the latest products, they seek information on new dairy products appearing on the market and that
they have concerns about eating dairy products they have not tried before. Compared with consumers
from other clusters, the Involved declared a lower level of agreement with the majority of statements,
which indicates the lowest level of openness to changes (innovation) on the dairy product market.
Regarding concerns about eating products which have not been tried before, the Involved declared
a relatively high level of agreement, a similar level to the Neutral respondents (Table 5).

Table 5. Profiles of the segments in terms of different perceptions referring to openness to buy new
products and changes in the market of dairy products (N = 983, Poland).

Statements Mean
Cluster 1

Enthusiastic
N = 286

Cluster 2
Ultra-Involved

N = 185

Cluster 3
Involved
N = 271

Cluster 4
Neutral
N = 240

p-Value

I like to buy new and different products 3.85 3.86 b 3.90 b 3.33 c 4.38 a <0.0001

New products excite me 4.00 4.17 a,b 3.92 b 3.54 c 4.37 a <0.0001

I try new products before my friends
and neighbors 2.80 2.69 b 2.46 b 2.12 c 3.93 a <0.0001

I know more than others about the latest
new products 2.83 2.71 b 2.34 c 2.13 c 4.03 a <0.0001

I look for information about what new food
appears on the market 2.79 2.67 b 2.35 c 2.22 c 3.93 a <0.0001

I am usually amongst the first to try new products 3.22 3.11 b 3.03 b 2.58 c 4.17 a <0.0001

I am constantly sampling new and different foods 3.36 3.25 b 3.11 b,c 2.88 c 4.20 a <0.0001

I do not trust new foods 3.79 3.69 b,c 3.79 b 3.40 c 4.30 a <0.0001

If I do not know what is in a food, I will not try it 4.55 4.81 b 4.34 b 4.52 a,b 4.43 a,b 0.0461

I like foods from different countries 3.29 3.3 b 3.22 b 2.57 c 4.09 a <0.0001

Ethnic food looks too weird to eat (e.g.,
Asian cuisine) 3.72 3.56 b 3.5 b 3.42 c 4.31 a <0.0001

At dinner parties, I will try a new food 3.64 3.81 b 3.51 b 2.99 c 4.25 a <0.0001

I am afraid to eat things I have never eaten before 3.90 3.69 b 3.34 c 4.15 a 4.31 a <0.0001

I am very particular about the foods I will eat 4.48 4.68 a 4.57 a,b 4.23 b 4.45 a,b 0.0331

I will eat almost anything 4.10 3.99 b 4.39 a 3.72 b 4.43 a 0.0003

I like to try ethnic restaurants (e.g., Asian cuisine) 2.92 2.56 b 2.75 b 2.58 b 3.85 a <0.0001

a,b,c Means with the same letter are not significantly different; ANOVA post-hoc Waller-Duncan K-ratio t Test.
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4. Discussion

Our findings show that, compared with other consumers, the Enthusiastic assessed dairy products
the most favorably due to their influence on immunity and their mineral and vitamin content.
This group demonstrated the highest levels of agreement with the statement that dairy products
with reduced fat content are the best for one’s health. The segment of the Enthusiastic comprised
a higher share of women and mature respondents that exhibit higher health concerns and better
knowledge on health-related aspects of food.

Female consumers show high acceptance for some functional dairy products, such as yogurt
enriched with calcium, fiber and probiotics. Acceptance of functional dairy products increases amongst
consumers with higher diet/health-related knowledge, as well as with age [37]. When it comes to
fat content, for the choice of calorie reduced dairy products the highest priorities were: a low fat
content, healthiness and good taste [38]. Moreover, low-fat dairy products, when consumed regularly
as part of a balanced diet, may have a number of beneficial outcomes for neurocognitive health
during ageing [39]. Furthermore, the main reason for choosing functional fermented dairy products is
prevention of diseases, followed by the positive impact of low-fat content on body weight [40].

Agreement with the opinion that dairy products are a rich source of protein observed in our study
was equally significant for the Enthusiastic and Ultra-involved. In general, milk proteins are precursors
of bioactive peptides, so dairy products (e.g., fermented products) may be regarded as functional
foods and targeted for imparting several biologically beneficial attributes [41]. Moreover, from the
consumers’ point of view, products enriched with proteins could be beneficial for the elderly [42] as
well as for people on special dietary regimes and those with certain health issues [43]. Results of other
studies show that, for example, the use of protein-enriched drinking yogurt, consumed as part of
regular meals, can be a promising and feasible solution to increase the protein intake of ill patients [44].

The results of our study showed that quality is the most important factor in choosing dairy
products for the Enthusiastic, and the least important for the Neutral. It must, however, be added that
consumers perceive the notion of ‘quality’ in a complex way. From the consumers’ perspective, there
are many aspects which can describe the quality of a food product, i.e., intrinsic qualities (e.g., taste),
as well as external factors (e.g., origin or labeling) [45,46]. Moreover, from the consumers’ point of
view, the factors of dairy product quality include health and process-related quality that are credence
dimensions. The above-mentioned quality components must be clearly communicated to a consumer
to establish trust in them [47]. In our own studies respondents exhibited concerns about dairy products
which they had not previously consumed, which is supported by high levels of agreement with the
statements: “If I do not know what is in a food, I will not try it” and “I am very particular about the
foods I will eat”. These opinions may also confirm the willingness to seek information, for example,
about the composition of products in this category, which has also been noted in other studies [29,48].

Our research revealed that consumers’ choice of high-quality dairy products for their influence
on children’s health was the most important factor for the following segments: Enthusiastic,
Ultra-involved and Neutral. In the case of the first two segments, it is connected with the biggest share
of families with children in these segments, which is confirmed in other studies [49]. As shown in the
literature of the subject, dairy products contain many of the nutrients which are responsible, amongst
other things, for the proper growth of children [50]. When it comes to yogurts [51], their frequent
consumption, for example amongst American children, is associated with better diet quality, lower
levels of fasting insulin, reduced insulin resistance scores and improved insulin sensitivity scores.

Our own findings show that agreement with the opinions about buying high-quality dairy products
for those family members who have health issues is the highest amongst Neutral respondents. The literature
on the subject concerning health aspect of dairy products emphasizes that various types of dairy products
have different importance levels for health, which is shown by the so-called risk markers of cardiovascular
disease [52]. In addition, for health reasons it is advisable to consume dairy products with low fat content
rather than products with high fat content [53]. The intake of milk and yogurts should be increased and the
intake of cheese should be decreased [54]. However, a growing interest of consumers in the development
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of new functional foods and their introduction into healthy diets has been observed [15]. Functional dairy
products will still play a significant role in a healthy diet [55].

Compared with other segments, the Neutral placed greater importance on the influence of body
shape aspect, which can indicate that this group, to a greater extent, may be motivated by hedonic values
and, therefore, exhibit greater concern for their appearance, which has also been noted in other studies [56].

As noted earlier, our own studies showed that the Neutral, compared with other consumers,
were the least concerned about selected attributes of dairy products, such as their protein content,
influence on immunity or presence of vitamins and minerals. However, the attributes discussed were
rated relatively highly in the opinion of people in this segment, which could indicate that they matter
during the decision-making process. Moreover, the Neutral, compared with other segments, showed
the greatest acceptance for changes on the dairy food market and were relatively more willing to declare
choosing new products. Consequently, this segment can be a potential group of people interested in
new products on the market, including health-promoting food products. Moreover, other studies [57]
have shown that health-promoting food products are important for consumers and the importance of
the health aspect as the criterion for food choice is growing [34]. However, the Neutral segment does
not possess characteristic socio-demographic attributes typical of innovative consumers. Other studies
have shown that younger consumers declare higher acceptance for the suggested changes in products
of animal origin [34,58,59]. The acceptance for changes also concerns, to a greater extent, better
educated people [34,58,59] and those of higher income [34,60]. However, the Neutral segment is
dominated by those living in cities, including the biggest cities, i.e., with over 500 thousand inhabitants.
Findings from other authors [59–61] have shown that this group exhibits the greatest acceptance for
changes to food including changes to products of animal origin [34,58]. Furthermore, big cities offer
consumers more choice of products, which has been reported by other authors [62], who claim that
small towns offer consumers a significantly narrower range of available goods.

5. Conclusions

Growing interest in health-related attributes of food has given rise to a new range of foods
and products on the market that, as well as providing nourishment, improve health by increasing
well-being and reducing the risk of certain diseases. Our research has revealed that consumers
appreciate health-promoting attributes of dairy products declaring their use for a specific purpose and
target group, i.e., for children or family members with health issues. Neutral respondents exhibited
greater acceptance of changes in the dairy food market, which could indicate that this will be the
group of people particularly interested in new products. However, they scored lower on those aspects
related to the healthiness of dairy products and to target them effectively it is essential to develop
well-tailored communication strategies highlighting the health benefits of dairy products.

Our results need to be repeated under different socio-cultural conditions and/or in other countries.
These results are of relevance for professionals involved in public nutrition issues as well as for

marketers aiming at development of well-tailored communication strategies. The results may provide
important insights for those who develop educational strategies and campaigns.
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24. Żakowska-Biemans, S. Polish consumer food choices and beliefs about organic food. Br. Food J. 2011, 113,
122–137. [CrossRef]
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58. Gutkowska, K.; Sajdakowska, M.; Żakowska-Biemans, S.; Kowalczuk, I.; Kozłowska, A.;
Olewnik-Mikołajewska, A. Poziom akceptacji zmian na rynku żywności pochodzenia zwierzęcego
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Abstract: Fluid milk products are systematically, either mandatorily or voluntarily, fortified with
vitamin D in some countries but their overall contribution to vitamin D intake and status worldwide
is not fully understood. We searched the PubMed database to evaluate the contribution of vitamin
D-fortified fluid milk products (regular milk and fermented products) to vitamin D intake and
serum or plasma 25-hydroxyvitamin D (25(OH)D) status in observational studies during 1993–2017.
Twenty studies provided data on 25(OH)D status (n = 19,744), and 22 provided data on vitamin
D intake (n = 99,023). Studies showed positive associations between the consumption of vitamin
D-fortified milk and 25(OH)D status in different population groups. In countries with a national
vitamin D fortification policy covering various fluid milk products (Finland, Canada, United States),
milk products contributed 28–63% to vitamin D intake, while in countries without a fortification policy,
or when the fortification covered only some dairy products (Sweden, Norway), the contribution
was much lower or negligible. To conclude, based on the reviewed observational studies, vitamin
D-fortified fluid milk products contribute to vitamin D intake and 25(OH)D status. However, their
impact on vitamin D intake at the population level depends on whether vitamin D fortification is
systematic and policy-based.

Keywords: dairy; vitamin D; vitamin D-fortified milk; vitamin D intake; vitamin D fortification;
25-hydroxyvitamin D

1. Introduction

Vitamin D plays an important role in bone health, being necessary for calcium absorption [1].
Low vitamin D status in terms of low serum 25-hydroxyvitamin D (S-25(OH)D) concentration has
also been linked to the increased risk of some common chronic diseases, such as type 2 diabetes or
cardiovascular disease [2]. In Northern latitudes, especially in the wintertime, ultraviolet B (UVB)
radiation is too low for dermal synthesis of vitamin D [3]. As there are only a few natural vitamin
D-rich foods, such as fish, egg yolk, and some wild mushrooms [1], some countries, particularly
populations at high latitudes, have initiated national policies of fortifying certain foods with vitamin
D to prevent vitamin D deficiency. Usually these vitamin D-fortified products are low-fat milk, fat
spreads, breakfast cereals, and certain baby foods [4,5]. To better cover different population groups
with differing food habits, a wider vitamin D fortification of different products instead of concentrating
on only a few staple foods has been suggested [5].

To our knowledge, a portion of milk products are systematically, either mandatorily or voluntarily,
fortified with vitamin D only in Finland, Norway, Sweden, Canada, and United States (Table 1) [6–12].
In Finland, the recommended fortification level of all fluid milks except some organic products
is currently 1 μg/100 g, but some products with a concentration of 2 μg/100 g are available on
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the market [6,7]. The fortification is voluntary, but all manufacturers unanimously follow the
recommendations. In Norway, only one type of milk is recommended to be fortified with vitamin D at
a concentration of 0.4 μg/100 g [8]. Sweden recently doubled the fortification levels of fluid milks to
1 μg/100 g and extended the mandatory fortification to cover all fluid milk products with <3% fat [9,10].
Health Canada has also proposed increasing the mandatory vitamin D fortification of fluid milks from
around 1 μg/100 g to 2 μg/100 g as a consequence of the inadequate vitamin D intake among the
population [11]. In the United States, fluid milks can be fortified with vitamin D by around 1 μg/100 g;
the fortification is not mandate at the federal level, but most states mandate fortification [12]. In other
countries, such as United Kingdom, Ireland, Spain, and Australia, the fortification is not systematic,
but there is a varying number of vitamin D-fortified milk products available [13–17]. However, data on
their proportion to the total amount of dairy products in different countries is not easily accessed due
to fluctuations in the market. This causes a knowledge gap on the prevalence of vitamin D fortified
fluid milks and their contribution to vitamin D intake worldwide.

In the latest updated systematic review and meta-analysis on the effects of vitamin D fortification
in randomised controlled trials (RCT), 12 of the 16 included studies used different milk products,
such as fluid milk or milk powder, as a carrier of vitamin D [18]. Four of these studies used vitamin
D-fortified milk and two used vitamin D-fortified yoghurt drinks. All of the studies showed the
efficacy of the studied milk products to increase the S-25(OH)D concentration or decrease the decline in
S-25(OH)D status during the wintertime relative to the control group [19–24]. Further, in Finland, the
vitamin D fortification of fluid milks has been shown to improve the S-25(OH)D status independently
among regular milk users after extensive changes in the national vitamin D fortification policy in an
11-year follow-up study [25].

The aim of this review was to investigate the contribution of vitamin D-fortified fluid milk
products (regular milk and fermented products, such as sour milk and yoghurt) (i) to vitamin D intake;
and (ii) to vitamin D status (25(OH)D concentration in plasma or serum in observational studies with
a special focus on differences possibly caused by different vitamin D fortification policies.
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2. Materials and Methods

2.1. Data Sources and Search Strategy

The literature search was done in the PubMed database at the end of December 2017. The search
terms were the following combination of keywords: “vitamin D” [MeSH Terms] OR “vitamin D” [All
Fields] OR “ergocalciferols” [MeSH Terms] OR “ergocalciferols” [All Fields]) AND (dairy [All Fields]
OR (“milk, human” [MeSH Terms] OR (“milk” [All Fields] AND “human” [All Fields]) OR “human
milk” [All Fields] OR “milk” [All Fields] OR “milk” [MeSH Terms])) AND (fortification [All Fields] OR
fortified [All Fields]”. We limited the search to articles that had the search terms in their title, abstract
or among keywords. The data search was restricted to the last 25 years from 1993 to 2017.

2.2. Eligibility and Study Selection

Two independent authors reviewed the titles and abstracts of all identified studies and selected
observational studies that reported either vitamin D intake or 25(OH)D status in plasma or serum
for full-text screening. Among the full-texts, the eligibility of the articles was screened using the
following exclusion criteria: full-text in a language other than English, studies with disease outcomes,
participants/patient groups with diagnosed diseases, participants aged less than one year, studies in
which the contribution of growing up milks (special products marketed for 1 to 3-year-olds) could not
be separated from that of other fluid milks, RCTs, and reviews. In addition, nationally representative
study reports in local languages other than English were searched to cover vitamin D intake data from
all countries with vitamin D fortification policy of fluid milks.

2.3. Data Extraction

The following information was extracted from eligible studies: first author’s name, publication
year, country, number and age range of subjects, dietary assessment method, total and/or dietary
vitamin D intake (vitamin D intake studies), vitamin D intake from milk (vitamin D intake studies),
contribution of milk to vitamin D intake (vitamin D intake studies), latitude (25(OH)D studies),
season that blood was drawn (25(OH)D studies), 25(OH)D assay method and quality control of assay
(25(OH)D studies), and 25(OH)D concentrations (25(OH)D studies). The results were stratified by the
population groups as follows: “children and adolescents” (vitamin D and 25(OH)D studies), “pregnant
women and mother-child pairs” (25(OH)D studies), and “adults, elderly, and all age groups” (vitamin
D and 25(OH)D studies). In addition, the results were reported by country. In some cases, the results
were stratified by supplement use or other factors, depending on the original study design. In 25(OH)D
studies, the role of vitamin D-fortified milk on vitamin D status was examined as a determinant of
vitamin D status or as a comparison of the 25(OH)D status between low or non-users of vitamin
D-fortified milk and more frequent users. If the contribution of milk to total vitamin D intake was not
provided, it was calculated from the reported total intake and vice versa. International units were
converted to micrograms, and 25(OH)D concentrations in ng/ml were converted to nmol/L. In this
study, we referred to the Institute of Medicine threshold for S-25(OH)D status, where ≤30 nmol/L is
vitamin D deficient, 30–49.9 nmol/L is insufficient, and ≥50 nmol/L is sufficient [26].

3. Results

Figure 1 shows the literature search and study selection process. We found 337 articles that were
published between 1993 and 2017, and their titles and abstracts were scanned. Fifty-one full-text
review papers were selected. Of these, two were unavailable and the corresponding author could not
be reached, and 15 were not relevant to the research questions. Thus, 34 papers were included in the
review process. Of these, 20 provided data on the 25(OH)D status, and 20 provided data on vitamin
D intake. Additionally, intake data in national surveys covering countries with a fluid milk vitamin
D fortification policy that were not covered in the PubMed search (Norway, Sweden) were explored.
One Norwegian [27] and one Swedish report [28] in local language were found and were included
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to provide data on vitamin D intake and the contribution of milk in those countries. Nationally
representative data from other countries with a vitamin D fortification policy were already found in
the literature search.

Figure 1. Literature search and study selection process.

3.1. Contribution of Vitamin D-Fortified Milk to Vitamin D Intakes

For this review, 22 observational studies reported data on the contribution of vitamin D-fortified
milk to vitamin D intake including 99,023 subjects (Table 2). Data from the following countries were
provided: United States (6 studies), Canada (4), Finland (4), Ireland (2), Australia (1), Norway (1), Spain
(1), Sweden (1), and United Kingdom (1). Additionally, one study provided data from both the United
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States and Canada. Various methods to assess vitamin D intake were used: food records (8 studies),
24 h recalls (7), food frequency questionnaires (FFQ) (4), one-week diet history (1), household food
diary (1), and both FFQ and food records (1).

3.1.1. Children and Adolescents

In the studies of Irish and British children and adolescents, the total vitamin D intakes were
2.8–3.5 μg/day and dietary intakes were 1.6–2.6 μg/day [13–15]. Fortified milks provided 0.4 μg/day
or less vitamin D [13–15]. It is notable that the consumption of vitamin D-fortified milk was not
common; in the study of Black et al. [13], only 4–5% of subjects consumed vitamin D-fortified milk. In
contrast, in countries with policy-based vitamin D fortification, i.e., in the United States, Canada, and
Finland, the mean dietary vitamin D intakes in children were 4.4–5.9 μg/day, and 2.3–3.3 μg/day of
that originated from milk products, covering more than half of the total dietary intake [29–32].

3.1.2. Adults and the Elderly, and Studies Including All Age Groups

In Spain and Australia, some of the fluid milks on the market are fortified with vitamin D and
studies conducted in these countries among the adult population showed that the contribution of milk
to total vitamin D intake was 15–18%, with total intakes being 3.5 and 4.4 μg/day, respectively [16,17].
In a Canadian population-based study among adults, the total vitamin D intake was shown to be
5.6 μg/day among females and 4.8 μg/day among males, and milk contributed 48% of the total
vitamin D intake among females and 63% among males [33]. In other large American and Canadian
population-based studies covering all age groups, 1.9–2.9 μg of vitamin D ingested per day originated
from milk, while mean total vitamin D intakes ranged from 4.2 to 9.8 μg/day and dietary intakes
from 3.9 to 7.0 μg/day, milk contributing 44–49% of the vitamin D intake [33–37]. In a smaller study
carried out among the adult population in the United States as well in a Canadian study on Inuit and
Inuvialuit women, vitamin D intakes were similar to those found in the larger studies; however, the
contribution of milk to vitamin D intake was slightly lower, 31–43% [38,39]. In line with the newer
studies, in two studies carried out among elderly people in the United States that were published
in the 1990s, half of the vitamin D intake originated from milk [40,41]. The recent representative
population-based study in Finland [25] showed that 34% of dietary vitamin D intake originated
from vitamin D-fortified fluid milk products which is similar to the proportion observed in the latest
National FINDIET Study—28–39%, varying between age and sex groups [42]. Dietary vitamin D
intakes in the study of Jääskeläinen et al. were the highest among all of the studies included in this
review: 14 μg/day among men and 12 μg/day among women [25]. Data on the contributions of milk
to vitamin D intake in other Nordic European countries following the implementation of a national
vitamin D fortification policy have also been provided. The latest Norwegian national dietary survey
reported that extra-skimmed milk, the only vitamin D-fortified milk in Norway, provided 4% of dietary
vitamin D intake, with the mean dietary vitamin D intake being 6 μg/day [27]. Despite the wider milk
fortification policy in Sweden, only 12% of dietary vitamin D intake originated from milk products in
the Swedish national survey, with the mean dietary vitamin D intake being 7 μg/day [28].
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3.2. Associations Between Consumption of Vitamin D-Fortified Milk and 25(OH)D Status

Twenty observational studies included in this review investigated associations between the
consumption of vitamin D-fortified milk and 25(OH)D status (n = 19,744) (Table 3). Data from the
following countries were provided: United States (5 studies), Canada (4), Finland (3), Sweden (2),
Egypt (1), Ireland (1), Jordan (1), Norway (1), Spain (1), and Thailand (1). Various methods were
used to assess 25(OH)D concentrations: different immunoassays (13 studies), LC-MS/MS (5) and
competitive binding assays (2). Milk consumption was assessed by either a questionnaire (8 studies),
FFQ (5), food records (4), 24 h recall (1), one-week diet history (1) or by both FFQ and food records (1).

3.2.1. Children and Adolescents

Among Egyptian children aged 9–11 years (n = 200), those who consumed vitamin D-fortified
milk less than once a day had a significantly higher risk of vitamin D insufficiency (S-25(OH)D <
50 nmol/L) than those who consumed more milk [43]. In Jordan, children who consumed vitamin
D-fortified fresh milk had higher S-25(OH)D concentrations than those who consumed unfortified
milk (53 nmol/L vs. 43 nmol/L) (n = 93) [44]. These two studies did not provide data on the amounts
of consumed milk. In Finland, higher consumption of vitamin D-fortified milk was associated with
higher S-25(OH)D concentrations among children aged 6–8 years (n = 374) [31]. Children who drank
at least 450 g/day of vitamin D-fortified milk had a 72–74% lower risk of having S-25(OH)D below
50 nmol/L than those who drank less than 300 g/day (adjusted for age and sex). However, another
study on 10-year-old Finnish children (n = 171) found no association between vitamin D-fortified milk
consumption frequency and S-25(OH)D status, but among those children with a history of cow’s milk
allergy (an indicator of milk avoidance), consumption of vitamin D-fortified milk as well as S-25(OH)D
concentrations were lower than among their peers without allergy history [45]. Nevertheless, vitamin
D supplement use was very common in this population (60% daily users), and thus was one important
determinant of their vitamin D status [45].

A Canadian study in 1–6-year-old children (n = 2468) showed that children who drank only
non-cow’s milk (i.e. vegetable-based milk alternatives or goat’s milk) were more than two-fold likely
to have an S-25(OH)D concentration <50 nmol/L relative to children who drank cow’s milk, which is
mandatorily fortified in Canada (odds ratio 2.7, 95% CI 1.6–4.7) [46]. In another sample of Canadian
children aged 8–11 years with a daily mean of 1.3 vitamin D-fortified milk servings (n = 159), one daily
serving of milk contributed to a 2.9 nmol/L increase in plasma 25(OH)D concentration [30]. Further,
among 2270 children aged 3–18 years in Canada, those consuming vitamin D-fortified milk daily were
more likely to have sufficient S-25(OH)D concentration (≥50 nmol/L) than those who drank milk
less frequently (odds ratio 2.4, 95% CI 1.7–3.3) [47,48]. A Spanish study in 9–13-year-old children
(n = 102) showed that the number of daily dairy servings (mean 2.3 servings) was associated with
the S-25(OH)D status [49]. Those who consumed ≥2.5 servings of milk daily had higher S-25(OH)D
concentrations than those who did not (53 nmol/L vs. 46 nmol/L) [49]. In Sweden, fortified lean
milk consumption (mean 230 g/day) correlated with S-25(OH)D status in a group of 13-year-old
children (n = 165) [50]. Among 15–18-year-old adolescents in Norway (n = 890), the use of vitamin
D-fortified milk was significantly associated with S-25(OH)D status in a multivariate model in boys,
but not in girls [51]. Boys who were frequent milk consumers had higher S-25(OH)D concentrations
than infrequent consumers, but this was not seen among girls, and no milk consumption data was
provided [51].

3.2.2. Pregnant Women and Mother-Child Pairs

Two studies carried out in pregnant women in Thailand and Finland also showed an association
between vitamin D-fortified milk and vitamin D status [52,53]. Among Thai women (n = 120), the
consumption of multivitamin-fortified milk containing vitamin D was higher among those with
vitamin D sufficiency (S-25(OH)D concentration > 50 nmol/L) in the third trimester than among those
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with insufficiency [52]. Consumption of multivitamin-fortified milk was associated with an increase in
S-25(OH)D concentration between the first and third trimester. The mean multivitamin-fortified milk
consumption was 1.0 daily serving in the first trimester and 1.4 servings in the third trimester. In a
multivariate analysis, non-consumption of multivitamin-fortified milk was an independent predictor
of vitamin D deficiency [52]. In a study carried out in 584 mother-child pairs in Finland, modifiers of
umbilical cord blood (UCB) 25(OH)D status were studied [53]. The maternal dietary pattern “dairy
and sandwich”, including vitamin D-fortified milk and margarines, positively contributed to child
UCB 25(OH)D status in mother-child pairs in whom an increase was seen in 25(OH)D concentration
when comparing maternal 25(OH)D status in early pregnancy with UCB 25(OH)D status, but not in
those in whom no increase was seen [53]. Among Jordanian women, no differences in S-25(OH)D
concentration were seen among those who consumed vitamin D-fortified milk relative to those who
consumed unfortified milk (26 nmol/L vs. 27 nmol/L) [44]. However, their vitamin D status was
much worse than that of their children, whose vitamin D status was better if vitamin D-fortified milk
was consumed [44].

3.2.3. Adults, the Elderly, and All Age Groups

Among adults aged 20–65 years in the United States (n = 743), the use of vitamin D-fortified milk
was a significant predictor of S-25(OH)D status in the wintertime, but not in the summertime [39].
In an elderly American population aged >65 years (n = 376) [41], S-25(OH)D status correlated with
milk calcium intake from vitamin D-fortified milk (an indicator of milk consumption). Among those
who did not use vitamin D supplements, milk calcium was the main determinant of S-25(OH)D
status; however, this was not the case among vitamin D supplement users. Among adult (≥18 years)
Arab-American women (n = 87), vitamin D-fortified milk was not an independent determinant of
S-25(OH)D status, but their milk consumption was minimal, and S-25(OH)D concentrations were
extremely low [54]. In the Canadian National Survey consisting of a population aged 6–79 years
(n = 5306), those who consumed vitamin D-fortified milk once a day or more had higher S-25(OH)D
concentrations than those with consumption of less than once a day [55]. People who consumed milk
more than once a day had a mean S-25(OH)D concentration of 75 nmol/L, while the corresponding
mean among those who consumed milk less than once a day was 63 nmol/L. In a Swedish study
on elderly women aged >60 years (n = 116), consumption of vitamin D-fortified reduced-fat dairy
correlated with S-25(OH)D status, and the intake of two daily portions of fortified milk (300 g) was
associated with a 6.2 nmol/L increment in S-25(OH)D concentration in a multiple linear regression
model [56]. Further, in an Irish study of three large cohorts of elderly subjects (n = 1233, n = 1895,
n = 1316), vitamin D-fortified milk consumption predicted a higher S-25(OH)D concentration in two of
the three cohorts [57].
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4. Discussion

Based on these observational studies on vitamin D intake and vitamin D-fortified milk
consumption, it seems that in countries with wide vitamin D fortification policies (Finland, Canada,
United States), the total vitamin D intake as well as the contribution of milk to total vitamin D intake is
higher than in the countries without fortification policies (Ireland, United Kingdom, Spain, Australia).
It is notable that in Norway and Sweden, where some of the fluid milks are fortified with vitamin D
amounts lower than in Finland, Canada, or United States, the contribution of fluid milk to vitamin D
intake was shown to be as low as 4% and 12%, respectively, compared with around 50% in the other
fortification policy countries.

Concerning the vitamin D status, we observed that the consumption of vitamin D-fortified
milk was positively associated with 25(OH)D status in almost all studies included in this review
within heterogeneous population groups, independent of country-specific vitamin D-fortification
policies. Even though the consumed amounts of milk varied, the associations between milk and
25(OH)D status were seen also at fairly low consumption levels. Further, the association was seen
in different population groups: children (with the exception of 10-year old Finns), teenagers (except
in Norwegian girls), adults (except in Arab-American women), pregnant women, and the elderly.
This mostly positive association between vitamin D-fortified milk consumption and vitamin D status
was supported by a recent standardized representative population-based study in Finland, where the
vitamin D fortification policy of fluid milks, in particular, was shown to be successful in improving
vitamin D status in the Finnish population [25]. It would be useful to have systematic follow-up
data from the other countries with vitamin D fortification policies, as the present evidence is based
mainly on the Finnish follow-up study. Vatanparast et al. [35] stated that despite vitamin D fortification
being mandatory in Canada, the vitamin D intakes are inadequate and recently, Canada implemented
new guidelines to increase the fortification levels [11]. Sweden has also extended their vitamin D
fortification policy [10]; thus, in the following years there is an opportunity to evaluate the effects of
vitamin D fortification at the population level also in those countries.

4.1. Limitations of the Study

The studies included in this review were carried out in populations of differing size, age, and
gender in numerous countries and at a range of latitudes with different levels of UVB exposure.
Different assay methods for 25(OH)D analysis have been used, increasing the heterogeneity of the
studies [58], and not all studies have provided quality control data. LC-MS/MS, which is considered
the golden standard and reference method in 25(OH)D assays [58], was used in 25% of the reviewed
studies. However, as our aim was to investigate the associations between the consumption of vitamin
D fortified milk and 25(OH)D status, the differences among the assays probably do not mitigate the
power of the overall conclusions, as the trends in 25(OH)D concentrations usually remain similar
independent of the analysis method used [59]. Of greater importance is that most studies considered
the variability of 25(OH)D concentrations between seasons and took the samples at a time when
UVB availability is low or over a short time period or adjusted the data for the season [39,56]. Also,
the dietary assessment methods used in the studies varied and the validity of the methods was not
described in all papers. Some used validated FFQs [25,47] and some only used questionnaires on
milk consumption [43,46]. Moreover, the portion sizes used were not defined in all studies. The
consumed amounts of milk and the vitamin D contents differed, as did the confounding factors
used in statistical analyses. The representativeness of the samples was not described in most of the
studies, but representative data from national health surveys in the United States, Canada, Sweden,
Norway, and Finland were included when describing the contributions of fluid milk to vitamin D
intake [25,27,28,33–35,37]. We only searched data from PubMed, and some studies might have been
missed in our limited literature search. However, these are probably studies that have not taken a stand
on vitamin D fortification of fluid milks as such, and therefore, have not emphasized it in the abstracts
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or in the keywords. Nevertheless, publication bias may have occurred, as some studies that found no
association between vitamin D-fortified milk and vitamin D status may not have been published.

4.2. Future Perspectives in Vitamin D Fortification

Vitamin D fortification of foodstuffs has proven to be a suitable vehicle to increase vitamin D intake
at the population level [5], and the present review shows that vitamin D-fortified fluid milk products
contribute to both vitamin D intake and 25(OH)D status. Cashman and Kiely [5], however, stated that
the fortification of fluid milks may not be enough. Thus, country-specific staple foods should be chosen
as optimal vitamin D carriers based on the results of simulation studies. Also, the biofortification of
foodstuffs should be considered [5]. In many countries without a current fortification policy, the option
of systematic vitamin D fortification of food is under consideration, and simulation studies have been
carried out in recent years. A study using Swedish, British, and Dutch data, for instance, showed that
increased fortification of fluid milk to the level currently used in Finland (1 μg/100 g) and fortification
of margarines to 15 μg/100 g would substantially increase vitamin D intake [60]. Another study based
on British data [61] revealed that the best option would be the fortification of wheat flour with vitamin
D, this being a more efficient option to increase S-25(OH)D concentration than milk alone or combined
fortification of milk and wheat flour. In Germany, the effects of fortification on the seasonal variation
of S-25(OH)D concentrations were simulated, but milk was not considered to be a good carrier of
vitamin D [62]. Simulation studies in Irish and British children showed that the fortification of cow’s
milk would improve vitamin D intake [14,63]. Further, an Australian simulation demonstrated that
with vitamin D fortification of all milk and breakfast cereals, vitamin D intake would increase almost
two-fold [17]. These studies reflect the interest in widening the fortification policies. However, the
results of the above-described simulation studies show that fortification of milk products may not be
the most effective option in all countries.

5. Conclusions

The reviewed studies indicated that in countries with a national vitamin D fortification policy for
fluid milks at a level of around 1 μg/100 g, such as Finland, United States, and Canada, milk products
contribute substantially to vitamin D intake, while in countries without a fortification policy or with
only a few milk products being mandatorily fortified, the contribution is low. Studies carried out
at different latitudes among different population groups have also shown that the consumption of
vitamin D-fortified milk is associated with a higher 25(OH)D concentration. Based on the reviewed
observational studies, vitamin D fortification of milk is an effective vehicle in improving vitamin
D intake and 25(OH)D status in populations with adequate average milk consumption. However,
other food sources, natural or fortified, as well as national recommendations on the use of vitamin D
supplements should not be overlooked when planning national nutrition policies to ensure adequate
vitamin D intake.
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Abstract: The present study compares the bioavailability of vitamin B12 (B12) of dairy products
or synthetic B12, using the pig as an experimental model for humans. Eleven pigs were used
in a cross-over design to assess the net portal drained viscera (PDV) flux of blood plasma B12

after ingestion of tofu (TF; devoid of B12), Swiss cheese (SC), Cheddar cheese (CC), yogurt (YG),
and synthetic B12 (TB12; TF supplemented with cyanocobalamin), providing a total of 25 μg of B12

each. PDV blood plasma flow for SC and CC were higher than for TF and TB12 (p ≤ 0.04) whereas
YG was higher than TF (p = 0.05). Porto-arterial difference of blood plasma B12 concentrations were
higher for CC and TB12 than for TF and YG (p ≤ 0.04) but not different from SC (p ≥ 0.15). Net
PDV flux of B12 was only different from zero for CC. However, the net PDV flux of B12 for CC was
not different from SC or TB12. Cumulative net PDV flux of B12 for SC, TB12, and CC were 2.9, 4.4,
and 8.3 μg 23 h post-meal, corresponding to a bioavailability of 11.6%, 17.5%, and 33.0%, respectively.
In conclusion, CC had the best bioavailability of B12 among the tested dairy products or compared to
synthetic B12.

Keywords: bioavailability; dairy; pig model; vitamin B12

1. Introduction

Animal products and by-products are the only natural source of vitamin B12 (B12) in human diets.
Considering that B12 is synthesized exclusively by bacteria and archaebacteria (when cobalt is not
limiting), ruminant animals (e.g., cows) obtain the vitamin from synthesis by their ruminal microflora.
The vitamin is further absorbed and stored in their body, which explain why the tissues and milk of
these animals are especially rich in B12.

Among animal-derived products, milk stands out as an excellent source of B12. Milk intake
was reported to be better correlated with B12 status than eggs, red meat, poultry, fish and seafood
consumption [1,2]. Using a food-frequency questionnaire, Vogiatzoglou et al. [3] showed that at
similar intakes, dairy products have a greater impact on plasma concentrations of B12 than the above
mentioned products, suggesting a better bioavailability of this vitamin from dairy products. Using a
direct measurement, Matte et al. [4] reported greater bioavailability of B12 from milk than from the
synthetic form (cyanocobalamin) present in most supplements. Considering that similar forms of B12

(adenosylcobalamin, hydroxocobalamin, and methylcobalamin) are found in cow’s milk and dairy
products [5], they would be expected to have similar B12-related nutritional characteristics. However,
because of distinct manufacturing processes, the various dairy products are nutritionally different
among them or compared to milk. For example, whereas only 60–70% of the original content of B12

from milk remains in the curd for Cheddar cheese [6], Swiss cheese increases its original B12 content
due to the indispensable use of Propionibacterium shermanii bacteria, which is known to synthesise
this vitamin [7]. For yogurt, the addition of starter cultures does not affect B12 concentrations but
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fermentation of heat-treated milk resulted in losses of 25% [8]. Therefore, it is possible that these
different processes impact some nutritional aspects related to this vitamin, such as its bioavailability.

The present study compares the net flux of B12 across portal-drained viscera (PDV) after ingestion
of different dairy products or cyanocobalamin (synthetic B12) using, as Matte et al. [4], the pig as an
experimental model for humans. It aims to determine if, as previously observed for milk, the provision
of B12 brought by dairy products is better absorbed through the gastrointestinal tract than that of the
synthetic form used in vitamin supplements.

2. Methods

The experimental procedures followed the guidelines of the Canadian Council on Animal Care [9]
and were approved by the Institutional Animal Care Committee (#490) of the Sherbrooke Research
and Development Centre (Sherbrooke, QC, Canada). All animals were cared for according to the
recommended code of practice of the National Farm Animal Care Council [10].

3. Initial Analysis and Selection of Dairy Products

Because of the wide variety of dairy products available on the market, those commonly consumed
worldwide were initially chosen (cheese and yogurt). Considering the huge variation in B12 content
among these products, different types and brands of cheese and yogurt were selected and analyzed for
their content in B12. Based on these analyses, Swiss cheese (SC; 32 ng B12/g; Agropur, Longueil, QC,
Canada), Cheddar cheese (CC; 15 ng B12/g; Laiterie de Coaticook, Coaticook, QC, Canada), and plain
natural yogurt (YG; 4 ng B12/g; Liberté, St-Hubert, QC, Canada) were chosen. Tofu (TF; Horium,
Montreal, QC, Canada) was chosen as a negative control diet because foodstuffs from plant origin are
naturally devoid of B12 [11]. TF was also used as a carrier for the synthetic form of B12, cyanocobalamin
(TB12; positive control).

In order to minimize variations in B12 levels among products throughout the experiment, one
single batch of each product was purchased. The concentration of B12 in each product was determined
(Table 1) before being frozen at −20 ◦C. One single solution of cyanocobalamin (V-2876, Sigma-Aldrich,
St Louis, MO, USA) was prepared, analyzed for its B12 content (0.125 mg B12/mL) and frozen at
−20 ◦C in individual portions.

Table 1. Composition of the experimental products (as-fed basis) and their calculated provision of dry
matter, protein, fat, salt, and vitamin B12

1.

Item
Tofu Swiss Cheese Cheddar Cheese Yogurt 2

Composition

Dry matter, % 34.60 62.40 52.90 12.70 (23.7)
Protein, g/g 0.17 0.27 0.23 0.06 (0.11)

Fat, g/g 0.05 0.27 0.33 0.02 (0.04)
Sodium, mg/g 0.10 5.33 5.00 0.49 (0.91)

Vitamin B12,
ng/g 0.12 31.88 14.87 3.77 (6.79)

Calculated provision per meal

Dry matter, g 692.0 833.0 883.0 865.1
Protein, g 340.0 380.6 384.1 401.5

Fat, g 100.0 260.6 551.1 146.0
Sodium, g 0.2 4.26 8.35 3.32

Vitamin B12, ng 0.2 25.1 24.8 24.8
1 The amount of each experimental product fed was: tofu = 2000 g, Swiss cheese = 780 g, Cheddar cheese = 1670 g,
yogurt = 3650 g. 2 Values within brackets refer to the preparation of fresh + lyophilized yogurt.
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4. Preliminary Animal Trial

Considering that pigs are not normally fed this type of foodstuffs, a preliminary animal trial
was necessary to assess the maximum consumption of each dairy product in order to standardize B12

ingestion among treatments.
Twenty Yorkshire-Landrace x Duroc pigs were selected at 44.4 ± 4.8 kg of body weight (BW)

and 70–77 days of age. They were penned individually (1 m × 1.8 m) and randomly allocated to one
of 4 treatments: (1) increasing amounts of TF; (2) increasing amounts of SC; (3) increasing amounts
of CC; and (4) increasing amounts of YG. Animals were allowed one single daily meal. When the
consumption of the tested products did not provide the equivalent of 1200 g of dry matter, the meal
was complemented with a conventional growing-phase feed after the 1 h feeding trial. Evaluations
of maximum ingestion capacity, meal duration, and intestinal health (presence of diarrhea) were
performed. The trial ended when a similar average consumption was achieved during two consecutive
days. This happened at day 7 for TF, day 8 for SC and CC, and day 10 for YG. In average, pigs were
able to eat 2.3 kg of TF, 1.8 kg of SC, 1.8 kg of CC, and 7.2 kg of YG within 1 h. No diarrhea was
observed during this preliminary trial.

5. Description of Treatments

Based on the results of the B12 analyses and the preliminary trial, the experimental dose of B12 to
be administered to animals was fixed at 25 μg. This amount was found to be sufficient to produce a
detectable response of post-prandial portal net fluxes in a previous experiment [12]. It also corresponds
to the current daily allowance given to market pigs of this age [13]. Therefore, the total volume of
each product to be used was 1670 g of CC, 780 g of SC, 3650 g of YG, 2000 g of TF and 2000 g of TB12

(a dice of TF was infused with 200 μL of the cyanocobalamin solution at 0.125 mg B12/mL). For SC,
considering that 780 g represents less than 70% of a normal pig feed intake, 1 kg of TF was added to
the treatment (offered after SC was completely consumed). For YG, based on the above described
analysis and trial, it would not be possible to reach the fixed dose of 25 μg by using fresh YG. Therefore,
a part of experimental YG was lyophilized (dosed B12 concentration was 27.16 ng/g) to be further
incorporated into fresh YG just before feeding to animals. Pre-trial analyses of B12 concentration were
performed in mixes of fresh + lyophilized YG to ensure an accurate concentration.

6. Experimental Animals and Palatability Test

Forty four pigs were selected (based on BW and average daily gain) two weeks before surgery
and fed ad libitum a conventional growing-phase diet. Diet composition was 87.43% of dry matter,
3243 Kcal of metabolizable energy, 16.4% of crude protein, 3.29% of fat, 2.69% of crude fiber, 0.83% of
calcium, and 0.54% of phosphorus. In order to identify pigs with the greatest predisposition to ingest
the studied products, a palatability test was performed. Without any fasting period, pigs were offered
each product as follows: Day 1 and 2: 400 and 500 g of TF; day 3 and 4: 400 and 500 g of SC; day 5 and
6: 400 and 500 g of CC; day 7 and 8: 750 and 1500 g of YG. The amount of product left in the feeder
after 1h was weighted and used to calculate intake. Twenty-six pigs with the highest average intake
for all or most of the products were pre-selected for surgery.

7. Surgery

Average BW at surgery was 47.7 ± 7.5 kg. The surgical procedure has been described by
Hooda et al. [14]. Briefly, a catheter was inserted in the portal vein at approximately 2.5 cm before
its entry into the liver and an ultrasonic flow probe (Transonic Systems, Inc., Ithaca, NY, USA) was
installed around the portal vein 1.0 cm distal to the catheter. Another catheter was inserted through
the carotid artery up to the junction between the carotid and subclavian arteries.

Improvements were made on the original pre-, intra-, and post-surgical procedures. Instead
of completely withdrawing feed 16h prior to surgery, pigs had access to a total of 400 g of feed
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overnight. After surgery, pigs had access to 750 g of plain yogurt immediately after waking-up in order
to stimulate food consumption. For animals that did not eat during the first morning after surgery,
another 750 g of plain yogurt was offered. These procedures reduced fasting time and attenuated the
risk of post-operatory gastric ulcerations without any impact on intra- or post-operatory procedures.
The portal catheter, originally inserted in direction of the blood flow after installing a V-shaped suture
heading the liver, was inserted against the blood flow with the V-shaped suture heading in the opposite
direction to the liver. This procedure has reduced the obstruction of catheters by fibrin as compared to
previous studies of this laboratory using this technique. The flow probe, which was originally installed
after a major dissection of the portal vein, was installed with a minor dissection laterally to the vein.
In most cases, the removal of a lymph node that is attached between the vein and the pancreas was
necessary. This procedure has reduced surgical time, the risk of rupture of the vein and the occurrence
of post-operatory intestinal adhesions without any disturbance of flow probe’s signal.

After these improvements, a total of 15 surgeries were performed; 2 animals were eliminated
because of post-operatory intestinal adhesions and 2 animals had their portal catheters blocked.

8. Post-Operatory Procedures and Experimental Days

After surgery, animals were penned individually (1 m × 1.8 m) and fed the conventional
growing-phase diet described above in a single daily meal, according to their BW (1.0 kg/day until
50 kg BW; 1.2 kg/day from 50–60 kg BW; and 1.5 kg/day after 60 kg BW). Seven to 10 days after
surgery, when animals have fully recovered (appetite and normal growth rate), they were gradually
adapted (3–5 days) to the metabolic cage (with free access to water). On days -3 and -2 prior to each
experimental day (day 0), pigs were adapted to consume an increasing amount of the respective
experimental product (1.0 and 2.0 kg for TF; 0.5 and 1.0 kg for SC, 1.0 and 2.0 kg for CC; 1.7 and 3.5 kg
for YG). On day -1, no adaptation was performed. On experimental days (one per week), animals were
placed in metabolic cages and fed tofu (absent in B12) or one of the experimental products providing a
total of 25 μg of B12. Treatments (TF, SC, CC, YG, and TB12) were distributed according to a duplicate
5 × 5 Latin Square design.

Blood samples (4 mL) were collected simultaneously from the two catheters 5 min before
the experimental meal and every 60 min post-meal during 23 h Portal blood flow was recorded
continuously during 23 h using a flowmeter (Transonic® 400-series; Ithaca, NY, USA) and the PowerLab
System (AD Instruments, Colorado Springs, CO, USA). Between experimental days, animals were
moved back to their respective pens and fed the basal diet described above.

9. Sample Handling and Analyses

Immediately after sampling, arterial and PDV blood were transferred from syringes into
EDTA-treated tubes (Vacutainer, Becton Dickinson, Franklin Lakes, NJ, USA). Packed cell volume
(PCV) was measured in duplicate on fresh PDV blood by micro-centrifugation. Aliquots of arterial
and PDV blood were frozen for hemoglobin determination according to the method of Drabkin [15].
Arterial and PDV plasma were collected after centrifugation of blood at 1800 × g for 10 min at 4 ◦C
and frozen at −20 ◦C for further analysis. Arterial and PDV plasma concentrations of B12 were
measured in duplicate by radioassay (SimulTRAC-S Radioasssay kit, Vitamin B12 (57Co)/Folate (125I),
MP Biomedicals, Diagnostics Division, Orangeburg, NY, USA). For each sample, analyses of plasma
B12 were made in duplicate. The upper limit for coefficients of variation between duplicate was fixed
at ≤4%.

10. Calculations and Statistical Analysis

Two animals were not equipped with flow probes (technical reasons) whereas one animal lost
flow probe functionality during one profile (YG) and another one during three profiles (SC, CC, and
YG). For these animals, the estimation of PDV blood flow was performed using the average blood
flows of all other pigs within the same treatment, at each sampling time. The estimated values for
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these periods were not included in the statistical analysis of PDV plasma flow but were used for the
calculation of net PDV flux of B12. Net flux of B12 across PDV was calculated as described by Girard
et al. [16]. Positive net PDV flux indicates release of B12 from PDV, whereas negative net PDV flux
indicates B12 uptake by the PDV. Statistical analyses of arterial concentrations of B12, PCV on PDV
blood, PDV plasma flows, porto-arterial difference, and net PDV flux of B12 were conducted on values
for each sampling time.

All variables were analyzed using the MIXED procedure of SAS (SAS Institute Inc., Cary, NC,
USA) [17] according to a cross-over design in which pigs, periods, and treatments were included in
the model along with repeated measures in time (equally spaced). When the treatment effect was
significant, multiple comparisons between treatments were performed using a t-test. Differences were
considered significant at p ≤ 0.05 and tendencies at 0.05 < p ≤ 0.10.

11. Results

Arterial concentrations of B12 were not affected by dietary treatments (p = 0.18; Table 2) but a
time effect was observed in which values gradually decreased throughout the 23 h profile period
(181.7 ± 7.3 to 162.1 ± 7.3 pg/mL; p < 0.001). Although an interaction treatment × time was observed
(p = 0.03), no specific pattern could be associated to any particular treatment.

Packed cell volume in the portal blood was affected by dietary treatments (p = 0.01). Values
for TF and TB12 (33.5 ± 0.4 and 33.8 ± 0.5%) were or tended to be higher than SC, CC, and YG
(31.9 ± 0.4, 32.5 ± 0.4, and 32.4 ± 0.4%, respectively; p ≤ 0.07). A time effect (p < 0.001) was
observed in which PCV gradually decreased during the first 11 post-prandial hours (from 35.6 ± 0.7
to 31.5 ± 0.7%) but remained stable thereafter until the end of the profile period (32.2 ± 0.7).
No interaction treatment × time was observed (p = 0.14).

Portal-drained viscera plasma flow was affected by dietary treatments (p = 0.01). Values for SC
and CC were higher (p ≤ 0.04) than TF and TB12 whereas YG was higher than TF (p = 0.05; Table 2).
A time effect (p < 0.001) was observed, with maximal values reached at the first post-prandial hour
(1.30 ± 0.04 vs 1.09 ± 0.04 L/min for the pre-prandial PDV plasma flow) and this was followed by
a gradual decrease until the end of the sampling period (1.14 ± 0.04 L/min). No treatment × time
interaction was observed (p = 0.19) on this variable.

Table 2. Average B12 arterial concentration, PDV plasma flow, porto-arterial difference, and net PDV
flux of vitamin B12 during 23 post-prandial hours according to dietary treatments.

Item Tofu Swiss Cheese Cheddar Cheese Yogurt Tofu + B12 p Value

Arterial B12, ng/L 173.2 ± 14.2 177.2 ± 13.0 145.4 ± 143.0 187.7 ± 15.2 194.6 ± 16.4 0.18
PDV plasma flow, L/min 0.93 c ± 0.08 1.31 a ± 0.08 1.34 a ± 0.08 1.19 ab ± 0.09 1.06 bc ± 0.08 0.01

Porto-arterial difference, ng/L 1 −1.36 b ± 1.56 1.58 ab ± 1.46 4.68 a ± 1.53 −0.21 b ± 1.68 4.78 a ± 1.81 0.03
Net PDV flux of B12, ng/min 2,3 −1.50 c ± 1.84 2.10 abc ± 1.73 5.99 a ± 1.81 −0.31 bc ± 1.98 3.17 ab ± 2.14 0.06

Different subscribed letters within a row indicate differences between treatments using t test (p ≤ 0.05). PDV: portal
drained viscera. 1 Values for tofu, Swiss cheese, and yogurt were not different from zero (p ≥ 0.29). 2 Values for
tofu, Swiss cheese, yogurt, and tofu + B12 were not different from zero (p ≥ 0.15). 3 Because estimated values of
PDV plasma flow were not included in the statistical analysis (due to missing data) of PDV plasma flow but were
used for the calculation of arterial and PDV flux of B12, net PDV flux of B12 does not reflect the multiplication of
porto-arterial difference by PDV plasma flow.

Porto-arterial differences of plasma B12 concentrations were affected by dietary treatments
(p = 0.03). Values differed from zero (p ≤ 0.01) only for CC and TB12 and were higher than for
TF and YG (p ≤ 0.04) but not different from SC (p ≥ 0.15; Table 2). No time effect or interaction
treatment × time were observed (p ≥ 0.39). Net PDV flux of B12 tended to be affected by dietary
treatments (p = 0.06). Values differed from zero (p ≤ 0.01) only for CC. Although the average net
PDV fluxes of B12 (per min) for SC and TB12 were not statistically different from zero (p ≥ 0.15),
their cumulative net PDV flux for the whole 23 h post-meal were numerically positive at 2.9 and 4.4 μg,
respectively, corresponding to a calculated bioavailability of 11.6 and 17.5%. Net PDV flux of B12
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(per min) for CC was higher than that of TF and YG (p ≤ 0.02) but not different from SC and TB12

(p ≥ 0.13; Table 2). Cumulative net PDV flux of B12 for CC during the whole post-prandial period of
23 h was 8.3 μg, corresponding to a calculated bioavailability of 33.0%.

12. Discussion

To the best of our knowledge, the present study using a net PDV flux approach to assess the
amount of vitamin B12 absorbed from dairy products through the gastrointestinal tract is unique
in scientific literature. Pigs were used because this species is recognized as a reliable and valuable
experimental model for studies in human nutrition [18]. More specifically for B12, this is supported by
previous results of this laboratory [12] reporting that several aspects of the nutritional metabolism of
B12 in pigs are similar to that in humans [19,20].

Although dietary treatment effects on PCV were unexpected, the values for all treatments were
within the normal range. Therefore, the most likely explanation for the lower PCV in SC, CC, and YG
compared to TF and TB12 would be hemodilution of PDV blood. The calculated total provision of B12,
dry matter, and protein were standardized among treatments, however, levels of sodium were higher
for SC, CC, and YG compared to TF (Table 1). Dietary salt intake is known to alter extracellular fluid
volume [21]. Pigs in SC, CC, and YG treatments consumed between 16.6 and 41.8 times more salt than
in TF, representing 125.8 to 316.3% of the daily amount of salt normally fed to 70–125 kg pigs, and this
was ingested in one single meal. This high acute salt consumption might have caused a higher flow
of extracellular fluid at the PDV level and increased the plasma fraction of portal blood. Incidentally,
portal plasma flow of SC, CC, and YG were also greater than in TF. As for sodium, calculated total
provisions of fat were not standardized between treatments and were higher for SC, CC, and YG
compared to TF (Table 1). Fat has long been known to impact intestinal venous blood flow [22]. Indeed,
Chou and Coatney [23], after evaluating the impact of various nutrients on postprandial intestinal
hyperemia concluded that micellar fatty acids were the most effective in increasing intestinal blood
flow. In this sense, SC, CC, and YG provided between 1.5 and 5.5 times more fat than TF.

The mean porto-arterial difference and net PDV flux of B12 following a meal not supplemented
with B12 (TF) (Table 2) were not different from zero, as previously observed by Matte et al. [4,12].
These same authors reported conflicting results for cyanocobalamin (equivalent to TB12 in the present
study). Matte et al. [12] supplemented pigs with levels of 25 or 250 μg of cyanocobalamin in corn
starch + casein-based diets and observed net B12 flux different from zero whereas in Matte et al. [4] the
net flux of that same synthetic form of B12 did not differ from zero in diets incorporating B12 solutions
in plant-based feedstuff (44 and 71 μg B12). Such inconsistent results may be related to the known effect
of different food matrixes on B12 absorption [24]. In dairy cows, Artegoitia et al. [25] reported a better
absorption of B12 after a post-ruminal infusion of a solution of cyanocobalamin + casein hydrolysate
than after infusions of cyanocobalamin + whey protein or free cyanocobalamin solutions. Proteins
are known to slow gastric emptying [26] and, although both casein and whey are proteins with high
B12-binding capacity [27], casein (hydrolyzed or not) has a gastric emptying time 33% slower than
whey [28]. This may be caused by formation of curd-like structures by caseins once in the stomach
whereas whey remains liquid. Therefore, it appears that the food matrix effect on the absorption
of vitamin B12 would be related to the rate of the vitamin release from this food matrix leaving the
stomach. In this sense, a gradual gastric release of B12 would enhance the duration and efficiency of
its absorption whereas the presence of bulky transient arrival of B12 at the site of absorption would
result in a greater amount of unabsorbed B12 in the intestinal lumen because B12 receptors in the ileum
are saturable [29]. This hypothesis is in line with the fact that increasing dietary levels of the vitamin,
which is likely related to a greater gastric release, decreases the efficiency of B12 absorption [30].

Mean porto-arterial difference and net PDV flux of B12 for YG were not different from zero
(Table 2). Considering its similarity with milk (high protein liquids) one would expect YG absorption
to be comparable to that of milk (8–10%) [4]. Compared to milk, yogurt is richer in proteins (milk
enriched with milk solids) which, in addition to various buffers produced during the fermentation
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process, provide a greater buffering capacity to this dairy product [31]. According to Jalan et al. [32],
following ingestion of a standard 250 mL dose of yogurt or whole milk, 31 and 10 meq of gastric HCl
would be required to reduce the pH of the meals to a pH of 2. In this sense, the present YG treatment
(3650 g) would require 8.7 times more HCl than the milk treatment of Matte et al. [4] at 1300 g to reduce
the pH of the meals to a pH of 2, which is critical for the release of B12 from its binding proteins in
milk [33]. Additionally, according to Rioux and Turgeon [34], high viscous food matrixes may impair
the digestion of nitrogenous compounds such as casein, the greater binder of B12 in milk [33]. In this
sense, it has to be stated that the present YG treatment (fresh + lyophilized yogurt) was much more
viscous than milk or even regular yogurt. Considering that the bioavailability of protein-bound B12 is
dependent on the gastric degradation of B12-binding proteins, the above mentioned factors suggest
that the release of cobalamin from these binding proteins, a crucial step in B12 intestinal absorption,
was impaired.

For cheeses, mean porto-arterial difference and net PDV flux of B12 for SC did not differ from
zero whereas CC did (Table 2). However, it has to be stated that net PDV flux of B12 for CC was
not statistically different from that of SC. In fact, the cumulative net PDV flux of B12 for SC was
numerically positive and corresponded to a calculated bioavailability of 11.6%. Although this value
is lower than CC (33.0%), it is comparable to values reported by Matte et al. [12] for semi-purified
diets supplemented with 25 μg of cyanocobalamin (9.7%) and Matte et al. [4] using milk preparations
containing 44 or 71 μg of B12 (8–10%).

Although most steps of the manufacturing process of SC and CC are similar, differences in starter
cultures, in particular the use of Propionibacterium shermanii that is known to synthesize B12 [11],
may explain the higher concentration of B12 in SC as compared to CC. In fact, the present SC was twice
as concentrated in B12 as CC (32 μg/g vs. 15 ug/g). In this sense, it has to be stated that the mass of
B12-containing foodstuff (SC curd) ingested was half of that of CC (780 g vs. 1670 g). This combination
of greater concentration and smaller mass implies that the release of B12 was proportionally faster
in SC. Another important difference in the manufacturing process of these cheeses is the timing of
the salting of the curd. For CC, salt is applied prior to the pressuring procedure, whereas for SC it is
done after. Salting the curd stimulates the leak of whey that will be lost during pressuring. The lower
loss of whey in SC implies that it is richer in plasmin (protease). In fact, Richardson and Pearce [35]
reported that SC has 2–3 times more plasmin than CC. This protease preferentially hydrolyzes casein
suggesting that links casein-casein or casein-B12 would be weaker in SC than in CC. In fact, those
authors indicated that the extent of casein degradation in SC was related to plasmin content, whereas
little evidence of plasmin degradation was observed in CC. Together with the more B12-concentrated
mass in SC, this suggests that the digestion of SC may release B12 faster and in a greater amount
than CC, saturating B12 receptors in the ileum and losing a higher proportion of B12 (unabsorbed)
downstream in the intestinal lumen (Figure 1). For CC, the more gradual release of B12 may have
reduced the saturation of the receptors improving the efficiency of B12 absorption.

For SC, however, it cannot be ruled out that the greater presence of B12-binding proteins from
bacterial origin in SC might have also contributed to differences in bioavailability of B12 compared
to CC.

160



Nutrients 2018, 10, 1134

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Cu
m

ul
at

iv
e 

ne
t f

lu
x 

(μ
g)

Post-prandial time (hours)

tofu suisse cheddar yogourt tofu+B12

Figure 1. Calculated cumulative net portal-drained viscera flux of B12 (μg) by post-prandial time.
TF = tofu; SC = Swiss cheese; CC = Cheddar cheese; YG = yogurt; TB12 = tofu + vitamin B12.

13. Conclusions

Dairy products can be considered as adequate sources of dietary B12. Among the tested products,
CC had the best bioavailability of B12 followed by TB12 and SC. This might be related to the rate of
release of B12 from the food matrix leaving the stomach modulating the saturation of B12 receptor in
the ileum and the efficiency of intestinal absorption of this vitamin.

Further investigations are needed to assess the importance of this phenomenon for B12

bioavailability in foodstuffs.
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Abstract: The valorization of food wastes and byproducts has become a major subject of research
to improve the sustainability of the food chain. This narrative review provides an overview of the
current trends in the use of food byproducts in the development of dairy foods. We revised the latest
data on food loss generation, the group of byproducts most used as ingredients in dairy product
development, and their function within the food matrix. We also address the challenges associated
with the sensory properties of the new products including ingredients obtained from byproducts,
and consumers’ attitudes towards these sustainable novel dairy foods. Overall, 50 studies supported
the tremendous potential of the application of food byproducts (mainly those from plant-origin) in
dairy foods as ingredients. There are promising results for their utilization as food additives for
technological purposes, and as sources of bioactive compounds to enhance the health-promoting
properties of dairy products. However, food technologists, nutritionists and sensory scientists should
work together to face the challenge of improving the palatability and consumer acceptance of these
novel and sustainable dairy foods.

Keywords: byproducts; sustainability; functional foods; dairy products

1. Introduction

Sustainability presents both an opportunity and a challenge to the dairy sector. It is an opportunity,
because the possibility of using food-processing byproducts for bioactive compound and nutrient
extraction has created enormous scope for waste reduction and indirect income generation [1].
However, the challenge is to sustainably intensify the global food production system to enhance food
security and nutrition without sacrificing the environment, and to render the concept of sustainable
functional foods into a marketable product that is acceptable to consumers [2,3].

The development of novel food and/or functional food products is increasingly challenging, as it
has to fulfill the consumer’s expectations for products that are simultaneously palatable and healthy [4].
Compared to conventional foods, the development of functional components and technological
solutions can be demanding and expensive, and needs of a tight strategy between research and
business. All this occurs in a context where functional food markets are continuously changing [5,6].

The purpose of this review is to summarize the research findings on the application of various
food-processing byproducts used as a source of targeted compounds or as whole ingredients in the
manufacturing of dairy foods. So far, most studies available on the valorization of agro-industrial food
wastes focus on specific byproducts and their applications in different foods. In this review, the focus
is on dairy product development, and how byproducts can be used in their manufacturing to improve
their technological and health-promoting properties.
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2. Materials and Methods

The present narrative review was conducted by a literature search consulting the PubMed,
Web of Science and Scopus databases. The search was limited to English written articles published
during the last 18 years, from January 2000 to July 2018. Search terms for general and specific
food processing byproducts (“food byproduct”, “food waste”, “food loss”, “vegetable byproduct”,
“fruit byproduct”, “grape pomace”, “orange pomace”, “coffee byproduct”, “cheese whey”,
“fish byproduct”, “meat byproduct”), were combined with search terms for dairy matrices (“dairy”,
“yogurt”, “fermented milk”, “milk”, “cheese”, “butter”, “ice-cream”). In addition, references of relevant
reviews and original research articles were manually searched to find out more potential eligible studies.
Data on legislation were consulted from the Codex Alimentarius guidelines, the United Nations Food
and Agriculture Organization (FAO), the European Food Safety Authority (EFSA) and the Food and
Drug Administration (FDA). Data from the FAO Food Balance Sheets regarding worldwide production
and losses of the different food commodity groups for the most recent year available (2013) were
accessed to study the latest state of global food loss generation.

The selection of the papers to be included in the review was performed after a thorough study of
their content by the authors. The information extracted from the identified references included first
author’s name, author affiliation, publication year, dairy product developed, food byproduct used as an
ingredient, purpose of adding the food byproduct as an ingredient (technological or health-promoting
function) and outcomes. The selection process resulted in the identification of 50 eligible studies which
directly addressed the application of a food byproduct as an ingredient in a dairy matrix.

3. Byproducts Used as Novel Ingredients in Dairy Foods

Food loss was redefined by FAO in 2014 as “the decrease in quantity and quality of food”.
Food waste is considered as part of food loss and refers to discarding or alternative non-food use of
food that is safe and nutritious for human consumption along the food chain [7]. Food losses and
waste represent an imbalance in the availability and accessibility dimensions in the global food system.
Different multifaceted strategies have been proposed by the FAO Committee on Global Food Security to
promote the development of a sustainable food system, including food byproduct valorization. In this
sense, a reduction in food losses and waste could potentially lead to positive economic, social and
environmental outcomes, improving food availability and accessibility, and enhancing a sustainable
use of natural resources on which the future production of food depends [8].

The most recent Food Balance Sheets [9] indicate that fruits and vegetables presented the highest
values of food losses along the food chain compared to the rest of the commodity groups: cereals,
roots and tubers, oilseeds and pulses, meat, fish and seafood, and dairy products. Correspondingly,
there has been increasing interest in using fruit and vegetable byproducts as novel ingredients in
the development of foods, including dairy products. This focus may be explained by several factors:
their impact on the environment, their potential health-promoting phytochemical content, and the fact
that plant-derived byproducts and losses mostly occur before household consumption, which makes
them still available for reutilization.

Of the studies on the development of innovative and health-promoting dairy products using
sustainable ingredients published from 2000 to 2018 (n = 50 eligible studies), 88% used side-streams
from plant materials. Most studies used byproducts from fruits (43%), followed by the application of
winery (19%) and vegetable (13%) byproducts. Among fruit and vegetable byproducts, most research
has been carried out using citrus and tomato side-streams as ingredients in dairy formulations
(Figure 1), which means that efforts have been made to valorize byproducts from food groups that
present some of the largest food losses [9]. In 2013 alone, 13.4 and 6.9 million oranges and tomatoes
were lost during storage and transportation [9]. It is evident that the amount of food loss is correlated
to the amount of the food item produced, but the ratio of food loss within a production chain for a
specific item can also help identify which foods are more susceptible to being lost. As seen in Figure 2,
bananas, plantains and pineapples have some of the highest loss rates among fruits and vegetables
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during storage and transportation. This way, further strategies for food loss and waste reduction could
focus on using byproducts from these foods as novel ingredients.
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Figure 1. Percentage of research studies that used byproducts from various sources among the
fruit and vegetable commodity groups in dairy food manufacturing from 2000 until July 2018
(n = 50 studies reviewed).

Byproducts from meat, fish and seafood contain high amounts of protein, which may be less
interesting in dairy food manufacturing as they already contain this compound in their matrix.
However, when protein has been needed, it has mostly been obtained from cheese whey, which is
a saccharide and protein rich waste generated during cheese production [10]. Using a byproduct
from the same industry as a food ingredient not only enhances the sustainability within the dairy
industry, but also may translate into fewer sensory difficulties when developing the product due to the
similarities of the food matrices.
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Figure 2. Worldwide food production (1000 tonnes) and its corresponding food loss (%) generated
during storage and transportation within the fruit and vegetable commodity groups in 2013.
Data obtained from the latest Food Balance Sheets, accessed in 2018 [9].

4. Approaches in the Application of Food Byproducts in the Dairy Industry

The exploitation of byproducts generated during food processing or discarded produce as a
source of functional compounds and their application in other foods is very much desirable as part
of a waste management system [11]. In this review, we divide the applications of food byproducts in
dairy foods in two categories: those with technical purposes, which include the improvement of shelf
life, safety, stability, sensory quality, etc.; and those with biological purposes, which aim to enhance
health-promoting effects for their conversion into functional foods. A summary of the applications so
far proposed is shown in Table 1.
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4.1. Technological Applications of Food Byproducts in Dairy Formulations

One of the major emerging technologies is the application of food byproducts as natural additives.
The implementation of this approach could serve a double purpose. As a waste reduction measure,
it would enhance sustainability and increase industrial profitability. In addition, it would be possible
to fulfill the requirements of consumers concerned about chemical residues in their foods that look for
clean-label and naturally-preserved healthy foods [60].

The addition of food additives is regulated under Codex Alimentarius guidelines. Therefore,
food byproducts used as natural additives must consider current regulations and undertake proper
authorization if necessary. In this section, we summarize the ongoing research carried out to apply
food byproducts as additives in dairy products.

4.1.1. Use of Byproducts as Antioxidants

The Codex General Standard for Food Additives defines antioxidants as food additives which
prolong the shelf-life of foods by protecting against deterioration caused by oxidation [61]. In dairy
products, lipid oxidation produces fatty acid hydroperoxides, an intermediary tasteless and odorless
compound which can further react with fatty acids leading to the formation of secondary lipid oxidation
products and protein damage [62]. These reactions result in the production of off-flavors in milk and
dairy products, which are described as cardboardy and metallic [63]. These off-flavors can be detected
in raw or pasteurized milk, in any dairy product that has not been flavored, and especially in high-fat
products such as butter or ice-cream. Therefore, changes in the properties and palatability of these
products can lead to a decrease of consumer acceptability and confidence in dairy products [12].

The susceptibility of milk lipids to oxidation depends on several factors: intrinsic factors,
extrinsic factors and their interrelation [62]. Intrinsic factors include the composition of the milk
system, which is constituted by a complex mixture of pro-oxidants (transition metals) and antioxidants
(tocopherols, uric acid, ascorbic acid), whose relative concentration in milk are related to seasonal,
physiological and nutritional effects on the cow [64]. Extrinsic factors that affect lipid oxidation refer
to environmental and physical factors (light exposure, temperature, pH, water activity, etc.), and to
changes that occur during processing and storage (homogenization, heat treatment, fermentation,
proteolysis) [65].

This way, the addition of antioxidants in milk is one of the main methods used for preventing
and retarding lipid oxidation. The most commonly applied antioxidants in dairy foods, when their use
is not explicitly excluded by legislation, are ascorbates and tocopherols [66].

As an alternative to conventional antioxidants, different bioactive compounds recovered from
food byproducts have been used to prevent lipid oxidation of dairy foods and increase their shelf
life. These efforts have been made especially in high-fat content dairy foods, such as cheese and
butter, but also in yogurts and other dairy products such as milk drinks fortified in omega-3 fatty
acids, which have a higher risk of lipid deterioration. Agaricus blazei mushroom residue has been
added to milk fortified in omega-3 fatty acids, which decreased lipid oxidation when subjected
to photooxidation [12]. Wine grape pomace also proved to delay lipid oxidation in yogurt [29],
whereas grape seed and pomegranate peel extracts have been applied effectively to protect against
lipid oxidation in cheese during storage [56].

Butter contains the largest amount of fat among dairy foods (approximately 80%) and can be
kept well for at least 20 days if correctly stored at 10 ◦C, protecting it from moisture evaporation
and light induced photooxidation. However, during cold storage, autoxidation is the main cause of
deterioration, which depends on the copper present in the product [67]. Antioxidants from tomato
processing byproducts were used as agents against lipid peroxidation in conventional and traditional
Tunisian butter, showing a protective action during 4 months of cold storage [11,52]. A protective
effect against lipid oxidation during 3 months of cold storage was also shown by adding almond peel
extract in whey butter, which contains a higher concentration of unsaturated fatty acids that are more
vulnerable to oxidative breakdown [51]. The addition of almond peel extract allowed whey butter
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storage up to 3 months which showed no significant differences in acceptability scores against milk
butter [51].

It is relevant to consider the dosage of the extract added to the food product, as it can
affect both the antioxidant behavior of the extract and the final sensory acceptability of the food.
The effectiveness of tomato processing byproducts as antioxidants in butter was found to be dose
dependent: lower amounts of the extract (400 mg tomato processing byproduct/kg butter) considerably
inhibited the formation of oxidation products, extending the shelf life of the product up to two
months; whereas greater concentrations of tomato processing byproducts (800 mg tomato processing
byproduct/kg butter) showed pro-oxidant properties with detrimental effects on the stability of the
butter [52]. This change in the antioxidant/pro-oxidant capacity of certain compounds was also
described in other studies [68], which observed that extracts with high concentrations of b-carotene
lost their antioxidant effect becoming pro-oxidant, possibly due to long-chain-oxidized products of
the carotenoid.

The addition of byproduct extracts can lead to either positive or negative effects on the sensory
properties of the final product, depending on the dosage, the type of recovered byproduct compounds
and the food matrix in which it is incorporated. In ice-cream, the addition of tomato peel carotenoid
concentrations of 4% or higher lowered acceptance scores for flavor, texture, melting quality and
color [49]. Tomato byproducts used in a different matrix, butter, significantly improved the product’s
appearance after 4 months of cold storage compared to the control butter [11]. Different byproduct
extracts, such as grape and pomegranate seed extracts, decreased fat deterioration in sheep yogurt,
but their sensory profile was significantly less acceptable than the control samples immediately after
yogurt manufacture and after 14 days of storage [39].

4.1.2. Use of Byproducts as Antimicrobials

Preservatives are food additives that prolong food shelf life by protecting against deterioration
caused by microorganisms. Different types of preservatives include: antimicrobial antimould antirope
and antimycotic agents, antimicrobial synergists, bacteriophage control agents and fungistatic
agents [61]. Food byproducts have been used as preservative agents with antimicrobial activity
to ensure that manufactured dairy foods remain unspoiled and safe during their whole shelf-life.

Several studies have shown that food byproducts can be used against spoilage and pathogenic
bacteria without interfering with the viability of starter cultures and other microorganisms involved in
fermentation processes, ensuring that the quality of the developed products is maintained. The bacterial
concentrations required in yogurts and fermented milks by the Codex Alimentarius (107 CFU/g)
were still met when different byproducts were added into the food matrix (grape pomace flour and
extracts, grape skin and seeds, hazelnut skins, pineapple peels, pomegranate seeds, passion peels,
etc.) [22,24,27,28,38,39,45]. In cheese, there is less information on the effect of byproduct addition on
molds, yeasts and bacteria during ripening, even though they are essential for the correct development
of cheese flavor and texture [69,70]. Winemaking byproducts have been added in Toma-like and
cheddar cheese products, showing that their addition did not interfere with starter and nonstarter
bacteria nor with cheese proteolysis [59]. Therefore, there is an opportunity to study whether the
addition of recovered compounds interferes during ripening in other cheese types that involve the
growth of different molds in the cheese rind (soft cheese, natural rind cheese, etc.).

4.1.3. Action Against Dairy Food Spoilage Microorganisms

Milk spoilage is primarily due to the growth of psychrophilic microorganisms that trigger lipolysis
and proteolysis reactions of milk fatty acids and proteins, respectively [71]. Lipolysis of milk lipids
to free fatty acids and partial glycerides contributes to the desirable flavor of milk and other dairy
products, but when present in high concentrations, it can lead to the development of off-flavors.
These are described as rancid, butyric, bitter, unclean, soapy and astringent [72]. Once lipolysis
produces detectable off-flavors it is not possible to remove them from the product [73]. In addition,
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the hydrolysis of milk proteins produced by proteases from Pseudomonads, Aeromonads, Serratia and
Bacillus spp. also result in the release of off-flavors due to the production of bitter peptides and milk
gelation and coagulation [74–76].

Milk spoilage is mediated by lipases that are naturally present in milk (lipoprotein lipase) or by
lipases and proteases from psychrophilic bacterial contamination occurring during milking, storage and
transportation that result in the destabilization of milk during cold storage [62,77]. One of the most
important properties of these bacterial enzymes is their heat stability. This is because most of them can
retain at least some of their activity after pasteurization or ultra-high temperature (UHT) treatment,
even though bacteria are destroyed [63,78]. Therefore, it is important to develop good practices and
strategies to minimize the risk, such as achieving a low microbial count in milk before pasteurization
as the action of the residual enzymes during storage will shorten the milk’s shelf life [74].

Quality issues and defects associated with excessive lipolysis in dairy products include rancid
flavors and poor foaming capacity in pasteurized milk, rancid flavor due to increasing free fatty acids
in UHT milk, and spoilage of milk powder during storage. Flavor defects in cheese and butter can be
caused by lipolysis before or after manufacture, whereas yogurt is less susceptible to lipolysis defects
due to a combination of factors such as low pH, low storage temperature and short shelf life [73].

Although different applications of recovered food byproducts are being studied to valorize them
as novel food ingredients, there is a lack of information on the effect of the addition of these extracts in
the lipolysis or proteolysis of dairy foods. This should be considered, as some additives, such as pepper,
promote lipase activity in cheese, producing soapy and rancid off-flavors [73]. To our knowledge,
there is only one study that described the effect of byproducts on the hydrolysis of lipids in dairy foods.
Tomato processing byproducts were used in butter and ice-cream to prevent lipolysis during 4 months
in refrigerated storage [11]. A significant decrease in the liberation of free fatty acids was observed
in lycopene added butter after 3 months compared to control butter, suggesting that this extract may
exert a protective action against lipolysis.

4.1.4. Action Against Foodborne Pathogens in Dairy Foods

The milk matrix is an ideal media for microorganism proliferation. This also includes
pathogenic bacteria, where mycobacteria, Brucella sp., Listeria monocytogenes, Staphylococcus aureus
and enterobacteria (including toxigenic Escherichia coli and Salmonella) are the most frequently found
pathogenic bacteria in dairy foods [76]. The origin of pathogen proliferation can be either endogenous
(from udder infection) or exogenous (contact with contaminated environment) [79]. Therefore,
implementation of Hazard Analysis and Critical Control Points (HACCP) and quality assurance
programs through European Union (EU) directives (2004/41/EC, EU 605/2010) on milk hygiene and
public health conditions have been put into practice to ensure food safety [80].

Milk heat treatment, such as pasteurization or UHT processes, kill pathogenic bacteria. However,
inadequate pasteurization or post-pasteurization contamination can cause milk re-contamination if
sanitation measures in the processing plant are not sufficient, leading to food poisoning incidences [74].
Outbreaks of food-borne illnesses have been mainly linked to the consumption of raw milk or
products made of unpasteurized milk such as raw milk cheeses, whose consumption is continuously
growing [81]. Besides not using heat treatment, traditional raw milk cheese producers may not use
starter cultures in their elaboration process, which increases the risk of pathogen multiplication as
the competitive activity of the lactic acid starter is eliminated [82]. In this sense, the addition of
preservatives to dairy products is principally used in cheese. Preservatives may be added during
cheese production and ripening to all the edible part of the cheese or only for rind treatment [66,83].

The number of dairy food infection outbreaks due to pathogen contamination of other dairy
foods is less common, although some cases have been reported for yogurt and fermented milks [84].
In these products the acidity of the matrix acts as a barrier to bacterial growth. However, milk must be
pasteurized as some pathogens, such as E. coli 0157:H7, can be tolerant to the acid environment [85].
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Many studies have analyzed the antimicrobial and antimycotic in vitro properties of extracts
recovered from food byproducts. The antimicrobial action against foodborne pathogens has been
associated with the polyphenols of plant based byproducts, which may penetrate the cell wall causing
membrane disruption, damage of membrane proteins and enzymes, and structural changes that lead
to bacterial death [86–88].

The number of studies analyzing the efficacy of byproduct polyphenolic extracts included in the
dairy food matrix on food pathogen control is still limited. Pomegranate peel and grape seed extracts
proved to be effective natural preservatives against Listeria monocytogenes, Staphylococcus aureus and
Salmonella enterica in cheese [56]. Pathogen counts in cheese significantly decreased with the byproduct
extract treatments. However, the cheese matrix required higher concentrations of the byproduct
extracts to efficiently deliver the antibacterial effect compared to the in vitro analyses performed in the
culture medium. This could be explained by the effect of the micro-architecture of the food matrix.
Microbial growth occurs in the aqueous phase of food and is affected by food structure which can
restrict the mobility of bacteria. In cheese, which is a gelled emulsion, fat and protein content together
with low water content may act as a protective barrier between the bacteria and the extracts, requiring
higher concentrations of preservatives to control the growth of pathogens [89].

The addition of herbs and spices in cheese has been part of the cheese culture in many countries
for centuries. Some examples include the French Banon covered in chestnut leaves, or the Spanish
Majorero cheese with sweet pepper. In this sense, the antimicrobial effect of herbs and spices and their
application as cheese preservatives has been more commonly studied [90,91]. This tradition could
be used as a cultural advantage for the application of plant-based byproducts as preservative and
flavoring agents in innovative cheese developments. As consumers already feel familiar with this
type of cheese products, it could increase product acceptability and facilitate its introduction into
the market.

4.1.5. Use of Byproducts as Colorants

Colorants are food additives that add or restore color in foods [61]. Their role is involved in the
improvement of the appearance and color of foods, and in the maintenance of their natural color
during processing and storage [92]. Color stands as one of the most important quality attributes for
the food industry, as it directly affects consumers’ acceptance and food selection [93].

Current market trends include the substitution of synthetic colorants for natural compounds,
which has been motivated by consumers’ concern about the safety of synthetic food dyes (side effects,
toxicity and allergic reactions), and by the possible health-promoting benefits of natural pigments [94].

Fruit and vegetable byproducts have become an important source of natural pigments as they are
colored by green chlorophylls, yellow-orange-red carotenoids, red-blue-purple anthocyanins and red
betanins [95].

Anthocyanins have been widely extracted from various plant based foods and byproducts,
such as radishes, red potatoes, red cabbage, black carrots, purple sweet potatoes, coffee husks, berries,
winery byproducts, etc. [96–98]. However, their use as food colorants has been limited. The list of
anthocyanin colorants in the Codex Alimentarius includes only grape skin extract (E163), and in the
FDA, “grape color extract” and “grape skin extract” (enocyanin) [61,99].

Anthocyanin application in dairy foods comes with a range of unique coloring challenges, as their
stability is affected by changes in pH, fat content in the dairy matrix and manufacturing and storage
conditions including extreme temperature and light exposure [97]. Moreover, their use may add specific
flavors associated with phenolic compounds. This is the case in some studies where the addition of wine
byproducts in yogurt and fermented milks for polyphenol enrichment and color improvement resulted in
a decrease in overall liking due to a predominant astringent sensation [29,44,45]. This problem is solved
by adding sucrose or other ingredients to the basal recipe to eliminate the astringency. Higher sensory
scores in flavor and overall acceptability were reported in wine pomace-fortified fermented milks
compared to control samples [30]. The greater acceptability of the polyphenol-fortified samples was
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probably due to the influence of the intensified color on the perception of taste. Other satisfactory
applications of food byproducts as colorants have been reported using anthocyanins from grapes and
beetroot betalains. The coloring compounds proved to be stable in semisolid petit-suisse-like cheese
probably due to its low water content, slightly acid pH and the low temperature and light-impermeable
packaging during storage [100].

Carotenoids stand as the major group of compounds used as coloring agents. Their use is
widely extended, and the number of authorized carotenoids used as colorants varies depending
on each country. Most commercial carotenoids are produced synthetically (β-carotene, astaxanthin,
canthaxanthin and zeaxanthin), although some are obtained from natural sources (annatto, paprika,
saffron, marigold, tomato, algae) and microbial fermentation [95]. Extraction of lycopene from tomato
processing byproducts has been optimized and registered as the food color “E160d” in Europe [61].
In dairy foods, lycopene from tomato byproducts has been applied in the coloring of butter and
ice-cream showing a stable reddish color for up to 4 months [11,49].

4.1.6. Use of Byproducts as Texturizing Agents

Texturizing agents are used to add or modify the overall texture and mouth feel of food
products by providing creaminess, thickness, viscosity or a stable structure. This category comprises
a wide range of food additives including emulsifiers, stabilizers, thickeners and bulking agents [61].
Texturizing agents are commonly used in dairy products. Hydrocolloids are used for stabilizing
and thickening purposes in fermented milks, milk drinks, dairy desserts, cream and ice-cream.
Phosphates and coagulation agents are also permitted as stabilizers and to aid in the curdling of
milk in cheese production, respectively [66,101].

Most hydrocolloids used in dairy foods come from natural origin as they are manufactured by
isolation from seaweeds and plant cells [102]. Moreover, many of these hydrocolloids are extracted
from plant food wastes, such as pectin, which is commonly isolated from apple pomace and citrus
peels, as well as from other fruit and vegetable byproducts such as passion fruit peels, rapeseed cake,
olive pomace, grape pomace, onion hulls, etc. [103–106]. Their application in dairy foods as isolated
ingredients is increasing which is a step forward in valorizing underused fractions. However,
the isolation of specific compounds generates once again other byproducts. To improve economic
and environmental sustainability within the food chain, newer approaches trying to use byproducts
as whole ingredients without further processing should be developed. This represents a harder
challenge as byproducts used as ingredients comprise a much more complicated matrix than an
isolated compound, which could lead to problems associated with product stability and unwanted
interaction with other compounds.

In this sense, fewer studies have reported the use of food byproducts as whole ingredients with
texturizing purposes. Some examples include the use of liquid fluid whey instead of the generally used
powdered form, which showed promising results on the physical quality of white cheese powder [55].
Dietary fiber from orange byproducts was used to maintain the texture of lemon ice-cream when
reducing its fat content by 50% [47], and as fat replacers in low-fat yogurt [34]. The authors showed
that reducing particle size of the orange dietary fibers by micronization increased their water and
oil holding capacities, which are also important functional properties in relation to the facilitation of
digestion and absorption of nutrients in the body.

Texture, rheological parameters and the microstructure of yogurt gels have been analyzed when
adding different fibers. A gel structure with large pores and reduced cross-linking between casein
micelles in yogurts was observed with 1% of pineapple peel powders, which was associated with lower
yogurt firmness and weak rheological properties due to the incompatibility between milk proteins
and polysaccharides from the pineapple peel powders [21]. Although the presence of fiber particles
always alters yogurt structure, high amounts of passion fruit peel powders or orange byproduct fibers
counterbalanced this negative effect and strengthened the casein network possibly due to the water
absorption capacity of the fibers [23,35]. This effect of fiber dose and fiber type was also observed in
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the firmness and spreadability parameters of butter fortified with fibers (from 3% to 5%) from vegetal
and fruit wastes: stone pear, celery roots and leaves, spinach and orange albedo [57].

4.2. Health-Promoting Applications of Food Byproducts in Dairy Formulations

Advances in nutrition and medical science have shown that both nutrients and non-nutrient
components of foods are important for maintaining good health. This, together with the increasing
knowledge of the biochemical structure and functions of bioactive compounds and their effects on the
human body, have led to the rise in popularity of functional foods [1]. Although there is no universally
accepted definition of functional foods, they can be described as foods that claim to have health benefits
beyond basic nutrition [107]. Functional foods are an increasing market segment aimed at consumers
who are taking greater responsibility for their own health and well-being [108]. Simultaneously,
diet-related illnesses, such as cardiometabolic diseases including coronary heart disease, stroke, type 2
diabetes and obesity stand as one of the greatest global health and economic burdens of our times,
accounting for 31% of all deaths worldwide [109,110]. As part of a healthy dietary pattern and lifestyle,
functional foods stand as a promising strategy in non-communicable disease prevention.

Within a scope of food waste reduction, much progress has been made using food byproducts as
sources of bioactive compounds or as functional ingredients by themselves for the development of
dairy functional products. It must be noted that new food ingredients developed from food byproducts
that have not been used for human consumption within the EU prior to 1997 must be subjected to
official review and approval according to the European Regulation on Novel Foods and Novel Food
Ingredients (258/97). This section summarizes the research that has been carried out using byproducts
in the manufacture of health-promoting dairy foods.

4.2.1. Use of Byproducts in the Development of Functional Dairy Foods Containing Polyphenols

Polyphenols are secondary metabolites that are synthesized during normal plant development
and in response to stress conditions [111]. Plant phenolics include phenolic acid and its derivatives,
flavonoids, lignans and stilbenes [112]. Although phenolic compounds are not considered nutrients,
several biological and pharmacological activities have been attributed to dietary polyphenols,
including antioxidant, anti-allergic, anti-inflammatory, anti-viral, anti-microbial and anti-carcinogenic
effects [113]. These properties play a relevant role in the prevention of several major chronic
diseases associated with oxidative stress, such as cardiovascular diseases, cancers, type II diabetes,
neurodegenerative diseases and osteoporosis [114]. In this sense, the health-protecting capacity of
plant phenolics has become of great interest for researchers, the food industry and consumers.

Peels, husks, hulls, pods and bran are major processing byproducts of the fruit, vegetable and
cereal industry that are considered sources of polyphenols. They have mostly been applied for
polyphenol fortification in yogurt and fermented milks. Namely, winemaking byproducts have been
used as the main source of polyphenols, including different flours and extracts from grape pomace
and other selective fractions, such as grape skins and seeds. This could be justified both by the fact that
black grapes stand among the richest dietary sources of polyphenols [115,116] and by the high amount
of grape losses generated during processing and conversion into wine, storage and transportation,
which reached 3.6 million in 2013 [9]. Other byproducts from fruits, nuts, vegetables and cereals
have also been used as sources of polyphenols for the development of fermented milks and yogurts.
These byproducts included pomegranate seeds and peels, almond peels, hazelnut skins, olive pomace
and rice bran [12,14,18,37–39].

The addition of polyphenols to dairy foods other than yogurt and fermented milks has received
less attention. Wine pomace byproducts have also been the major source of polyphenols used to
formulate cheese [53,56,58,59] and ice-cream [50], although other phenol byproduct sources have
recently been studied in spreadable cheese (tomato peels, broccoli stems and leaves, corn bran and
artichoke external leaves) [53]. The application of broccoli stems in spreadable cheese is particularly
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interesting, as it could increase glucosinolate content in the product, which are compounds also
associated with beneficial health properties [117].

Wine pomace flours have been directly used as ingredients in fermented milk and yogurt
development [28,29,45]. The advantage of using powders instead of extracts from the byproducts is
that less processing is required, which is a more sustainable approach as it consumes less energy and
does not generate secondary byproducts. On the other hand, the disadvantage of using powders is
that higher doses are needed to achieve significant polyphenol fortification levels, which penalizes
the organoleptic properties of the products. That is why many studies have switched towards using
extracts from wine pomace [27,30,39,43].

In this sense, product formulations with a compromise between functional properties and sensory
acceptance need to be developed. In foods, polyphenols may contribute to the bitterness, astringency,
color, flavor and odor of the products [118]. Polyphenols are associated with the precipitation of
salivary glycoproteins and mucopolysaccharides on the tongue, resulting in roughness and dryness on
the palate [119]. This is why several studies have reported an inverse relation between polyphenol
dosage and consumer acceptance in dairy products [29,38,44,59]. A decrease in the overall acceptance
of yogurts with 6% added polyphenols from grape skin flours [45] and of yogurts with 1% and 2%
grape pomace powders [120] was observed compared to yogurt formulations with lower doses due to
flavor, texture and consistency parameters.

In order to mask the negative sensory effects of polyphenols, several researchers have evaluated
their use together with other ingredients. In yogurt and fermented milk fortification with wine pomace
byproducts, the best acceptance scores were obtained when polyphenols were added in combination
with sucrose (5%), oligofructose (0.5% to 0.667%) or grape juice (0.167% to 0.5% and 15%) [30,44].

Besides the sensory and quality challenges associated with the addition of polyphenols in the
dairy matrix, the bioaccessibility and bioavailability of the bioactive compounds should be taken
into consideration to truly establish whether the wanted biological health effects are being met.
Evidence suggests that polyphenols are absorbed in a relatively low amount. Most polyphenols
are poorly absorbed in the gastrointestinal track, reaching the colon where they are metabolized by
colonic microbiota. These metabolites are responsible for the biological activities associated with
polyphenols [121]. The resulting bioactivity will depend both on the interactions between polyphenols
and other macromolecules (lipids, proteins and carbohydrates), which will affect their bioaccessibility
and bioavailability, and on the specific microbiota present in each individual’s colon, which can give
rise to different phenolic metabolites [117,122]. Therefore, further knowledge on the food matrix and
food interaction together with the role of gut microbiota on the metabolism and activation of the
dietary constituents, will provide original ideas for the development of new functional foods, in which
a combination of plant-derived food ingredients with the appropriate bacterial strains will lead to
improved biological activity for a specific food product [117].

4.2.2. Use of Byproducts in the Development of Functional Dairy Foods Containing Dietary Fiber

Plant-derived byproducts, such as seed, skins, pods, peels, pomace, hulls, husks, cores, stores,
etc., are known sources of bioactive compounds and nutrients including dietary fiber [1,123],
whose caloric value has been estimated at 2 kcal per g (FDA, 2018). The European Food Safety Authority
(2010) [124] defines this nutrient as non-digestible carbohydrates, including non-starch polysaccharides,
resistant starch and oligosaccharides, and lignin. A terminology often encountered is the classification of
dietary fiber as “soluble” or “insoluble” [125]. Therefore, the physicochemical properties of the different
dietary fibers can be determinant when selecting their applications.

Worldwide and country-specific governmental institutions confirmed that there is evidence
of health benefits associated with consumption of diets rich in fiber-containing foods,
and recommendations on the intake of dietary fiber range between 25 g to 38 g per day [126].
Health benefits have been related to a reduced risk of coronary heart disease, intestinal disorders, type
2 diabetes and improved weight maintenance [127–129].

177



Nutrients 2018, 10, 1358

Product innovations have been focused on increasing the fiber content of dairy foods with two
purposes: to help consumers achieve the daily recommended intake of dietary fiber, and as a marketing
strategy to add a nutritional claim on the food package. The European Parliament and Council, (2006)
(Regulation No. 1924/2006) [130] stated that the nutritional claim “source of fiber” or “high in fiber”
can only be made when the product contains at least 3% (or 1.5 g of fiber per 100 kcal) or 6% (or 3 g
of fiber per 100 kcal) dietary fiber, respectively. Bearing this in mind, several researchers have used
dietary fiber concentrations ranging from 2.5% to 10% to evaluate its feasibility as an ingredient in
dairy products, as an increase in concentrations of dietary fiber in foods can lead to changes in the
resultant nutritional, textural, rheological, and sensory properties of the developed products [131].

Development of dairy foods fortified with high contents of dietary fiber have mostly been
carried out in yogurt and fermented milks. Available studies have used a wide variety of plant-origin
sources derived from fruit and vegetable industry byproducts. Water soluble soybean polysaccharides
from okara, which is the byproduct of tofu, soymilk and soybean protein isolate, were used in the
development of ice-cream, pudding and a milk-based beverage [26]. Optimal sensory acceptance of
products was achieved in milk beverages and pudding with 4% dietary fiber, and in ice-cream with 2%
dietary fiber. Higher dietary fiber doses were rejected as consumers considered the foods too thick
when evaluated using Just About Right (JAR) scales. In fermented milks and yogurts, fiber from apple
pomace (3% to 10%), date byproducts (1.5% to 4.5%) and hazelnut skins (3% to 6%) were used in the
development of dietary fiber-fortified foods [20,31,38]. In these cases, optimal sensory acceptance of
the products was obtained at 3% fiber addition from hazelnut skins and dates, and 5% fiber addition
from apple pomace.

These examples demonstrate that it is possible to increase the doses of dietary fiber for the
development of dairy products with optimal sensory acceptance that could be labeled as “source of
fiber” on their package. Achieving a “high in fiber” label may be more problematic both from a
technological and biological point of view, as textures may be too thick, and consumption of high
content dietary fiber products may cause potential secondary effects from carbohydrate fermentation
including bloating, distension, flatulence, loose stools and increased stool frequency [132].

Other studies have successfully fortified yogurts and fermented milks with dietary fiber from
other byproduct sources, such as orange, passion fruit and asparagus byproducts, but in lower doses
(0.6%–1%), which also contribute to increasing the daily intake of dietary fiber in consumers’ diets and
potentially promote associated health benefits, but do not achieve a nutritional claim [24,25,36,42].

Lower doses of dietary fiber from food byproducts have also been used in the development
of fermented milks to protect probiotics and enhance their viability. It is well documented that
probiotic bacteria grow slowly in milk because they are devoid of proteolytic enzymes [133]. Therefore,
milk solids supplementation is a good practice to improve probiotic growth during fermentation
and favor their viability in the product [134]. Rice bran, olive and wine pomace, cheese whey,
pineapple, apple, banana and chestnut byproducts have been used for probiotic protection in fermented
milks [13,14,17–19,22,27,28,30]. To our knowledge, the only attempt to use byproducts to promote
probiotic viability in a different dairy matrix has been using wheat bran in cheese [54].

In addition to enhancing probiotic viability, probiotic strains can act synergistically with specific
types of fiber during fermentation to improve the fatty acid composition in fermented milks. This is
because some strains of bacteria are able to change the fatty acid profile of milk during fermentation
and produce functional fatty acids, including conjugated fatty acids, as the result of their growth
and metabolism [135]. Moreover, the addition of other ingredients into the milk, such as prebiotics,
can further increase the content of functional fatty acids in fermented milks [136]. In a study using
Lactobacillus acidophilus and Bifidobacterium animals subsp. lactis strains, the addition of banana fiber
significantly increased α-linoleic acid content, whereas passion fruit fiber promoted the increase of
conjugated linoleic acids in probiotic yogurts [19]. Therefore, further studies should focus on the
probiotic-fiber synergistic effect to improve the nutritional quality of dairy products, as the application
of dietary fiber from fruit byproducts could be a more cost-effective and sustainable option than the
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addition of conjugated linoleic acids precursors and commercial soluble fiber that are normally used to
improve the fatty acid profile of yogurts.

4.2.3. Use of Animal Origin Byproducts in the Development of Functional Dairy Foods

Ingredients derived from animal origin byproducts have been used in the development of
dairy foods fortified in omega-3 fatty acids and dairy foods with a high protein content. Fish oil
extracted from fish wastes is an excellent source of many unsaturated fatty acids, including long
chain omega-3 cis-5,8,11,15,17-eicosapentaenoic acid (EPA) and cis-4,7,10,13,16,19-docosahexaenoic
acid (DHA) [137]. However, its application in food formulations fortified in omega-3 is limited
because of its easy oxidation and strong odor [41]. Successful attempts to develop yogurts containing
omega-3 that had sensory attributes similar to plain yogurt were obtained by encapsulating fish oil in
nano-liposomes [40], and adding a fish oil/γ-oryzanol nanoemulsion to yogurt [41].

Functional dairy foods using whey proteins obtained from cheese processing have been widely
used as fat replacers and in the development of dairy foods with the nutritional claim “source of
protein” or “high in protein” that are already commercially available. Problems associated with using
whey proteins and sodium caseinate as fat replacers in yogurt included powdery taste, excessive acid
development from lactose fermentation, higher syneresis, excessive firmness and grainy texture [33].
Improved texture parameters have been achieved in low fat yogurts and low fat probiotic yogurts with
added whey-buttermilk protein aggregates, whey protein concentrate and heat-treated whey protein
concentrates [15–17].

5. Sensory Challenges and Consumer Perspective of Using Byproducts in Dairy Foods

Towards the end of the nineties, consumer acceptance was both referred to as the key success
factor for functional foods and the top priority for further research [138]. Since then, several authors
have tried to cover this research gap, focusing on sensory and consumer science of functional foods.
The latest findings have shown that the perceived importance of food for health is still increasing,
but that consumers’ critical attitude towards functional foods is also increasing, which translates into
lower willingness to compromise on taste for health [139].

The current approach to the development of functional foods using byproducts as novel
ingredients has focused on selecting specific concentrations of the byproducts to improve the
technological and health-promoting properties of the products, and afterwards, evaluating their
sensory acceptance. Not all studies included sensory or consumer analyses of the developed product,
and when done, many studies were short on the number of volunteers to achieve significant
conclusions. This context reflects that the gap in sensory and consumer research is still present,
and that further analyses in this field need to be included in the academic and industry sectors to
respond to the good-tasting functional food demand.

The challenge of developing good-tasting functional foods within the dairy industry increases
when using food byproducts. Several authors have reported organoleptic issues associated with the
use of byproducts in dairy foods, mainly due to the acrid, astringent, bitter or salty off-flavors inherent
to plant-based phytonutrients [29,45,140]. In addition, there is a lack of information on the consumer’s
perspective of using food byproducts as ingredients in other foods. The possible concerns regarding
food quality and safety that may arise, as well as the importance of sustainability as a driver in food
choice should be investigated.

Bearing in mind that the functional food segment is a highly competitive and continuously
changing market, using food byproducts as ingredients could be regarded as an opportunity for
product differentiation. Further research should focus on the development of innovative flavors and
textures to achieve more palatable foods, as well as on suitable marketing strategies to place these
healthy and sustainable products in the market.
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6. Conclusions

The applications described in this review show the high potential of valorizing food byproducts
for the development of innovative and healthy dairy foods. Byproducts used as sustainable ingredients
or sources of bioactive compounds have been shown to be effective for a wide range of technological
and nutritional purposes in dairy product manufacture. This approach not only takes a step forward to
waste reduction in the food chain, but also offers new ways to diversify the production of dairy foods,
creating the possibility of satisfying a market niche based on functional and sustainable products.
It is crucial that food technologists, nutritionists and sensory scientists work together to face the
challenge of developing more palatable and well accepted foods. Moreover, it is necessary to analyze
the consumer’s perception and potential food safety concerns on the use of byproducts in food
formulations, and specifically, for the dairy food segment.
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Abstract: Innate immune memory, also termed “trained immunity” in vertebrates, has been recently
described in a large variety of plants and animals. In most cases, trained innate immunity is induced
by pathogens or pathogen-associated molecular patterns (PAMPs), and is associated with long-term
epigenetic, metabolic, and functional reprogramming. Interestingly, recent findings indicate that food
components can mimic PAMPs effects and induce trained immunity. The aim of this study was to
investigate whether bovine milk or its components can induce trained immunity in human monocytes.
To this aim, monocytes were exposed for 24 h to β-glucan, Toll-like receptor (TLR)-ligands, bovine
milk, milk fractions, bovine lactoferrin (bLF), and bovine Immunoglobulin G (bIgG). After washing
away the stimulus and a resting period of five days, the cells were re-stimulated with TLR ligands
and Tumor necrosis factor (TNF-) and interleukin (IL)-6 production was measured. Training with
β-glucan resulted in higher cytokine production after TLR1/2, TLR4, and TLR7/8 stimulation.
When monocytes trained with raw milk were re-stimulated with TLR1/2 ligand Pam3CSK4, trained
cells produced more IL-6 compared to non-trained cells. Training with bIgG resulted in higher
cytokine production after TLR4 and TLR7/8 stimulation. These results show that bovine milk and
bIgG can induce trained immunity in human monocytes. This confirms the hypothesis that diet
components can influence the long-term responsiveness of the innate immune system.

Keywords: innate immune memory; trained immunity; raw bovine milk; bovine IgG; bovine
lactoferrin; dietary compounds; monocytes

1. Introduction

The immune system is divided into two arms, the innate immune system and the adaptive
immune system, of which only the latter is known to build long-lasting immune memory in T and B
cells. However, recent observations have revealed that the innate immune system can also adapt to
previous insults and develop a non-specific memory after infections, a process termed “trained innate
immunity” [1,2]. The concept of trained immunity is based on the observation that after a primary
infection, an enhanced innate immune response is induced in response to secondary infection or
stimulation. In contrast to adaptive immune memory, this enhanced secondary response of trained
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innate immune cells is not only specific for the antigen that induced the primary response, but is rather
a non-specific enhanced response to heterologous stimuli [1]. It is known that invertebrates respond
better towards secondary infections, both to the same pathogen as well as towards other unrelated
infections. It has been shown that in plants and invertebrates, processes termed “systemic acquired
resistance” and “immune priming” occur widely in organisms that possess only an innate immune
system [3–9]. Interesting from an evolutionary perspective, among vertebrates there are indications
that trained immunity occurs in teleost fish, which are the first vertebrates having a functioning
adaptive and innate immune system, as reviewed by Petit and Wiegertjes [10].

In humans, evidence for the existence of trained immunity first emerged from epidemiological
studies on vaccination responses, which have indicated that vaccination induces protection not only
against the target disease, but also cross-protection against other pathogens [11]. The best known
example of this cross-protection is seen after Bacillus Camette-Guérin (BCG) vaccination against
Mycobacterium tuberculosis, which was shown to protect against all-cause mortality by reducing neonatal
sepsis, respiratory infection, and fever [12]. Furthermore, it was shown that BCG vaccination in
humans induced trained immunity in both monocytes and Natural killer (NK) cells three months after
vaccination, which was mediated by increased H3K4 trimethylation in monocytes [13,14].

The mechanism of trained immunity was first described by Quintin et al., who showed that mice
survived when treated first with a sublethal dose of Candida albicans followed by a secondary lethal
C. albicans infection [15]. This outcome was found both in wild-type mice and in T/B-cell defective
(Rag 1-deficient) mice, indicating that the adaptive immune system was not involved in the induction
of trained immunity. Subsequently, it was shown that β-glucan derived from C. albicans could induce
trained immunity in purified human monocytes [15]. Some types of β-glucans are present in the cell
wall of C. albicans, while other types are also present in food as mushrooms, baker’s and brewer’s yeast,
and the cell walls of plants including wheat and oat, as reviewed by Meena et al. [16]. These dietary
β-glucans may induce trained immunity as well, although this remains to be demonstrated.

Low-density lipoprotein (oxLDL) particles, induced in blood as a result of Western diets,
are known to induce trained immunity in human cells in vitro [17]. A Western diet resulted in transient
systemic inflammatory responses in mice, yet at the same time induce long-lived epigenetic and
transcriptomic reprogramming of granulocyte–monocyte progenitor cells, leading to trained immunity
by monocytes [18]. It can thus be concluded that not only infections by pathogens or vaccination can
induce trained immunity, but also dietary components.

Epidemiological studies have revealed that children growing up on a farm and consuming (raw)
farm milk have a reduced incidence of asthma, atopy, hay fever, respiratory tract infections (RTI),
and otitis media compared to children that consumed heat-treated milk [19–21]. The components
that may cause the reduction of allergy and infections in children are thus milk processing-sensitive,
and are therefore thought to be heat-sensitive milk proteins. These findings indicate that raw milk or
its components can modify immune responses in vivo.

More than 400 components have been identified in bovine milk, and these can be subdivided
in multiple fractions [22]. Bovine milk is composed of water (87%), lactose (4–5%), protein (whey
and casein) (3%), lipids and fat (3–4%), minerals (0.8%), and vitamins (0.1%) [23–26]. Whey proteins
make up 20% of protein concentration of milk, whereas caseins represent 80% of milk proteins [27].
The most abundant whey proteins are β-lactoglobulin, α-lactalbumin, immunoglobulins, such as
bovine Immunoglobulin G (bIgG), serum albumin, and lactoferrin (bLF) [27]. Immunologically,
the best studied whey proteins are bovine IgG and lactoferrin [28–31].

The aim of this study was to study whether raw bovine milk, milk fractions, or milk proteins such
as lactoferrin and IgG can induce trained immunity in human monocytes.
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2. Materials and Methods

2.1. Blood Samples and Monocyte Purification

Buffy coats were collected from healthy blood donors at the Sanquin Blood Supply in
Nijmegen, the Netherlands. Human peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats using Ficoll plaque plus (17-1440-02, GE Healthcare Life Sciences, Uppsala, Sweden).
Monocytes were enriched from freshly isolated PBMCs using negative selection with an Easysep
human mono-enrichment kit, according to manufacturer’s protocol (19359, Stemcell Technologies,
Köln, Germany). Purity was tested by flow cytometry staining isolated cells with α-CD14 (555397,
BD Pharmingen, Franklin Lakes, NJ, USA), α-CD3 (555334, BD Pharmingen, Franklin Lakes, NJ, USA),
α-CD19 (562947 BD Horizon, Franklin Lakes, NJ, USA), α-CD56 (555516, BD Pharmingen), and fixable
viability dye eFluor 450 (65-0863-14, eBioscience, San Diego, CA, USA). Stained cells were measured on
FACS CANTO II. Monocytes isolated from subjects used for analysis all had a purity of >70% CD14+

monocytes and <4% CD3+ T cells (see Supplementary Figure S1).

2.2. Trained Immunity Model in Human Monocytes

The trained immunity model in human monocytes was performed as previously described [32,33]
with some adjustments, and is depicted in Figure 1. This in-vitro model is widely accepted as reflecting
trained immunity in macrophages [1–6]. Isolated monocytes were transferred into a 96-well plate
(1 × 105 monocytes/well) (Costar3596, Washington, DC, USA), and the training stimulation or culture
medium Roswell Park Memorial Institute (RPMI) 1640 Dutch modifications from Sigma-Aldrich
(St. Louis, MO, USA), supplemented with 1% gentamicin, 1% L-glutamine, and 1% pyruvate
(Life Technologies, Nieuwerkerk, The Netherlands), but without serum, was added in a total
volume of 200 μL for 24 h at 37 ◦C. For the different training stimuli and their concentrations,
see Section 2.3. After 24 h, the plates were washed twice with warm Phosphate-buffered saline
(PBS), and RPMI medium +10% human pooled serum was added for five days and refreshed after
two to three days. In these five days, monocytes differentiated towards macrophages, and at day
six macrophages were stimulated in the presence or absence of TLR-ligands Pam3CSK4 10 μg/mL
(L2000; EMC microcollections, Tübingen, Germany) Ultra-pure lipopolysaccharide (LPS) 0.1 μg/mL
(3pelps, Invivogen, San Diego, CA, USA) and R848 10 μg/mL (TLRL-R848-5, Invivogen). After 24 h of
secondary stimulation, the supernatant was collected and stored at −80 ◦C.

Day 1 Day 6 Day 7 

Monocyte isolation 
+ training 

wash 

Macrophage stimulation 

supernatant 
refresh media 

Resting (RPMI + 10% human AB) 
Day 0 

Figure 1. Trained immunity model in human monocytes. At day 0, peripheral blood mononuclear cells
(PBMCs) were isolated from buffy coats, and monocytes were isolated by negative selection. Monocytes
were stimulated (trained) for 24 h, after which the stimulus was washed away and monocytes
differentiated towards macrophages during a five-day resting period. At day six, macrophages were
re-stimulated with Toll-like receptor (TLR)-ligands, and after 24 h the supernatant was collected and
measured for cytokines.
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2.3. Reagents

Candida albicans β-glucan (1 μg/mL) was a kind gift of Prof. David Williams (East Tennessee State
University), and was isolated and purified as previously described [34]. Pooled human serum was
collected in serum tubes and heat inactivated for 30 min at 56 ◦C. Afterwards, the serum was aliquoted
and stored −80 ◦C until use. For every refreshment of the medium, freshly pooled serum was thawed.

Raw bovine milk (1:100), bovine lactoferrin (100 μg/mL), bovine IgG (200 μg/mL), lactose
(463 μg/mL), whey protein (liquid SPC 1:100), casein (264 μg/mL), cream serum (3.6 μg/mL),
and anhydrous milk fat (458.9 μg/mL) were obtained from FrieslandCampina, Wageningen,
The Netherlands. As bLF and bIgG contained some endotoxin, they were treated with Triton-X114 to
remove LPS, as described by Teodorowicz et al. [35]. After LPS removal, bIgG and bLF contained less
than 10 pg/mL LPS at the dilutions used for all experiments. Endotoxin levels were measured using
an Endozyme recombinatant Factor C assay (Hyglos, Bernried, Germany).

2.4. Cytokine Measurement

In the supernatant, the production of interleukin (IL)-6 (558276, BD Pharmingen, Franklin Lakes,
NJ, USA) and Tumor necrosis factor (TNF)-α (560112, BD Pharmingen) was measured using cytometric
bead array on the FACS CANTO II, according to manufacturer’s protocol.

2.5. Statistical Analysis

IBM SPSS Statistics software, version 23, Armonk, NY, USA, was used to perform statistical
analysis. All experiments with β-glucan, raw bovine milk, bovine lactoferrin and bovine IgG were
performed at least five times, with monocytes isolated from PBMC, with a minimum of eleven
volunteers in total. In order to assess the training effect of a specific ligand upon a secondary
stimulation, non-trained cells stimulated with Pam3CSK4, LPS or R848 were compared with trained
cells re-stimulated with Pam3CSK4, LPS, or R848. Differences between the groups were analyzed
using the Wilcoxon signed-rank test, and were considered statistically significant at a p value of <0.05.
On the screening experiments of the training stimuli (Figure 2 and Supplementary Figure S2), statistical
analysis was performed using a paired T-test, after checking the measurements for being normally
distributed using a Shapiro Wilk test.

3. Results

3.1. Screening of Bovine Milk and Milk Fractions for the Induction of Trained Immunity

To determine if milk and its major components can induce trained immunity, we screened the
effects of raw milk, whey proteins, casein, milk fat, cream, and lactose, which were tested on monocytes
using the experimental set-up, as depicted in Figure 1 (based on [32,33]). β-glucans were included
as a positive control, as were TLR ligands as components that induce tolerance in this model system
(see Supplementary Figure S2). As raw milk added directly to human monocytes reduced cell viability,
raw milk’s major components were tested at the equivalent concentrations present in raw milk (casein,
milk fat, cream, and lactose).

Supplementary Figure S2 shows that monocytes stimulated with β-glucans acted as a positive
control, and when re-stimulated with R848, produced higher IL-6 and TNF-α levels compared to
control cells (non-trained cells in culture medium). The same induction of IL-6 and TNF-α was also
seen when cells trained with β-glucans were re-stimulated with Pam3CSK4 (Pam) and LPS. In contrast,
training with TLR-ligands Pam, LPS, and R848 induced tolerance to re-stimulation, as published
elsewhere [32,33], and was not due to cell death.

When raw milk and milk components were tested for their ability to induce trained immunity,
raw milk induced variable production of IL-6 and TNF-α for different secondary stimulations,
while inducing non-significant elevated levels of IL-6 upon Pam, LPS, and R848 stimulation
compared to non-trained cells (Figure 2A). Whey proteins and cream induced trained immunity
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when re-stimulated with R848 (Figure 2A,B). This was also seen after stimulation with Pam and LPS.
Milk fat was dissolved in Dimethyl sulfoxide (DMSO), which inhibited cytokine production in the
assay. No additional induction of tolerance was observed by the milk fat diluted in DMSO, therefore it
was not included in further experiments. As whey proteins induced trained immunity comparable to
β-glucan for both IL-6 and TNF-α, the effect of three prominent immune-related whey proteins was
investigated. LPS-free, isolated bovine lactoferrin (bLF) and bovine IgG (bIgG), but not Transforming
Growth Factor (TGF)-β, seem to induce trained immunity. Bovine milk proteins are thus able to induce
trained immunity.

A 

α

B 

Figure 2. Selection of bovine milk fractions that can induce trained immunity. Monocytes were
stimulated 24 h in the presence or absence of β-glucan (1 μg/mL), raw milk (1:100), lactose
(463 μg/mL), casein (264 μg/mL), cream (3.6 μg/mL), whey protein (liquid serum protein concentrate
(SPC) 1:100), milk fat dissolved in Dimethyl sulfoxide (DMSO) (458.9 μg/mL), and DMSO (1.8 uL/mL,
the same concentration as used for milk fat). After five days of rest, the differentiated macrophages were
stimulated for 24 h with R848 (10 μg/mL). After stimulation with R848, the produced IL-6 and Tumor
necrosis factor (TNF)-α (pg/mL) were measured in supernatant. Data shown as mean ± standard
error of mean (SEM), with the IL-6 and TNF-α production of non-trained cells (Roswell Park Memorial
Institute (RPMI) medium) as the x-axis and the cytokine production by β-glucan trained cells (positive
control) as dotted lines. RPMI, Beta-glucan, raw milk, lactose: n = 5; all other stimuli: n = 3. Statistical
analysis was done by performing a paired T-test. * p < 0.05, # p < 0.10.

3.2. Induction of Trained Immunity by Raw Milk and Bovine Immunoglobulin G

To extend and statistically analyse our initial observations, we studied the induction of trained
immunity by raw milk, bIgG, and bLF in a number of additional individuals. β-glucan was included
as a positive control. Stimulation of isolated monocytes with β-glucans consistently resulted in
higher IL-6 production compared to non-trained monocytes upon re-stimulation with TLR-ligands
Pam, LPS, and R848 (Supplementary Figure S3). Also, a higher TNF-α production by β-glucan
trained monocytes was observed for LPS and R848 re-stimulated macrophages, but not for Pam
re-stimulated macrophages.

Figure 3 shows that only upon re-stimulation with Pam, training with raw bovine milk is
able to induce higher production of IL-6 compared to non-trained (RPMI) monocytes. This effect
is not observed for IL-6 production after re-stimulation with other TLR-ligands, and not for TNF-α
production after stimulation with any TLR-ligand (see also Supplementary Figure S4B).

In contrast to the screening experiment, bLF did not consistently induce trained immunity when
more subjects were tested (see Figure 4). Supplementary Figure S4 and Supplementary Table S1 show
that donors respond to bLF training in a very heterogeneous manner, in which only some donors show
increased training by bLF, resulting in no statistically significant effect overall.
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In line with the selection experiment and raw bovine milk, bovine IgG was able to consistently
induce trained immunity (Figure 5). When monocytes were stimulated with bIgG and re-stimulated
with R848, the cells produced more IL-6 and TNF-α and more TNF-α upon LPS stimulation compared
to non-trained cells (RPMI). Upon re-stimulation with Pam, bIgG tended to increase the production of
IL-6 and TNF-α, albeit not significantly (Supplementary Figure S4).

Figure 3. Induction of trained immunity by raw bovine milk. Monocytes were stimulated 24 h in the
presence or absence of raw bovine milk (1:100); after five days of rest, the differentiated macrophages
were re-stimulated for 24 h with Pam3Cysk4 (Pam) (10 μg/mL), Ultra-pure lipopolysaccharide (LPS)
(0.1 μg/mL), or R848 (10 μg/mL). After stimulation with R848, the produced IL-6 and TNF-α (pg/mL)
was measured in supernatant. In 5–6 independent experiments, n = 15 (Pam) or n = 12 (LPS, R848)
Data shown as dot plot with median. Statistics was done by performing a Wilcoxon signed rank test
between raw bovine milk and RPMI for every secondary stimulation (Pam, LPS, R848). ** p < 0.01.

Figure 4. Bovine lactoferrin does not induce trained immunity. Monocytes were stimulated 24 h in the
presence or absence of bovine lactoferrin (bLF) (100 μg/mL); after five days of rest, the differentiated
macrophages were re-stimulated for 24 h with Pam3Cysk4 (10 μg/mL), LPS (0.1 μg/mL), or R848
(10 μg/mL). After stimulation with R848, the produced IL-6 and TNF-α (pg/mL) was measured in
supernatant. In 5–6 independent experiments, n = 15 (Pam) or n = 11 (LPS, R848). Data shown as dot
plot with median. Statistics was done by performing a Wilcoxon signed rank test between bLF and
RPMI for every secondary stimulation (Pam, LPS, R848). No significant differences were observed.
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Figure 5. Induction of trained immunity by bovine IgG. Monocytes were stimulated 24 h in the
presence or absence of bovine IgG (200 μg/mL); after five days of rest, the differentiated macrophages
were re-stimulated for 24 h with Pam3Cysk4 (Pam) (10 μg/mL), LPS (0.1 μg/mL), or R848 (10 μg/mL).
After stimulation with R848, the produced IL-6 and TNF-α (pg/mL) was measured in supernatant.
In 5 independent experiments, n = 12. Data shown as dot plot with median. Statistics were done by
performing a Wilcoxon signed rank test between bovine IgG and RPMI for every secondary stimulation
(Pam, LPS, R848). * p < 0.05.

4. Discussion

Here we show that bIgG and raw bovine milk can induce trained immunity in human monocytes.
These findings confirm the hypothesis that dietary components can modulate the responsiveness of
the innate immune system to pathogen-related stimuli.

One of the first components that was shown to induce trained immunity was β-1, 3-(D)-glucan
derived from C. albicans, which exerted this effect via epigenetic changes in trimethylation of
H3K4, induced after binding to Dectin-1 [15]. Epigenomic profile analysis revealed changes in
H3K4m1, H3K4me3, and H3K27ac when comparing a β-glucan trained compared to non-trained
macrophages [33]. Based on these studies β-1, 3-(D)-glucan derived from C. albicans has become
a model compound to study the mechanisms of trained immunity.

Cell metabolism is important in monocyte-to-macrophage differentiation, and also for M1
versus M2 functions [36]. Resting and tolerant macrophages use oxidative phosphorylation to
generate ATP, while activated (trained) macrophages shift to aerobic glycolysis (Warburg effect)
via the dectin-1-Akt-mTOR and HIF-1α pathway [33,37]. Resting macrophages have a functional
tricarboxylic acid (TCA) cycle that, together with glycolysis, enhances membrane synthesis and induces
TLR-mediated activation in dendritic cells [33]. Two other metabolic pathways that are important
in vitro and in vivo for trained immunity induction are glutaminolysis and the cholesterol synthesis
pathway [38,39]. β-glucan-induced trained immunity via the dectin-1 pathway also effects the TCA
cycle, as glycolysis inhibitors (rapamycin) also inhibit β-glucan-mediated trained immunity [38].
This indicates that β-glucan-induced trained immunity also effects the TCA cycle, and does not only
signal via the dectin-1 pathway. This links cell metabolism, metabolites, and epigenetic mechanisms,
suggesting that β-glucan induces trained immunity by modifying cell metabolism.

In our hands, β-glucan induced higher levels of IL-6 compared to non-trained cells when trained
macrophages were re-stimulated with ligands for TLR1/2 (Pam), TLR4 (LPS), and TLR7/8 (R848).
TNF-α production was increased after LPS and R848 re-stimulation. Unexpectedly, TNF-α production
was not increased after Pam re-stimulation, which is in contrast to Ifrim et al., albeit using the same
concentration and same supplier of Pam3CSK4 [32].

Until now, it has not been clear if dietary components can also induce immune training in humans
after nutritional intervention. In a pilot study in humans, where baker’s yeast (S. cerevisiae)-derived
β-glucans (1000 mg/day) were used as a food supplement for seven days, no trained immunity
effects were observed [40]. In contrast, it was recently shown that diets high in fat can also induce
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trained immunity in vivo in mice, and oxLDL can induce immune training in human monocytes
in vitro [17,18], suggesting that nutrition may indeed directly affect innate immune function.

As breast milk and bovine milk contain many immune-modulating components [22], we set out
to study whether (raw) bovine milk or milk components can induce trained immunity in human
monocytes as well. A trained immunity effect was observed for IL-6 production by raw bovine milk
when stimulated with TLR1/2 ligand PamCSK4, but not for stimulation through TLR4 or TLR7/8
(Figure 4). In contrast, treatment with bIgG induced trained immunity after stimulation of TLR4
(LPS) and TLR7/8 (R848), but not after TLR1/2 stimulation. This indicates that the training effect of
raw milk (for TLR1/2) is not mediated via bLF or bovine IgG, as no effect was observed for training
with bLF and bIgG after TLR1/2 stimulation. Furthermore, as undiluted and low dilutions of milk
compromised viability of the monocytes, raw milk was tested at a 100-fold dilution, whereas bIgG
was tested at the levels present in raw milk. This can explain why raw milk does not induce trained
immunity via TLR7/8.

It is not clear which component in raw milk is responsible for this training effect. One possibility
is that bovine miRNAs in extracellular vesicles (exosomes) may do this. These vesicles are
described to induced higher production of IL-6, but not higher TNF-α production, in LPS stimulated
RAW264.7 cells [41].

In our initial screen of raw milk and the major milk components, the clearest training effect after
TLR7/8 stimulation was seen for whey proteins (Figure 2), as well as for the isolated whey proteins
bLF and bIgG (data not shown). The whey proteins were a liquid whey fraction that contained 60%
protein, and as with the raw milk, was used at a 100-fold dilution. However, it should be stated
that this preparation also contained some casein and lactose. As these did not have an effect on
innate immune training, we assume the effect seen using this whey proteins was the result of the
presence of bIgG, and possibly also of bLF. Next to whey proteins, lipid-rich cream—but not milk
fat (triglycerides)—induced a small training effect. This indicates that either the lipids or the intact
milk fat globular membranes present in cream serum, but not the triglycerides, may induce trained
immunity to some extent.

For bIgG a consistent trained immunity effect was observed for re-stimulation with TLR7/8.
However, this was not seen for bLF; bLF could induce trained immunity in some donors
(Supplementary Table S1, Supplementary Figure S4C), but the overall response was not significant
(Figure 4). The lack of training induced by bLF in most donors was not due to cell death. Besides, in
Supplementary Table S1 it can be observed that subjects in which no training for bLF is seen, trained
immunity induction by other training-stimuli is possible. It can be thus concluded that the variability
of trained immunity responses depends on the training stimulus, and the mechanisms responsible
for this effect remain to be elucidated in future studies. Furthermore, we have recently observed that
a three peripheral blood mononuclear cells—week dietary intervention with bLF could enhance the
response of pDC of elderly women to TLR7/8 (van Splunter, unpublished observations), and future
studies should determine the involvement of trained immunity in this effect.

BLF can be taken up by human cells via three different receptors: intelectin [42],
low-density-lipoprotein (CD91) [43], and CXCR4 [43]. Most likely, bovine lactoferrin (LF) can also bind
to soluble CD14 and TLR4, as human LF is 69% homologous to bovine LF and can bind sCD14 [44] and
TLR4 [45], which are expressed by monocytes [46]. In a human study in which subjects received 200 mg
bLF and 100 mg Ig-rich whey proteins twice per day, a significant reduction in rhinovirus induced
common cold was observed [47]. This protective effect of bLF and bIgG on rhinovirus infections
that are recognized by the immune system via TLR2 and TLR7/8 might thus be linked to trained
immunity [48].

In addition to the effect shown after TLR7/8 re-stimulation, bIgG was also able to induce trained
immunity when re-stimulated with TLR4, but not with TLR1/2. Bovine Immunoglobulin G is
known to bind to human monocytes, macrophages, and monocyte-derived dendritic cells via FcyRII
(CD32 receptor) [49]. Den Hartog et al. showed that bIgG could bind to human airway pathogens,
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such as respiratory syncytial virus (RSV), haemophilus influenzae type b (Hib) and influenza virus [49].
These pathogens can activate TLR2 and TLR4 (Hib and RSV), TLR7 (RSV and influenza) and TLR8
(RSV) [49–51].

We propose that the mechanism for the trained immunity induction by bIgG occurs via
binding to FcyRII (CD32). In murine macrophages, crosslinking of FcyRII/III leads to activation
of mitogen-activated protein (MAP) kinase family members p38 and JNK [52]. In human monocytes,
inhibiting p38 and JNK abolished trained immunity induced by flagellin (TLR5) after re-stimulating
through TLR4 [32]. TLR induced signaling via MyD88 or TIR-domain-containing adapter-inducing
interferon-β (TRIF) leads to pro-inflammatory cytokine production, and is partly regulated by the
p38MAPK/MK2 pathway [53,54]. Furthermore, in trained immunity epigenetic changes (e.g., H3K4
trimethylation) on the promotor of pro-inflammatory cytokine genes (IL-6, TNF-α) are induced by
training stimuli, resulting in increased cytokine production [15]. Therefore, altogether, we hypothesize
that bIgG can exert a trained immunity effect in macrophages by activating the MAP kinase pathway
via FcyRII, thereby inducing epigenetic changes on the promotors of IL-6 and TNF-α genes, leading to
enhanced NF-κB-dependent TLR-mediated responses.

5. Conclusions

In summary, our data show that raw bovine milk and bIgG isolated from raw colostrum can
induce trained immunity in human monocytes. This strengthens the hypothesis that diet can influence
the responsiveness of the innate immune system. Important to underline however is that the trained
immunity program induced by milk, and milk components are very likely different from those induced
by other dietary components, such as the Western-type diet. This can be concluded by the deleterious
effects of Western-diet-induced trained immunity on atherosclerosis, whereas no such effects have
been reported for milk. Future whole-genome transcriptome and epigenome studies should describe
the trained immunity activation program induced by milk, fully describing the impact of dairy milk
on long-term reprogramming of innate immunity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/10/1378/
s1. Table S1: Trained immunity induced per training stimulus, compared to non-trained cells. after TLR7/8 (R848)
stimulation (IL-6 production), Figure S1: Gating strategy and purity of isolated monocytes (84.6%). Staining was
performed with live/death staining, CD3 and CD14, Figure S2: Induction of trained immunity or tolerance is
dependent on the training of monocytes. Monocytes were stimulated 24 h in the presence or absence of β-glucan
(1 μg/mL); Pam3Cysk4 (10 μg/mL), LPS (0.1 μg/mL) or R848 (10 μg/mL), after 5 days of rest the differentiated
macrophages were stimulated for 24 h with R848 (10 μg/mL). After stimulation with R848 the produced IL-6 and
TNF-α (pg/mL) was measured in supernatant. Data shown as mean ± SEM, with the IL-6 and TNF-α production
of non-trained cells (RPMI) as x-axis. RPMI and β-glucan n = 5; TLR stimuli n = 3. Data was statistically analysed
using a paired t-test. * p < 0.05, Figure S3: Induction of trained immunity by β-glucan. Monocytes were stimulated
24 h in the presence or absence of β-glucan (1 μg/mL), after 5 days of rest the differentiated macrophages were
re-stimulated for 24 h with Pam3Cysk4 (Pam) (10 μg/mL), LPS (0.1 μg/mL) or R848 (10 μg/mL). After stimulation
with R848 the produced IL-6 and TNF-α (pg/mL) was measured in supernatant. n = 15 (Pam) or n = 12 (LPS, R848)
in 5–6 independent experiments. Data shown as dot plot with median. Statistics was done by performing
a Wilcoxon signed rank test between beta-glucan and RPMI for every secondary stimulation (Pam, LPS, R848).
* p < 0.05; ** p < 0.01, Figure S4; Paired analysis plots of monocytes trained with β-glucan, raw milk, bLF and bIgG
and re-stimulated with Pam, LPS or R848 at day 6. In supernatant of day 7 IL-6 (pg/mL) was measured.
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