
123 

A New Way to Look at the Impact  of Dairy Foods on Health 

  
Peggy Tomasula, D.Sc., Jenni Firrman, LinShu Liu 

 
Dairy and Functional Foods Research Unit, Eastern Regional Research Center, 

Agricultural Research Service, USDA, 600 E. Mermaid Lane, Wyndmoor PA 19038 
Peggy.tomasula@ars.usda.gov 

  
MILK – PART OF A HEALTHY DIET 
 
Bovine milk has long been a staple of human nutrition. Milk and milk products are rich 
sources of several bioactive and functional compounds such as the casein and whey 
proteins, along with lactoferrin and the immunoglobulins found in whey; milkfat; lactose 
and oligosaccharides; vitamins and minerals; and enzymes. Digestion of milk yields bio-
active peptides from the milk proteins and free fatty acids and monoglycerides from milk-
fat. The Dietary Guidelines for Americans 2015-2020 suggest that a healthy adult 
consume the equivalent of 3 cups of fat-free or low-fat milk per day (USHHS and USDA, 
2015). The effects of milk consumption on overall human health have been well docu-
mented (Haug et al., 2004; Ebringer et al., 2008; Visioli and Strata, 2014). The bioactive 
peptides of milk are encrypted in the casein or whey proteins and are released upon 
contact with digestive enzymes in the stomach and small intestine (Tunick et al., 2016), 
or released during lactic acid fermentation of milk products such as yogurt and cheese or 
other proteases (Fitzgerald and Murray, 2006; Korhonen and Pihlanto, 2006). The bio-
active peptides from casein or whey have shown a broad spectrum of activities such as 
antihypertensive, antimicrobial, opioid-like, and antioxidative. Casein phosphopeptides 
(CPP), probably the most studied of the bioactive peptides of casein, are known for their 
mineral-carrying capacity and have already found commercial applications in oral-health 
products. Most research on the effects of bioactive peptides has been conducted in the 
laboratory (in vitro) but not yet applied in vivo (in animal or human clinical trials) to a large 
extent. For most of the bioactive peptides, it is not known if the reported bioactivities will 
persist in vivo. Information on the fats and lipids of milk is found in the proceedings of this 
conference and also in Tunick et al. 2015.  
  
The benefits of dairy consumption on human health have been well documented, and 
supporting literature can be found in the USDA Nutrition Evidence Library, Center for 
Nutrition Policy and Promotion, https://www.cnpp.usda.gov/nutritionevidencelibrary and 
in the proceedings of this conference.   
  
DIGESTION OF MILK – A MATTER OF PROCESSING?  
  
Commercial fluid milk is processed from raw milk to create 0.1% (skim), 1%, 2% and 
3.25% (whole) pasteurized milk. The fat in milk exists as globules, 3 to 5 µm in size, with 
a protective membrane known as the milk fat globule membrane (MFGM). To prevent a 
cream layer from forming, the fat is first separated from milk and then added back to 
create milk of the desired fat content.  It is then homogenized, which removes the MFGM 
and reduces the sizes of the fat globules to less than 1 µm (Michalski and Januel, 2006), 
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increasing their numbers. The MFGM fragments have also been proposed as nutraceu-
ticals (Spitsburg, 2005) but little research has been done to isolate and explore the 
benefits of the MFGM and its fragments on human health. 
   
The homogenized milk is then treated by high temperature short time pasteurization 
(HTST) at the minimum conditions of temperature and holding time of 71.7°C (161°F) for 
15 seconds. Vat pasteurization may be used in on-farm operations and requires a mini-
mum temperature of 63°C (145°F) and hold time of 30 minutes. Ultra-pasteurization (UP) 
is conducted at the minimum conditions of 138°C (280°F) for 2 seconds and is typically 
used for specialty milk products and has a longer shelf-life than HTST-treated milk. The 
milk must be refrigerated because it was not aseptically packaged. This is referred to as 
ultra-high temperature (UHT) processing if packaged aseptically and then does not 
require refrigeration. HTST eliminates human pathogens of concern and extends shelf – 
life of milk. UP is not considered commercially sterile but has a shelf life up to 90 days. 
UHT milk is commercially sterile and has a shelf-life up to 6 months (FDA, 2017).  
 
The effects of homogenization and pasteurization on the digestibility of raw milk was test-
ed using an in vitro digestion model (Tunick, et al. 2016). Standardized raw whole milk 
was subject to either homogenization, HTST, homogenization plus HTST, or homogeni-
zation plus UHT processing. Raw skim milk was subject to HTST or UHT processing.  
Next, the processed samples were exposed to in vitro gastric digestion at pH 1.5, 38°C, 
using a simulated gastric fluid containing pepsin followed by intestinal digestion at pH 7.0 
using a simulated intestinal fluid containing lipase, pancreatin and bile salts. Afterwards, 
the samples were run on a sodium dodecyl sulfate-PAGE (SDS-PAGE) gel to follow the 
disappearance of the individual casein and whey proteins (Figure 1) in the stomach and 
remaining proteins or peptides and lipids (Figure 2) in the small intestine as a function of 
time. 
   
After 60 minutes of in vitro gastric digestion, the intact casein and minor whey proteins 
were digested, and casein and whey peptides (sizes represented at below approximately 
10 kDa) and the major whey proteins, alpha-lactalbumin (α-LA) and beta-lactoglobulin (β-
LG), remained. (See Lane 4, Figure 1a). Some degradation is seen in the homogenized 
raw whole, homogenized UHT, and UHT skim raw milk samples (Figure 1a).  After intes-
tinal digestion for 120 minutes, low molecular weight peptides or amino acids persisted 
for the samples containing fat and the raw whole homogenized sample, with multiple 
bands remaining even after the 2 hours of digestion (Lane 6, Figure 1b).  Confocal micro-
scopy of samples during digestion showed fat droplets remaining after intestinal digestion 
for raw milk samples that were homogenized (Figure 2). Skim milk and raw whole milk 
showed complete digestion after 3 hours and homogenization with HTST and UHT pro-
cessing showed possible formation of fat-protein aggregates (Tunick, et al, 2016), an 
indication that processing may affect the digestibility of milk. 
   
These findings are supported by a similar in vitro study showing that most bovine milk 
proteins and peptides, including pepsin resistant proteins, were completely digested by 
the end of the 3-hour process (Gallier, et al, 2012). β-LG and a few other peptides were 
still detected, although at a lower concentration. Fat globules were shown to digest at 
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Figure 1: SDS-PAGE of processed milk during in vitro gastrointestinal digestion 

RW, raw whole milk; H, homogenized raw whole milk; P, HTST-pasteurized whole milk; HP, homogenized 
and HTST pasteurized milk; HU, homogenized and UHT-processed milk; RS, raw skim milk; SP,HTST-
pasteurized skim milk; SU, UHT-processed skim milk. The proteins corresponding to the bands are listed 
on the left- hand side of the panels. The molecular weights of the proteins and peptides are listed on the 
right-hand side of the panels.  Panel a (top) Gastric digestion of whole milk raw and processed samples; 
Panel a (bottom) Gastric digestion of skim milk raw and processed samples; Lane 1 shows the processed 
sample after initiation of gastric digestion at time=0, Lane 2 15 min, Lane 3 30 min., Lane 4 60 min. Panel 
b (top) Intestinal digestion of whole milk samples from Panel a (top); Panel b (bottom) Intestinal digestion 
of skim milk samples from Panel a (bottom); Lane 1 of each series shows the processed sample from 
Lane 4 of Panel a) adjusted to 0 time. Lane 2 15 min., Lane 3 30 min., Lane 4 60 min., Lane 5 90 min., 
Lane 6 120 min.  
 
different rates and depending on their size were protected by MFGM glycosylated pro-
teins during gastrointestinal digestion. Therefore, it may be possible that after milk 
consumption, fat globules, along with some protein, will not be absorbed by the small 
intes-tine, and will enter the large intestine. 
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Figure 2:  In vitro gastrointestinal digestion of milk – confocal microscopy 

RW = raw whole milk; H = homogenized, raw whole milk; HU = Homogenized, UHT-processed whole milk; 
G= gastric digestion; I = intestinal digestion.  The colors red and yellow are fats, the color green is protein. 
RW, raw whole milk; H, homogenized, raw whole milk; P, HTST-pasteurized whole milk; HP, homogenized 
and HTST pasteurized milk; HU, homogenized and UHT-processed milk; RS, raw skim milk; SP, HTST-
pasteurized skim milk; SU, UHT-processed skim milk. 
 
MILK AND THE GUT MICROBIOTA- IS FAT A NECESSARY COMPONENT?  
  
A number of studies of the effect of human milk on the development of the gut microbiota 
in infants have demonstrated that it provides an array of irreplaceable benefits to the 
infant that may persist throughout life (Jost, et al., 2015; De Leoz, et al., 2015; Pacheco, 
et al., 2015). Other studies demonstrated the positive effects of probiotic-containing 
fermented milk on the human gut microbiota (Unno et al., 2015; Ceapa et al., 2013). Yet, 
the effect of bovine milk consumption on the composition and metabolome, the Biochem-
ical composition of small molecules resulting from gene expression, of the human gut 
microbiota in the individual intestinal regions- the ascending, transverse and descending 
colon - remains undefined. In particular, the effect of fluid milk on the gut microbiota is of 
interest. We are interested in comparing the effects of fat-free to full fat milk using an 
artificial gastrointestinal system. 
 
The current opinion in the Dietary Guidelines for Americans 2015-2020 is that fat-free and 
low-fat milk retain the same nutrients as full-fat milk, making these products a more desir-
able dietary addition, and the recommended form of milk consumption (USHHS and 
USDA, 2015). However, it is recognized that milk fat contains many types of fatty acids  
and lipids, and fat-soluble vitamins; all of which play a beneficial role in human health 
(Haug, et al., 2004; Ebringer, et al., 2008). Previous studies have demonstrated that  and 
lipids, and fat-soluble vitamins; all of which play a beneficial role in human health (Haug, 
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et al., 2004; Ebringer, et al., 2008). Previous studies have demonstrated that  consuming 
full-fat milk is inversely correlated to both global and abdominal obesity (Crichton and 
Alkerwi, 2014; Holmberg and Thelin, 2012), and that milk fat plays a role in the release of 
gastrointestinal peptides, which function to slow gastric emptying (Panahi, et al., 2014). 
The gut microbiota is composed of bacteria from the phyla: Firmicutes, Bacteriodetes, 
Actinobacteria, and Proteobacteria. One study analyzing fecal samples of humans con-
suming a diet supplemented with either fat-free or full-fat yogurt revealed that the addition 
of milk fat resulted in changes to not only the Firmicutes/Bacteroidetes ratio, a ratio that 
changes with the fat content of a diet, but also a change with respect to the relative 
abundance of class Bacilli and family Streptococcaceae (Walsh, et al, 2016). These 
results indicate that the fat component of dairy products is able to modify the gut micro-
biota composition (Walsh, et al., 2016). However, the extent and location of these effects 
remains unknown.   
 
  
THE GUT MICROBIOTA - RELATIONSHIP TO FOOD  
  
The relationship between human health and diet is well documented. However, studies 
relating the diet to only the human host are one-dimensional because they ignore the gut 
microbiota, which consists of over 1014 bacterium, representing 500-1000 individual spe-
cies (Xu and Gordon, 2003; Payne et al., 2012; Konturek, et al., 2015). Dietary compon-
ents provide the substrates that maintain the gut microbial community (Power, et al., 
2014; Venemaa and Van den Abbeele, 2013). The metabolites produced from this com-
munity serve as substrates for human cells, thereby contributing to host physiological 
status (Krishnan, et al., 2015; LeBlanc, et al., 2013). Accordingly, the gut microbiota can 
be described as the mediator between diet and human health (Sonnenburg and Backhed, 
2016). Therefore, it is important to understand the effect of diet on the gut microbiota, be-
cause changes to the gut microbiota, and the quantity and/or type of metabolites produc-
ed, can directly and indirectly influence human health (Maga, et al., 2013; Sonnenburg 
and Backhed, 2016).  
  
HOW TO STUDY THE GUT MICROBIOTA - IN VITRO vs. IN VIVO   
  
Studying the gut microbiota is a challenging endeavor (Power, et al., 2014). Most of the 
species that comprise the gut microbiota are obligate anaerobes (grow in the absence of 
oxygen) (Konturek, et al., 2015) and many strains are considered unculturable (cannot 
be grown under laboratory conditions) (Lau, et al., 2016; Feria-Gervasio, et al., 2014). In 
order to study all aspects of the gut microbiota, a system must be used that will provide 
the precise environmental conditions necessary for a comprehensive gut microbial com-
munity to form. This requires utilizing either an in vivo system which relies on a living or-
ganism, or an in vitro system designed to mimic the physiological conditions of the colon. 
   
 While in vivo studies are typically considered more significant, the relevance of animal 
data in the context of the human gut microbiota remains in question (Payne, et al.,  2012). 
Application of an in vivo model is complicated, since each species has a unique com-
munity which has evolved based on dietary components and are anatomically different 
from humans (Muegge, et al., 2011; Nguyen, et al., 2015). The use of humans as an in 
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vivo model is also limited due to the complexity of the gastrointestinal tract (GIT) environ-
ment, limitations with accessing different parts of the intestine, and difficulty removing 
samples (Payne, et al., 2012; Feria-Gervasio, et al., 2014; Stearns, et al., 2011). Also, 
any in vivo study must adhere to stringent ethical parameters, restricting the type of 
research that can be performed (Venemaa and Van den Abbeele, 2013; Guerra, et al. 
2012; Payne, et al., 2012). Because of these constraints, many gut microbial studies rely 
overwhelmingly on fecal sample analysis (Payne, et al., 2012; Van den Abbeele, et al., 
2010). However, data have revealed that there is a discrepancy between the com-position 
of the microbiota in a fecal sample and the microbiota found in the individual intestinal 
regions (Eckburg, et al., 2005; Feria-Gervasio, et al., 2014). Data generated from fecal 
sample analysis does not provide information on the micro-environment of the gut or the 
site of fermentation (Van den Abbeele, et al., 2010; Venemaa and Van den Abbeele, 
2013). Therefore, in gut microbial research, the in vitro model remains essential, providing 
a method to measure that which cannot be examined using an in vivo system (Guerra, et 
al. 2012). In vitro studies of the gut microbiota are superior to in vivo studies in a number 
of ways. They have no ethical constraints; therefore, they can be used to study microbial 
modifiers that may be considered hazardous, and/or permit experimental parameters that 
would be unacceptable for in vivo work (Van den Abbeele, et al., 2010; Venemaa and 
Van den Abbeele, 2013; Lacroix, C., et al., 2015). During the experiment, multiple sample 
types can be harvested at any time point with no restraints on volume, frequency, or 
sample site (Venemaa and Van den Abbeele, 2013). Importantly, with in vitro systems, 
the physiological conditions can be altered to mimic any region of the large intestine, con-
trolling factors such as pH, anaerobiosis, and transit time (Venemaa and Van den Ab-
beele, 2013; Van den Abbeele, et al., 2010). Strict control over these environmental pa-
rameters makes results from in vitro systems more recordable and reproducible (Van den 
Abbeele, et al., 2010). For over 20 years, such in vitro model systems have been devel-
oped and validated, including the Simulator of the Human Intestinal Microbial Ecology 
(SHIME®) (Feria-Gervasio et al., 2014).    
  
SIMULATOR OF THE HUMAN INTESTINAL MICROBIAL ECOLOGY (SHIME®)  
  
The Simulator of the Human Intestinal Microbial Ecology, more commonly referred to as 
the SHIME, was developed as an in vitro tool to study the gut microbiota (Molly, et al., 
1993). It is a five-stage, sequential and continuous bio-reactor system that mimics the 
GIT, starting with the stomach and ending with waste removal (Illustration 1) (Molly, et 
al., 1993; Van de Wiele, et al., 2015). Within the system are three individual reactors that 
mimic the ascending, transverse and descending regions of the large intestine that work 
together to reproduce the physiological conditions of the large intestine and maintain 
microbial diversity along the intestinal tract (Molly, et al.,1994; Van de Wiele et al., 2015). 
In order to provide a surface for bacterial colonization, porous beads coated with mucin 
agar are added into each reactor. This allows for complex biofilms to form increasing com-
plexity of the community (Van den Abbeele, et al., 2010). The SHIME system has been 
previously verified to maintain colon diversity over several months (Molly, et al., 1994; 
Van de Wiele, et al., 2015). The resulting community has been validated and claimed to 
be similar to the human large intestine in respect to type of microorganisms located in 
each region and their metabolic activities (Molly et al., 1994). The TWINSHIME system 
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was developed to consist of two SHIME systems that are run in parallel, providing for both 
experimental and control systems in a single experiment. 
   
The most valuable component of the SHIME system is that it encompasses the entirety 
of the GIT, while also incorporating the large intestinal regions on an individual level. This 
feature is paramount because the enzymatic and bacterial digestions of dietary com-
ponents along the GIT is a cascade-like, dynamic and enduring process. During transit, 
a metabolite of bacterial digestion upstream can serve as a substrate for bacterial 
metabolism downstream, function in cell signaling, or stimulate another reaction in a sep-
arate region. Locating the origin of the substrate, where the downstream reaction occurs, 
and the final product of the reaction, is possible through the application of SHIME tech-
nology. Utilizing the SHIME system, the processes occurring in the specific large intestinal 
regions, including changes to the gut microbial community and metabolome, can accu-
rately be delineated. Three times a day, feed is added to the stomach and pancreatic 
juice to the small intestine. Pumps connecting to the reactors are turned on to move the 
fluid through the system, mimicking the movement through the gastro-intestinal tract. The 
ability to demonstrate that metabolites from one part of the large intestine, potentially 
function as substrates in a different intestinal region, will provide significant insight for the 
fields of medicine, pharmacy, and health care.   
       
  
Illustration 1.  Diagram of the SHIME system   

 
  
In contrast to the design representing the large intestine, the design for the simulator of 
the small intestine is far from concrete, where there is only one bioreactor representing 
the three segments of the small intestine, and its nutrition absorption function is assigned 
to a geo-separated column to remove small molecules. The column used for the absorp-
tion process is a dialysis membrane that functions to separate out the nutrients generated 
and allows the larger non-digested material to move to the large intestine. Therefore, it is 
not surprising that most publications using the TWINSHIME® system are related to the 
use of its lower GIT simulator.  
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Illustration 2.  The TWINSHIME® system in the Dairy and Functional Foods Research Unit; Eastern 
Regional Research Center; Agricultural Research Service, USDA, Wyndmoor, PA   
  

 
  
  
EXPERIMENTAL DESIGN - WHAT IT TAKES TO RUN A TWINSHIME® EXPERIMENT  
  
The TWINSHIME apparatus is composed of two complete independent SHIME systems, 
both containing five water-jacketed bioreactors set up in sequence to represent the stom-
ach (ST pH 2), small intestine (SI pH 6.6-6.9), ascending colon (AC pH 5.4-5.6), trans-
verse colon (TC pH 6.2-6.4), and descending colon (DC pH 6.6-6.9) (Illustration 3). To 
initiate this system, the colon regions are filled with a “defined medium” (DM), to maintain 
the fecal homogenate, and then inoculated with 5% fecal homogenate. Transfer tubes 
are set up in between each reactor to allow for movement of the culture in a sequential 
manner, and the transfer tube height is fixed so that the volume of each colon reactor 
does not change. Three times a day, DM is pumped into the ST and allowed to incubate 
for 1 hour. The DM is then pumped into the SI along with pancreatic juice con-taining bile 
salts, leaving the ST empty. The resulting slurry incubates in the SI reactor for 30 minutes. 
At this point the systems are flushed with nitrogen to remove any oxygen that may have 
entered the system or been released during the feeding cycle. After incubation, the pumps 
are turned on, and all the slurry from the SI is slowly pumped into the AC over a period of 
1.5 hours. As the slurry from the SI moves into the AC, the added volume is pumped into 
the TC, and the added volume in the TC is pumped into the DC. Finally, the added volume 
is pumped from the DC to the waste container. During each cycle, the ST and SI reactors 
are completely emptied, while the volume of the AC, TC, and DC remain the same and 
only the excess amount added from the SI is removed. In this way the movement of slurry 
through the system is able to mimic the cascade-like reaction in the large colon, where 
the residence time is 24 to 48 hours and the metabolites generated up stream can be the 
substrate of the bacteria downstream, and/or serve as stimuli. 
  
Illustration 3: System set- up for a TWINSHIME® experiment     
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Figure 3:  Types of samples and analysis performed for each experiment 

 
The TWINSHIME system is maintained at 37°C by water flowing through the jackets of 
the bioreactors, and anaerobic conditions sustained by sealing the reactors and using ni-
trogen flow. The pH of each bioreactor is computer-controlled to match the physiological 
conditions of the colon regions using 0.5 M HCl and 0.5 M NaOH. The three-colon bio-
reactors in both SHIME systems also contain porous carriers pre-coated with mucin to 
provide a surface for bacterial attachment and growth. Samples are harvested from each 
of the bioreactors every 3-4 days (Figure 3). 16S rRNA Next Generation DNA sequencing 
is used to define the population of both the luminal and mucin phases for each bioreactor 
at each time point. LC (liquid chromatography)- and GC (gas chromatography)-MS (mass 
spectrometry) are used to identify the short chain fatty acids (SCFA) and/or other metab-
olites in each sample, generating a profile of metabolic activity for the community in each 
bioreactor over time. Computational methods to analyze the sequencing information, 
such as QIIME, Unifrac, PCoA, richness/diversity, are applied for data interpretation.  
 
a) 
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 b) 

 
Figure 4: Community composition of a TWINSHIME® experiment 

Community composition was determined based on relative abundance at the class level for each region 
and phase of the SHIME system over time.  a) Community composition of the SHIME 1 system, which 
had both a luminal and mucosal phase. b) Community composition of the SHIME 2 system, which had 
only a luminal phase. 
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RESULTS OF AN INITIAL TWINSHIME® EXPERIMENT- WHAT CAN BE EXPECTED 
  
The ability of the TWINSHIME® system to reproduce a human gut microbiota was tested 
in an initial experiment.  In order for the TWINSHIME® system to be functional it must first, 
be able to produce a community that is similar to the original fecal homogenate used to 
inoculate the system, and second, this community must reach a point of stability where 
there is no fluctuation in composition or metabolites with time. In this experiment, the 
SHIME 1 had mucin agar carriers added, and SHIME 2 had no mucin carriers added. 
  
The community composition in terms of relative abundance at the class level was deter-
mined using 16S rRNA sequencing. The community composition in all three colon regions 
for both the SHIME 1 and SHIME 2 were similar to the original fecal homogenate (See 
the first lane of Figures 4a and 4b) used to inoculate the system (Figures 4a and 4b). 
Whether or not these communities reached a point of stability was evaluated by gen-
erated PCoA plots based on both weighted and unweighted UniFrac distances (not 
shown). These results demonstrated that the communities achieve a mature and un-
changing state between days 11 and 15. Total short chain fatty acid (SCFA) levels were 
also measured for the luminal phase of each system over time (Figure 5, Table 1). These 
results demonstrate that initially the levels of the SCFAs are fluctuating in each colon 
region, however, by day 15 these levels begin to even out and enter into a steady state 
(Figure 5). Based on these initial findings it can be concluded that the TWINSHIME® 
system can reproduce a stable gut microbiota, similar to the fecal sample used for 
inoculation.    

 
Figure 5. Total SCFA production over time. 

A GC-MS was used to determine the total amount of SCFA produced in each colon region over time. 
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Table 1. Short Chain Fatty Acids 

  
 
  
MILK RESEARCH AND THE TWINSHIME® SYSTEM - A PERFECT COMBINATION  

 
The effect of milk consumption on the gut microbiota is unclear, even though research 
using in vitro digestion models, which only extend from the stomach to the small intestine, 
have suggested that after bovine milk consumption, fat globules, along with some protein 
will make it through the small intestine and possibly enter the large intestine (Gallier, et 
al., 2012; Tunick, et al., 2016). It is possible that some of the health benefits attributed to 
milk consumption are related to the gut microbiota. The TWINSHIME® system will be used 
to study the effects of both fat-free and full-fat milk on the gut microbiota. In this experi-
ment, the DM will be supplemented with either fat-free or full-fat milk three times a day. 
Samples will be harvested and analyzed to detect both changes to the community com-
position and to evaluate changes in the metabolome (Figure 6). The results of these ex-
periments should clearly define the effect that milk has on the gut microbiota, and whether 
or not these interactions may contribute to the health benefits associated with milk.    
  

 
Figure 6: Testing the effects of milk on the gut microbiota 
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