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Cow milk does not affect adiposity in growing piglets as a model for children
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ABSTRACT

The effect of milk consumption on childhood obesity
is unclear and a direct demonstration of an association is needed. In the present study, we used piglets
as a model for prepubertal children to determine the
effect of milk on adipose tissue. Two studies were conducted: study 1 with 5-wk-old male piglets (n = 8) and
study 2 with 8- to 9-wk-old male piglets (n = 12). The
piglets were fed a normal growing diet and randomly
assigned to receive daily either 750 mL of whole cow
milk or an isocaloric maltodextrin solution (control).
For approximately 12 wk, body weight, feed intake,
and subcutaneous back fat thickness were determined
ultrasonographically and recorded. At euthanasia, back
and neck fat thicknesses were measured and samples of
back fat were collected for adipose histology. In study
1, but not study 2, piglets receiving milk grew more
and ate more compared with control. In study 1, both
back fat and neck fat thickness were greater in the
milk-fed piglets and they had a higher frequency of
small adipocytes and a lower frequency of intermediate
and large adipocytes compared with controls. In study
2, control pigs had a significantly greater frequency of
intermediate adipocytes but the milk-fed piglets tended
to have a higher frequency of the largest adipocytes. In
conclusion, milk has no apparent causal or consistent
effect on adipose tissue in growing piglets.
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INTRODUCTION

The prevalence of childhood obesity increased from
5% in 1971 to 17% in 2004 in children 2 to 19 yr of
age but has since plateaued for unknown reasons (Lakshman et al., 2012; Cheung et al., 2016). Despite the
plateau, childhood obesity is a serious concern because
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it is a strong predictor of adult obesity, with one-third
of adults being considered obese in the United States
(Ogden et al., 2015). Obesity is commonly associated
with many diseases, such as type 2 diabetes and metabolic syndrome (Papoutsi et al., 2013; Xu and Xue,
2016; Kim et al., 2017). There is much debate about
the best ways to prevent and treat childhood obesity,
with many different foods being presented as the best
to avoid (Papoutsi et al., 2013). Although not supported by scientific data, dairy foods, including milk,
have been portrayed by the media as unhealthy and
increasing the risk of obesity because of their higher
energy density and levels of saturated fat (Kratz et al.,
2013). This has led to a decrease in milk consumption
as well as a recommendation from the American Academy of Pediatrics that children should drink skim or
1% milk instead of 2% or whole milk, especially if there
is a family history of obesity (Daniels and Greer, 2008;
Ludwig and Willett, 2013).
More recently, studies have found a negative correlation between the consumption of whole milk and
incidence of childhood obesity (Huh et al., 2010; Vanderhout et al., 2016). Several studies have also demonstrated that dairy fat is negatively associated with
obesity in adults (Zemel, 2005). These studies indicated
that dairy products, and especially fat from these products, are not associated with obesity in either children
or adults (Holmberg and Thelin, 2013).
Milk is composed of a variety of compounds. Besides
fat, other compounds can affect childhood obesity. Cow
milk–based infant formula has been proposed to be a
cause of increased prevalence of childhood obesity due
to high activation of the mechanistic target of rapamycin complex 1 (mTORC1) pathway by leucine (Melnik, 2012). The high amount of protein present in cow
milk compared with human milk has been associated
with increased body mass index in children (Luque et
al., 2016). However, a study conducted in Chile in 2008
found that consumption of milk compared with sweetened beverages over a 16-wk period in children aged 8
to 10 yr increased lean body mass and height (Albala
et al., 2008). Similarly, a case study in Greece in children aged 7 to 15 yr found that children with obesity
consumed significantly more sugar-sweetened bever-
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ages than children without obesity (Papandreou et al.,
2013). Overall, it appears to be beneficial to consume
dairy at a young age instead of sugar-sweetened drinks
to help combat obesity and lower the risk of associated
diseases later in life.
All of the above studies that investigated the link
between dairy consumption and incidence of childhood
obesity were observational. No studies have yet demonstrated a direct link between the two. It is important to
understand whether milk plays a direct role in childhood
obesity because the recommendations for parents working toward prevention are still conflicting. Conducting
such studies requires the use of proper animal models.
Pigs have previously been shown to be sufficient models
for humans when looking at factors potentially causing
obesity (Hanhineva et al., 2013).
Using growing piglets as our model for young children
and by assessing overall weight gain, back fat thickness, and adipocyte formation, we sought to determine
whether the oral consumption of milk could affect fat
accumulation at an early age compared with piglets
receiving a normal growing diet supplemented with
a maltodextrin solution. We hypothesize that piglets
receiving bovine milk daily will have lower amounts
of back fat and the large adipocytes associated with
hypertrophic growth.
MATERIALS AND METHODS
Animals

Experimental procedures used in this study were approved by the Institutional Animal Care and Use Committees of Oregon State University (protocol #4691).
Two studies were carried out between January and May
2016 (study 1) and 2017 (study 2).
Study 1 was run as a pilot study. Eight male Yorkshire
piglets from 2 litters from the Oregon State University
Swine Center, all 5 wk of age with starting weights
ranging from 4.1 to 6.2 kg, were randomly assigned to
groups, blocking for weight and litter, for a 13-wk trial.
In study 2, 12 Duroc-Berkshire male piglets, 8 to 9 wk
of age with a starting weight ranging from 12.9 to 18.7
kg from 4 litters, were purchased from a commercial
operation and randomly assigned to groups, blocking
for weight and litter for an 11-wk trial. The number of
piglets used (n = 6 per group) was based on the results
from study 1 and a prior study that used pigs as a
model for childhood obesity (Toedebusch et al., 2014).
The piglets in study 1 were kept in the Swine Center
in 6-m2 pens with slatted floors and individual heat
lamps. The piglets in study 2 were kept in the Hogg
Animal Metabolism Barn in a temperature-controlled

room in 1.3-m2 pens with the ground lined with AstroTurf (Dalton, GA). All pigs had unlimited access to
water and their pens were cleaned regularly.
In both trials, piglets were fed every morning between 0700 and 0800 h; consumed and refused feed was
weighed and recorded daily. On d 1, piglets were fed
a Grolean Grower 50-140 diet (15.5% CP; CHS Inc.,
Sioux Falls, SD) at an amount of approximately 7% of
the average BW of the group. After d 1, the amount
fed was adjusted based on the amount of refused feed,
such that if a piglet had <100 g of refused feed that
morning, the amount of feed was increased by 200 g;
if a piglet had >100 g of refused feed, they were fed
the same amount as the previous day; if a piglet had
2 or more consecutive days of >100 g of refused feed,
then the feed was decreased by 50 g for that day. In
addition to the feed, the piglets received an isocaloric
supplement of either a maltodextrin solution (cat. no.
007-345-0341, Honeyville, Rancho Cucamonga, CA)
or whole cow milk. The milk was collected daily from
the Oregon State University Dairy Center bulk tank
and fed to the pigs within an hour of collection. The
maltodextrin solution was made every 3 to 4 d and
kept refrigerated when not being fed. For piglets in
the milk group, 750 mL was fed daily (4.8% fat, 3.6%
protein, 4.8% lactose), whereas piglets in the maltodextrin groups were fed 500 mL of solution daily. The
amount of maltodextrin solution was calculated based
on the number of calories in the milk (576.3 kcal in 750
mL), given that maltodextrin has an energy density
of 4 kcal/g. Each piglet received 144 g of maltodextrin mixed in 500 mL of water to make it a palatable
consistency. In study 2, the supplements were fed in
small troughs separate from their feed troughs, whereas
in study 1, the supplements were mixed directly with
food. Piglets in the second study were given their food
after they drank their supplement, usually within 1 to
2 min. Piglets in the first study were euthanized in wk
13 of the study in the Oregon State University Clark
Meat Laboratory using a captive bolt gun. Piglets in
the second study were euthanized at the end of 11
wk via a jugular injection of pentobarbital (Somnasol
Euthanasia, cat. no. EU-HS-045-100-0; Henry Schein,
Melville, NY).
Piglet Intake and Weight Data

Daily feed intake was calculated as feed provided
minus refusals for each individual piglet. At d 0 of the
trial and each week after, the piglets were individually weighed. Average daily gain (kg) was calculated by
dividing the weight gained in 1 wk by 7 d. Feed conversion ratio (FCR) was calculated by taking the average
Journal of Dairy Science Vol. 102 No. 6, 2019
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daily intake (ADI, kg) for each week and dividing it by
the ADG for the same week.
Fat Thickness Measurements

In vivo back fat measurements were taken via transcutaneous ultrasonography on the left side of the pig
from 7 cm off the dorsal midline at the level of the
head of the last rib on d 3, 31, 59, and 71 of the trial.
Ultrasonographic coupling gel was applied (Aquasonic
100 Ultrasound Transmission Gel, Parker Laboratories
Inc., Fairfield, NJ) and a digital image was captured using a linear-array 5-MHz probe (Mindray M5, Mindray
North America, Mahwah, NJ). Ultrasound images were
then analyzed using ImageJ 1.51k software (National
Institutes for Health, Bethesda, MD). Briefly, the internal scale provided on the ultrasound image was used
to establish a scale to give exact measurements of the
thickness of the subcutaneous back fat.
Direct back fat measurements were taken immediately following euthanasia. In study 2, after euthanasia,
photographs of the back subcutaneous fat were taken
just below the last rib on the left of the animal and
of the neck subcutaneous fat at approximately 15 cm
caudal to the occipital bone and left of the midline,
with a ruler in the picture for scale (Supplemental Figure S1; https://doi.org/10.3168/jds.2018-15201). The
thickness of the subcutaneous fat was analyzed using
ImageJ (National Institutes for Health). Briefly, the
ruler in the picture was used to establish a scale to give
exact measurements of the thickness of the subcutaneous back fat. In study 1, a ruler was used to directly
measure the back fat (i.e., no photographs were taken)
after euthanasia.
Adipose Histology Data

Subcutaneous adipose tissue samples were collected
from the same area as the back fat images at euthanasia
and placed in tubes with 10% buffered formalin (cat.
no. CA71007-348, VWR, Radnor, PA). The samples
were paraffin-embedded, sectioned, and stained with
hematoxylin-eosin by the Oregon State University Veterinary Diagnostic Laboratory (Supplemental File S1;
https://doi.org/10.3168/jds.2018-15201). Seven images
per sample at 10× magnification were taken using an
inverted robotic microscope (Leica DMI6000B, Leica
Microsystems, Buffalo Grove, IL) and analyzed using
Cell Profiler 3.0.0 (Carpenter Lab, Broad Institutes of
Harvard and MIT, Cambridge, MA; cellprofiler.org) to
obtain the area of adipocytes (Supplemental File S2,
Cell Profiler pipeline file used to obtain area of adipocytes; https://doi.org/10.3168/jds.2018-15201).
Journal of Dairy Science Vol. 102 No. 6, 2019

Statistical Analysis

Data collected during the time course were analyzed
using Proc GLIMMIX of SAS (version 9.4; SAS Institute Inc., Cary, NV) with treatment, time, and their
interaction as main effects and pig as random. All the
other data were analyzed by R (version 3.2.3; https://
www.r-project.org/) using a linear mixed-effects model
with treatment as the main effect and pig as the random variable. An ANOVA Type III with Satterthwaite
approximation for degrees of freedom was run to calculate P-values; a P-value of < 0.05 denotes a biological
significant effect whereas P-values > 0.05 and < 0.1
denote a trend.
RESULTS
Pig Intake and Weights

In study 1, the piglets fed milk supplement had a
numerically greater ADG (P = 0.12) and a numerically
lower FCR (i.e., greater efficiency in converting food to
BW; P = 0.11) compared with control piglets (Figure
1AB). Average daily intake and BW were significantly
affected by treatment × time (P < 0.05), with both
being greater at the end of the study in the piglets fed
milk (Figure 1D).
In study 2, the piglets fed milk did not show any
significant differences in ADG, FCR, ADI, or BW
compared with control (maltodextrin-supplemented)
piglets (Figure 2).
Back and Neck Fat Data

In study 1, control piglets had lesser back fat and
neck fat thickness compared with milk-fed piglets but
no differences were detected in study 2 (Table 1). The
thickness of the back fat measured by using an ultrasonographic probe throughout the studies did not differ
significantly between control and milk-fed piglets in
both studies (Figure 3).
Adipose Histology Data

In study 1, we detected a numerically lower average
area of adipocytes in milk-fed compared with control
piglets (P = 0.12; Table 2). The grouping of adipocytes
based on the original distribution showed a bimodal
distribution (Figure 4). Milk-treated piglets had a
lower frequency of adipocytes with areas of 400 and
1,000 µm2 (P < 0.05) and a tendency (P = 0.09) for a
greater frequency of adipocytes with area of 150 µm2.
In study 2, we detected no differences in the average
area of adipocytes (P = 0.29, Table 2). Compared with

MILK AND CHILDHOOD OBESITY

control piglets, the back fat of milk-fed piglets had a
significantly (P < 0.05) lower frequency of adipocytes
with areas of 300, 400, and 500 µm2 and a tendency (P
= 0.06) for a greater frequency of adipocytes with an
area of 2,000 µm2 (Figure 4). Compared with controls,
the milk-fed pigs had a larger average in the ≥300µm2 adipocytes (663.8 vs. 582.1 µm2; P = 0.018) but a
smaller average in the <300-µm2 adipocytes (122.1 vs.
125.3 µm2; P = 0.067).
DISCUSSION

In study 1, feeding the milk supplement contributed
to greater subcutaneous adipose tissue deposition in
the back and neck area, meaning that milk could affect
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fat deposition more than sugary drinks. The effect was
inconsistent, however, because the same observations
were not present in study 2. This inconsistency can be
attributed to various factors. The measurement of back
fat after euthanasia was less precise in study 1 than in
study 2. The piglets in study 1 were from 2 litters and
were purebred, whereas those in study 2 were from 4
crossbred litters, and thus had larger genetic variance,
which is a more realistic human model (Harrill and
McAllister, 2017). The piglets in study 1 were only 5
wk of age when enrolled; that is, directly after weaning.
The piglets in study 2 were older and had been on solid
food for 3 to 4 wk before starting the study. Based on
the amount of diarrhea recorded (Supplemental Table
S1; https://doi.org/10.3168/jds.2018-15201), piglets in

Figure 1. (A) Average daily gain; (B) average daily intake (ADI); (C) feed conversion ratio (FCR = ADI/ADG); and (D) weekly BW in
piglets of study 1 supplemented with up to 750 mL of milk or an isocaloric amount of maltodextrin (CTR). TRT = overall effect of milk (treatment), Time = overall effect of time; Time × TRT = interaction between time and TRT. Significance and tendency of the effect is indicated by
the P-value associated with the effect. Error bars represent SE.
Journal of Dairy Science Vol. 102 No. 6, 2019
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Table 1. Thickness of the adipose tissue in dorsal (back) and neck
area of piglets supplemented with up to 750 mL of milk a day or an
isocaloric amount of maltodextrin (control) (study 1, n = 4 per group)
Treatment
Study
1
2

Fat
tissue

Control

Milk

SEM

P-value

Back
Neck
Back
Neck

1.71
2.60
2.49
4.18

2.35
3.11
2.29
3.94

0.19
0.16
0.16
0.22

0.04
0.04
0.39
0.43

study 1 had a difficult time adjusting to the treatments.
They were also exposed to a wider range of temperatures than the piglets in study 2. Furthermore, in study
1, mixing of the milk in the feed might have increased

the consumption of feed compared with control piglets,
whereas in study 2, the separation of the milk from the
feed might have removed such an effect.
Obesity can be associated with increased adipose tissue hyperplasia, hypertrophy, or both, depending on the
extent of each (Landgraf et al., 2015). These processes
will occur throughout an individual’s lifetime, especially
during childhood when the energy stored and required
constantly changes (Avram et al., 2007). When one or
both of these processes occur at a greater rate than the
body needs that, the risk of obesity increases (Avram
et al., 2007; Heinonen et al., 2014). The tendency of the
milk-fed piglets in study 1 to have a higher frequency
of the smaller adipocytes indicates greater adipogenesis
and hyperplasia, which can explain, in part, the greater
back fat thickness observed (Parlee et al., 2014). A

Figure 2. (A) Average daily gain; (B) average daily intake (ADI); (C) feed conversion ratio (FCR = ADI/ADG); and (D) weekly BW in
piglets of study 2 supplemented with up to 750 mL of milk or an isocaloric amount of maltodextrin (CTR). Time = overall significant effect of
time. Significance and tendency of the effect is indicated by the P-value associated with the effect. Error bars represent SE.
Journal of Dairy Science Vol. 102 No. 6, 2019
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Figure 3. Back fat thickness (cm) measured using ultrasound in study 1 (A) and study 2 (B) in piglets supplemented with up to 750 mL of
milk (M) or an isocaloric amount of maltodextrin (C). No significant effects were observed. Error bars represent SE.

greater frequency of some medium-sized or large adipocytes in the control piglets could indicate a decrease in
adipogenesis and increased lipogenesis compared with
milk-fed piglets in study 1. Larger adipocytes can be
associated with insulin resistance (Parlee et al., 2014).
Adipocyte hypertrophy–associated obesity has been
linked to both insulin resistance and the onset of type
2 diabetes, along with lipotoxicity (Weyer et al., 2000;
Table 2. Mean area (µm2) of adipocytes in the back fat of piglets
supplemented with up to 750 mL of milk a day or an isocaloric amount
of maltodextrin (control) (study 2, n = 6 per group)
Treatment
Study
1
2

Control

Milk

SEM

P-value

446.8
370.9

397.0
398.0

11.7
9.85

0.12
0.29

Virtue and Vidal-Puig, 2010; Gustafson et al., 2015;
Landgraf et al., 2015; Jang et al., 2016). In study 2, the
distribution of adipocyte sizes was, to some extent, opposite that of study 1, suggesting that milk-fed piglets
had more active lipogenesis and a tendency for a large
amount of adipogenesis compared with control piglets.
The results from both studies indicate an inconsistent
effect of milk on adipogenesis and lipogenesis but,
overall, indicate that milk had a tendency to increase
adipogenesis.
Hypertrophic adipose tissue can lead to higher incidences of insulin resistance, liver fat, and inflammation
(Heinonen et al., 2014). This association is due to the
limited expandability of subcutaneous white adipose
tissue along with cell signaling from hypertrophic
adipocytes (Virtue and Vidal-Puig, 2010; Gustafson et
al., 2015; Landgraf et al., 2015). Preadipocyte commitment and adipogenesis are often impaired under such
Journal of Dairy Science Vol. 102 No. 6, 2019
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Figure 4. Area size distribution of adipocytes (µm2) collected from the back fat of piglets supplemented with up to 750 mL of milk (M) or
an isocaloric amount of maltodextrin (C) for 13 wk (study 1) or 11 wk (study 2). Statistical difference between the piglets in M and C: **P <
0.05 or *P < 0.10 (tendency). Error bars represent SE.
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conditions, contributing to an increase in metabolic
dysregulation (Virtue and Vidal-Puig, 2010; Cawthorn
et al., 2012; Gustafson et al., 2015). An increase in
adipogenesis can help balance out the rate of growth of
hypertrophic adipocytes, and smaller adipocytes have
greater insulin sensitivity, reducing the risk of developing obesity and insulin resistance, and leading to type
2 diabetes (Roberts et al., 2009; Virtue and Vidal-Puig,
2010). Therefore, our data indicate that milk might
help prevent type 2 diabetes in children or, as a longterm effect, in adults, as noted in several studies but
not in all (Soedamah-Muthu et al., 2013).
Many components of milk could play a role in obesity. As previously mentioned, the high concentration
of saturated fat in milk has been a cause for concern,
although many studies have found a negative correlation between dairy fat intake and body mass index
(Huh et al., 2010; Vanderhout et al., 2016; Beck et al.,
2017). Milk is also known to be high in calcium, which
has been linked to weight loss and maintenance, as well
as with a decreased incidence of hypertension (Elwood
et al., 2010; Villarroel et al., 2014). Milk is rich in protein, specifically whey protein, that has been shown
to increase secretion of insulin and might help lower
the risk of developing type 2 diabetes (McGregor and
Poppitt, 2013).
Adipocytes are produced via resident mesenchymal
stem cells upon activation of several transcription factors, chiefly peroxisome proliferator-activated receptor
(PPAR)γ (Sarjeant and Stephens, 2012). Among others, PPARγ can be activated by the mTORC1 pathway,
leading to increased adipogenesis and insulin sensitivity (Kim and Chen, 2004; Blanchard et al., 2012;
Marion-Letellier et al., 2016). The branched-chain AA,
specifically leucine, rich in the whey protein in milk,
can directly stimulate mTORC1 (Melnik et al., 2013).
Besides adipogenesis, the mTORC1 pathway can increase lipogenesis via sterol response element binding
protein-1 (SREBP-1; Melnik et al., 2013). Thus, milk,
via the mTORC1–PPARγ–SREBP-1 axis, could affect
differentiation of mesenchymal stem cells and, in turn,
affect adipogenesis and lipogenesis. In addition to its
role in adipogenesis, PPARγ can increase the production of adiponectin by mature adipocytes (El Sayyad et
al., 2016). Adiponectin is associated with an increase in
insulin sensitivity and an increase in lipolysis (Virtue
and Vidal-Puig, 2010). The tendency for an increase
in adipogenesis observed in the milk-supplemented
piglets in both studies could be due to an increase in
expression of PPARγ, which would in turn increase the
production of adiponectin. This would mean that the
milk-supplemented piglets would be less likely to develop insulin resistance and type 2 diabetes.

Limitations

In our studies, the piglets could not be considered
obese because they reached a BW that is typical for the
species (~90 kg at 20 wk of age). The present studies
lasted ≤13 wk, with the piglets being euthanized at approximately 20 wk of age. Although detrimental effects
of obesity in children can be seen at an early age, such
as earlier puberty in girls and later puberty in boys,
the major health problems associated with obesity are
observed in young and older adults (Cali and Caprio,
2008; Burt Solorzano and McCartney, 2010). Another
limitation of our study was the small number of animals used to capture differences. Therefore, a long-term
study that followed the piglets until later in life (i.e., 2
yr old) and used a larger number of animals is necessary to demonstrate a direct effect of milk on obesity
and associated diseases.
CONCLUSIONS

Taking into account the issues of a lack of genetic
variation and young age of the piglets associated with
the first study and the above limitations, we conclude
that supplementing milk at an early age does not have
an effect on weight gain in growing piglets, although
the effect on overall fat accumulation was inconsistent.
Thus, our studies suggest that children consuming milk
are not more or less likely to become obese. However,
the observed effect on adipogenesis and lipogenesis is of
interest. These data point to a likely effect of milk on
the preadipocytes or the mesenchymal stem cells that
give rise to the adipocytes. If milk does affect mesenchymal stem cells, this could have long-term implications. Therefore, it appears logical to investigate the
effect of milk on mesenchymal stem cells.
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