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Figure 4.9h-j Body fat plotted against fat-free mass for individual animals at (e) day 32,
(f) day 39 and (g) day 54.
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Figure 4.10 Summary of major findings in Chapter 4. Horizontal white arrows indicate
the effects of the control diet. Horizontal T-shaped purple arrows indicate undesirable
effects. Horizontal solid purple and blue arrows indicate desirable or neutral effects. SQ:

subcutaneous, L/M: Lactulose/Mannitol, S/L: Sucrose/Lactulose, L/S:

Lactulose/Sucralose, S/M: Sucralose/Mannitol.
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CHAPTER 5
DIETARY MILK POLAR LIPIDS PROMOTE FAT ACCUMULATION AND
AFFECT GUT PERMEABILITY, SYSTEMIC INFLAMMATION, AND LIPID

METABOLISM IN C57BL/6J MICE FED A MODERATELY HIGH-FAT DIET

Abstract

Metabolic inflammation is associated with increased gut permeability, endotoxemia
and obesity. High fat diets increase endotoxin absorption from the gut and result in
endotoxemia. It is not clear which one occurs first, a compromised gut barrier,
endotoxemia, metabolic inflammation or obesity. Studying the effects of different lipid
classes on the aforementioned endpoints may facilitate the clarification of their complex
interrelationships. This study was designed to test the hypotheses that dietary milk polar
lipids will (1) prevent the gut permeability increase, (2) reduce systemic inflammation
during the development of DIO and (3) reduce the lipid level in the liver and affect the
expression of genes associated with fatty acid synthesis and cholesterol regulation in the
liver. An additional objective was to explore the dynamic changes in gut permeability,
systemic inflammation, and lipid metabolism during the development of DIO. Three
groups of C57BL/6J mice (n = 6) were fed diets with 34% fat as energy for 15 weeks: (1)
modified AIN-93G diet (CO); (2) control diet supplemented with a milk gangliosides
concentrate (GG); (3) control diet supplemented with a milk phospholipids concentrate
(PL). The milk PL increased food consumption, weight gain and body fat accumulation
compared with the CO and the GG. Neither the GG nor the PL had a significant effect on
the fasting plasma glucose, cholesteryl ester or triglyceride. The PL significantly down

regulated hepatic expression of the fatty acid synthesis gene acetyl-Coenzyme A
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carboxylase beta compared with the GG and up regulated hepatic expression of the
scavenger receptor class B member 1 gene compared with the CO and the GG. As
revealed by the differential sugar test, gut permeability showed a significant time effect
and diet x time interaction over the course of the study. The small intestinal permeability
increased slightly at the beginning and then decreased significantly over the feeding
period. There was a gradual increase in colonic damage as indicated by the declining of
the urinary Lactulose/Sucralose ratio and the colonic recovery as indicated by the urinary
Sucralose/Mannitol ratio. During the early phase, the PL and especially the GG had some
protective effect against the increase of small intestinal permeability. As indicated by
Western blot, the PL decreased the tight junction protein occludin level in the jejunum
but did not affect the occludin level in the ileum and the colon compared with the CO.
The tight junction protein zonula occludens-1 level was not affected in the small intestine
and the colon. The GG and PL did not affect the plasma endotoxin level, which increased
significantly after 14 weeks. The GG and PL did not significantly affect the plasma levels
of interleukin-6, insulin, monocyte chemotactic protein-1, leptin, tumor necrosis factor-a,
plasminogen activator inhibitor-1, and resistin. The plasma levels of leptin and resistin
increased significantly after 14 weeks. In conclusion, the milk polar lipids had little effect
on the gut permeability and systemic inflammatory cytokines during the development of
DIO. The milk PL increased the polar lipids level in the liver and facilitated the body fat

accumulation in the context of DIO.

Introduction
Excess energy can result in body fat accumulation (1, 2) and eventually lead to

obesity (3). Excessive fat accumulation in the adipocytes may initiate inflammation since
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lipid mediators are precursors to inflammatory signaling molecules (4). The inflamed
adipose tissue can produce proinflammatory cytokines, such as tumor necrosis factor-o
(TNF-a), and interleukin-6 (IL-6) (4). These cytokines can initiate local intestinal
inflammation, which increase mucosal permeability and bacterial translocation. In obese
subjects, the high level of inflammatory cytokines disrupt intestinal barrier (5, 6).
Therefore, obesity, adipose inflammation and compromised gut integrity can self-

perpetuate (see Figure 1.1) (7).

One of the mechanisms for leaky gut (8, 9) in obese animals is the adaptation for
nutrient absorption by intestinal hyperplasia (10), which causes the TJ proteins to
malfunction (11). Mice with diet-induced obesity (DIO) develop endotoxemia compared
with the lean mice (12). Increased gut barrier permeability can result in endotoxemia and
metabolic inflammation (13). High fat diets can independently increase gut permeability
and result in metabolic endotoxemia that leads to metabolic inflammation (14). Metabolic
inflammation can also promote obesity. Patients with periodontitis develop endotoxemia

and tend to become obese (15).

According to current evidence, gut barrier permeability, endotoxemia, systemic
inflammation and obesity may be a series of continuous events during the development of
DIO. These events could also occur in the order of DIO, adipose/systemic inflammation,
leaky gut, and aggravation of obesity. In general, compromised gut barrier integrity,

endotoxemia, systemic inflammation and DIO are complexly interrelated (see Figure 1.1).
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The interrelatedness of the aforementioned events may be elucidated by investigating

them along with lipid metabolism, which is involved in all events.

Various studies have explored the physiological effects of milk polar lipids. Milk
sphingolipids reduce the uptake of cholesterol (16, 17), protect against bacterial
infections in the gut (18-20), and reduce inflammatory response (21-24). Sphingomyelin
(SM) affects neonatal gut maturation in rats (25) and regulates intestinal cholesterol
absorption (26). Dairy gangliosides (GG) inhibit degradation of gut occludin tight
junction (TJ) protein during lipopolysaccharide (LPS) - induced acute inflammation (27).
PL reduce hepatic TG and cholesterol (28) in rats. A PL-rich MFGM extract reduces
hepatomegaly, hepatic steatosis and hyperlipidemia in mice (29). A buttermilk MFGM
isolate promotes intestinal barrier integrity against LPS stress in mice (30). Based on
these findings, it is possible that the milk polar lipids may influence endotoxemia and
systemic inflammation through affecting the intestinal barrier integrity. The milk polar
lipids could also influence lipid metabolism and the development of DIO. The dietary
supplementation of milk polar lipids during the development of DIO may facilitate the
understanding of the interrelationships among intestinal barrier integrity, endotoxemia,

systemic inflammation and obesity.

This study was designed to test the hypotheses that dietary milk polar lipids will
prevent the gut permeability increase and reduce systemic inflammation during the
development of DIO in C57BL/6J mice fed a diet with 34% fat by energy. A tertiary

hypothesis was that dietary milk polar lipids will reduce liver lipid levels and affect the
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expression of genes associated with fatty acid synthesis and cholesterol regulation in the

liver.

Materials and Methods

Diets formulation
The three diets were the same as described in Chapter 3 (Table 3.1): CO diet, GG diet

and PL diet.

Animals

Five-week-old male C57BL/6J mice (n = 18; Jackson Laboratory) were housed in
single cages at a constant temperature of 22 + 1 °C with a 12-h light/dark cycle. They
were allowed ad libitum access to diet and water. After being put on normal chow diet for
2 weeks (for acclimatization and baseline data collection), the mice were randomly
assigned to one of the following treatments: 1) CO diet (n = 6); 2) GG diet (n = 6); 3) PL
diet (n = 6). The mice were fed the experimental diets for 14 weeks. The diet intake was
monitored daily and the body weight was measured every other day. The body
compositions were assessed every week by magnetic resonance imaging (MRI) using an
EchoMRI-900 Body Composition Analyzer (EchoMRI, Houston, TX). The experiments
were conducted in conformity with the Public Health Service Policy on Humane Care
and Use of Laboratory Animals and were approved by the Utah State University

Institutional Animal Care and Use Committee.
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Assessments of intestinal barrier integrity

The intestinal permeability was assessed by the FITC-dextran absorption test and the
DST as described in Chapter 3. The FITC-dextran absorption test was done at the
baseline, day 35 and 101. The DST was carried out at the baseline, day 15, 30, 45, 73 and

87.

Tissue sample collection

The mice were sacrificed by CO, asphyxiation after a 4h fast. After the blood
collection, the liver, the quadriceps muscle, the intestinal and colonic mucosa, the feces
and the adipose tissue samples were collected. The adipose depots included the gonadal,
retroperitoneal, mesenteric, and subcutaneous depots. Each category of tissue was saved
separately and the tissue mass was recorded. The tissue samples were flash frozen and

stored at -80 °C until further analysis.

Biochemical analyses of plasma

The blood samples were collected and the plasma was analyzed as described in
Chapter 3 to measure glucose, insulin, leptin, resistin, monocyte chemotactic protein-1
(MCP-1), IL-6, TNF-a , plasminogen activator inhibitor-1 (PAI-1) and endotoxin. The
homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated

from fasting glucose and insulin levels (fasting glucose*fasting insulin/22.5) (31, 32).

Western Immunoblotting for zonula occludens (ZO)-1 and occludin proteins
Mucosal samples of the small intestine and the colon were collected and Western
immunoblotting for the zonula occludens (ZO-1) and occludin proteins were carried out

as described in Chapter 3.
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Liver gene expression analysis
The expression of 13 genes associated with lipid metabolism in the liver was

analyzed as described in Chapter 3.

Tissue lipid profiling

Tissue lipid profiles of the liver, the skeletal muscle and the gonadal adipose were
analyzed as described in Chapter 3. The lipid classes included phosphatidylethanolamine
(PE), phosphatidylcholine (PC), phosphatidylserine (PS), and phosphatidylinositol (P1),
SM, diglycerides (DG), free fatty acids (FFA), triglycerides (TG), and cholesteryl ester

(CE).

GG analysis of intestinal mucosa

The GG content in the intestinal mucosa was determined as described in Chapter 3.

Statistical analyses

One-way or mixed models analysis of variance (ANOVA) was performed by SAS 9.2.
The group means were compared by Ryan-Einot-Gabriel-Welsch Multiple Range Test or
Least Squares Means Contrast in SAS. The data were reported as Mean * Standard Error

of the Mean (SEM).

Results

The PL group consumed more diet than the other two groups during the first 3 days
and the difference persisted until day 10 (Table 5.1). The PL group consumed 1.3 g more
experimental diet during the first day than the CO group and 0.97 g more diet than the

GG group. The daily diet intakes for the first 3 days were larger than daily food
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consumption during the whole study. That difference in food intake disappeared by day
10. There were no differences among groups regarding diet intake during the rest of the
study. There was a significant diet effect for body weight gain (p = 0.02) during the first
3-10 days of dietary treatment (Figure 5.1a). The PL group consumed more energy,
gained more body fat and converted a higher percentage of consumed energy into body

fat from day -3 to day 4 (3 days before to 4 days after dietary intervention, Table 5.2).

The body fat composition data (by MRI) indicated that the body fat percentage
plateaued at around 70 days of the experimental feeding (Figure 5.1b). The PL facilitated
fat accumulation after day 70 compared with the CO and GG (Figure 5.1b). The body fat
percentage of the PL group increased at a faster rate compared with that of the other
groups (Figure 5.1c). The accumulating body weight gain of the PL group also increased
at a higher rate compared with the other groups but the slope was much smaller (Figure

5.1d) than that of the body fat increase.

Tissue and plasma lipid profiles

Dietary treatment did not affect the final liver mass and the liver weight percentage
(Table 5.3). There were no differences in tissue masses for skeletal muscle and adipose
depots (Table 5.3). The PL decreased the adipose PC and SM compared with the CO. The
PL increased the liver PE, PC and SM (Figure 5.2a) compared with the CO. Dietary

treatment did not affect lipid profile in the skeletal muscle.

As shown in Figure 5.2b, the PL suppressed hepatic expression of the fatty acid

synthesis gene Acacb (vs the GG) and up regulated cholesterol reverse transport gene
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Scarbl (vs the CO & the GG). Dietary GG did not affect the mucosal gangliosides
content. Dietary PL increased the mucosal PC in the small intestine and decreased the

mucosal PC, PE and SM in the colon compared with the CO and the GG (Figure 5.2c).

The plasma TG level increased over time and the PL group had higher plasma TG
level (Figure 5.3a) compared with the CO and GG groups at the end of the study. The
plasma CE level increased over time during the study and there was no treatment effect
(Figure 5.3b). The plasma FFA (Figure 5.3c) and PC (Figure 5.3d) levels were lower in
the PL and GG groups compared with that in the CO group at day 35. Those differences

disappeared toward the end of the study.

Gut permeability

Dietary PL decreased the gut permeability to the FITC-dextran before the DIO and
increased it after the DIO was achieved (Figure 5.4a). The differential sugar tests
revealed significant time effect and diet x time interactions on the gut permeability. The
urinary Lactulose/Mannitol ratio increased slightly and then decreased in the CO group
(Figure 5.4b). The PL increased the urinary Lactulose/Mannitol ratio significantly at day
73 and then decreased it toward the end of the study (Figure 5.4b). The urinary
Sucrose/Lactulose ratio increased in the CO group and decreased in the GG and PL
groups during the first 15 days (Figure 5.4c). Then the urinary Sucrose/Lactulose ratio
increased gradually in all groups toward day 30 and dropped down by day 45 before
rising again (Figure 5.4c). The PL group had high level of the urinary Sucrose/Lactulose
ratio at day 73 compared with the CO and GG groups and the ratio decreased toward the

end of the study (Figure 5.4c). The urinary Lactulose/Sucralose ratio decreased



169

significantly during the first 45 days (Figure 5.4d). The urinary Lactulose/Sucralose ratio
stayed stable from day 45 to the end except in the PL group where the ratio increased
significantly at day 73 (Figure 5.4d). The urinary Sucralose/Mannitol ratio in the CO
group increased slightly during the first 15 days, decreased toward day 30, increased
significantly toward day 45, dropped significantly toward day 73 and then increased
toward day 87 (Figure 5.4e). The PL group had higher urinary Sucralose/Mannitol ratio
at day 45 compared with the other groups (Figure 5.4e). The GG group had lower urinary

Sucralose/Mannitol ratio at day 87 compared with the CO group (Figure 5.4e).

As indicated by Western blot (Figure 5.4f), the PL decreased the tight junction
protein occludin level in jejunum mucosa but did not affect occludin level in the mucosa
of ileum and colon compared with the CO. The GG increased the tight junction protein
Z0O-1 level in the colon mucosa compared with the CO and the ZO-1 level was not

affected in the mucosa of jejunum and ileum.

Plasma endotoxin and cytokines

The plasma LPS level increased slightly in the GG and PL groups compared with the
CO group during the first 35 days (Figure 5.5a). The plasma LPS level increased
significantly after 101 days (Figure 5.5a). The PL group had higher plasma LPS level

compared with the CO group at day 101 (Figure 5.5a).

The GG and PL did not significantly affect the plasma levels of MCP-1, TNF-a, IL-6,
leptin, resistin, PAI-1 and insulin (Table 5.4 and Figure 5.5 b-f). The plasma IL-6 level

increased during the first 35 days and then returned toward baseline level (Figure 5.5b).
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The plasma levels of leptin and resistin increased significantly after 101 days (Figure

5.5¢c&d).

The PL increased the plasma PAI-1 level during the study compared with the other

two groups (Figure 5.5e). The plasma insulin level increased over time (Figure 5.5f).

Plasma glucose and HOMA-IR
Hyperglycemia was observed at day 101 (Figure 5.6a). The HOMA-IR index
increased over time (Figure 5.6b). By the end of the study, insulin resistance was

developed as indicated by HOMA-IR (33).

Body fat changes

The plots of body fat against fat-free mass revealed the gradual increase and the
dynamic changes in the body fat mass during the study (Figure 5.7a-g). When all
measurements at 12 time points (at day -15, -11, -7, -3, 4, 20, 27, 34, 55, 68, 83, 96) were
included, the data points fell into two groups with different slopes (0.98 and 0.39) (Figure
5.7a). The slope was around 0 during the first MRI scan at day -15 (Figure 5.7b). The
slope increased to 0.14 at day -7, 0.2 at day -3 (Figure 5.7c), and 0.33 at day 4 (Figure
5.7d). The slope decreased from 0.35 at day 20 to 0.30 at day 34. The slope then
increased back to 0.36 at day 55 (Figure 5.7¢e). At day 68, the data points started to
segregate into two groups with different slopes (1.02 and 0.27) (Figure 5.7f). From day
68 to day 96, the slopes for the two groups increased further to 1.18 and 0.34 at day 96

(Figure 5.79).
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Comparison between lean and obese mice

The lean and obese mice (Figure 5.79) had differences in many parameters at the end
of the study (Figure 5.8) regardless of dietary interventions. The obese mice had higher
plasma insulin and leptin compared with the lean mice (Figure 5.8a). The obese mice had
higher HOMA-IR compared with the lean mice (Figure 5.8b). The obese mice had higher
plasma CE, DG, TG, PC and higher liver TG compared with the lean mice (Figure 5.8C).
The obese mice had lower occludin protein expression in jejunum mucosa compared with
the lean mice (Figure 5.8d). The obese mice had higher amount of brown adipose tissue,
inguinal, gonadal, mesenteric and retroperitoneal fat depots compared with the lean mice
(Figure 5.8e). Obese mice had lower amount of cecum content, jejunum, ileum, colon,

jejunum mucosa and ileum mucosa compared with lean mice (Figure 5.8e).

Discussion

This study was designed to test the hypotheses that the milk polar lipids (1) reduce
liver lipid level and affect the expression of genes associated with fatty acid synthesis and
cholesterol regulation in the liver, (2) prevent the increase of gut permeability, and (3)
reduce plasma inflammatory cytokines in the C57BL/6J mice during the development of
DIO. The first hypothesis was not supported by the data. The milk phospholipids
promoted body fat accumulation and increased obesity. The milk phospholipids increased
the liver PE, PC, SM & the plasma TG and decreased the plasma FFA & PC. The milk
phospholipids decreased the PC & SM in the colon mucosa. The milk gangliosides

decreased the adipose SM, the plasma FFA & PC and increased the liver PE & SM.
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The data did not support the second and the third hypotheses. The milk phospholipids
increased the gut permeability and decreased the occludin in the jejunum mucosa. The
milk phospholipids increased the plasma LPS and did not affect the plasma inflammatory
cytokines level. The milk gangliosides decreased the ZO-1 in the colon mucosa and did
not affect the gut permeability. The milk gangliosides did not affect the plasma level of

the inflammatory cytokines.

The mouse model of DIO, increased gut permeability and increased systemic
inflammation was established. The high fat feeding increased body fat and the plasma
level of CE, leptin, resistin, insulin, and glucose. The high fat feeding decreased the
insulin sensitivity as indicated by the increased HOMA-IR index. The high fat feeding
decreased the permeability of the small intestine, increased the colon permeability and
the plasma levels of LPS, and increased the plasma IL-6 level before the establishment of

DIO.

The PL group consumed more diet and gained more weight and body fat compared
with the CO group while the GG group was in the middle. The difference was already
significant by the first 3 days and should have been contributed mainly by the first 10
days (Table 5.1). The average chow diet intake was 3.69 g/mouse/day. The mice in the
PL group consumed 4.15 g high fat diet on average on the first day. The
overconsumption of the high fat diet in the PL group during first 3 days may play an
important role in the resulting higher body weight and body fat percentage. It was not

clear which factor caused the overconsumption. The PL diet was slightly softer and the
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GG diet was slightly harder than the CO diet. No measurement of the hardness was done
for the diets. If the texture of the diet caused the difference in the diet intake during the
first 3 days, the PL group should have consumed similar amount of diet later on. The diet
intake decreased in all groups from the beginning and reached the average level by 10

days.

It might be argued that a run-in diet similar to the experimental diets may help
optimize the experimental conditions. Although a run-in diet may reduce the variabilities
in food intake during the transition from baseline diet to experimental diet, it was obvious
that the PL group consumed more food during the first 3-10 days. By the end of the study,
the PL group had consumed 20.54 g (8.0%) more diet than the CO group and 27.26 g
(10.9%) more diet than the GG group. The PL group gained more weight and body fat
than the other two groups. The GG group did not gain more weight and body fat than the
CO group although the GG group consumed more diet. The body weight gain was mainly

contributed by the body fat accumulation.

The plasma LPS did not increase much during the first 35 days. The main increase
occurred from day 35 to 101. For the LPS challenged mice (reported in chapter 4), the
plasma LPS did not increase during the first 34 days. It happened during day 35 to 57. It
is apparent that gut permeability may change significantly from day 35 to 57. An
additional 6 weeks of feeding did not significantly increase the plasma LPS. One week of

feeding increased the plasma LPS to similar level observed in the ob mice (reported in
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chapter 3). The plasma LPS level increased significantly in all groups once the DIO was

established.

There were no significant dietary treatment effects on major plasma inflammatory
cytokines and adipokines, including IL-6, TNF-a, PAI-1, MCP-1, resistin and leptin. The
plasma resistin and leptin increased over time. Dietary phospholipids increased the
plasma insulin level after the DIO (Figure 5.5f). The mechanism for this increase of
insulin is not clear. Dietary phospholipids rich in n-3 polyunsaturated fatty acids reduced
plasma insulin level under obesogenic conditions and the mechanism may be through
modulating the endocannabinoid system activity in the white adipose tissue (34). It could
be possible that the opposite effect of dietary phospholipids on the plasma insulin level in

this study was due to the saturated fatty acids in the milk phospholipids.

Dietary phospholipids decreased phospholipids in the visceral adipose tissue and the
colon mucosa but increased phospholipids in the liver (Figure 5.2a & c). The higher
dietary phospholipids level was not always accompanied by higher phospholipids level in
the tissue. The dietary phospholipids decreased the SM level in the colon mucosa. Little
or no radioactively labeled SM was absorbed intact into the chyle (35). Luminal SM is
hydrolyzed to ceramide, and then to sphingosine and free fatty acids (36). The free
sphingosine is well absorbed and most of the absorbed sphingosine is rapidly converted
to palmitic acid and incorporated into chylomicrons (37, 38). A smaller portion of the
sphingosine is incorporated into the mucosa as ceramide and SM (35, 39). It may be

hypothesized that the dietary SM may have suppressed the tissue SM level in the
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intestinal mucosa through down regulation of the receptors for sphingosine. Similar
mechanisms of receptor regulation may account for the effects of dietary phospholipids

on tissue phospholipids level in the visceral adipose tissue and the liver.

During the maturation of the gut, gut permeability to FITC decreased (Figure 5.4a).
Compared with the CO and the GG, the PL facilitated the decrease of permeability to
FITC when the mice were lean and increased the permeability to FITC when the animals
were obese. Although the difference between the PL and the other two was not
statistically significant at any of the time points, the opposite effect of the PL before DIO
and after DIO was quite interesting. It is not clear what the mechanism was for the
opposite effect in the PL group. Further studies are needed to explore how the PL may

have different effect on gut permeability when the mouse is lean and after DIO.

The permeability of the small intestine decreased during the first 45 days (Figure 5.4b)
in all groups as revealed by the urinary Lactulose/Mannitol ratio (40). Taken together, the
intestinal integrity was enhanced during the first 45 days. The mice were still developing
during that period of time and the gut may be maturing. After the DIO was established,
the small intestinal permeability increased significantly in the PL group compared with
that in the CO and GG groups. There was a peaking of the body fat percentage around
that time point (Figure 5.1b). The decrease of the urinary Sucrose/Lactulose ratio
indicated the distal damage of small intestine. The damage became proximal when the

urinary Sucrose/Lactulose ratio increased to a high level (40).
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The high-fat feeding increased the permeability of the proximal small intestine and
the GG and PL supplementations caused a permeability increase of the distal small
intestine during the first 15 days (Figure 5.4c). Then the damage became proximal also in
the GG and PL groups by day 30. The damage then moved to the distal small intestine
and back to the proximal by the end of the study. This is consistent with the Western blot
result that the dietary polar lipids (especially phospholipids) suppressed the TJ protein
occludin expression in the jejunum mucosa. The urinary Lactulose/Sucralose ratio
selectively increases upon the intestinal damage and decreases upon the colonic damage
(40). The high fat feeding increased the permeability of the colon (Figure 5.4e). The
colon permeability stayed stable from day 45 to the end except in the PL group where
small intestine permeability increased during the early phase of the DIO. There was an
increase of the colon permeability during the first 15 days and the permeability receded
by day 30. Then the colon permeability increased significantly at day 45. The significant
increase of the colon permeability at day 45 (Figure 5.4e) may be due to the increased
inflammation as indicated by the increase of the plasma IL-6 level (Figure 5.5b) around
this time. Taken together, the high-fat feeding increased the permeability of proximal
small intestine and the colon at the beginning and there was a recovery after the initial
permeability increase. Then the permeability of the distal small intestine and the colon

increased when the systemic inflammation increased during the early phase of the DIO.

The dietary fat level was 34% fat as energy, which was lower than most of the fat
levels used for the DIO model. The colon permeability increased significantly at the onset

of the DIO (Figure 5.4c) and then decreased significantly. The initial increase of the
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colon permeability may be caused by the high fat diet, which increases intestinal
permeability through the dietary fat and increased luminal bile juice levels (41). The high
fat feeding before the DIO increased the colon permeability but did not increase the
plasma LPS level significantly. The colon permeability decreased (Figure 5.4e) and the
plasma LPS increased (Figure 5.5a) after the establishment of DIO. The increase of the
plasma LPS level after the DIO may not be contributed significantly by the decreased
colon permeability but may be mediated through the chylomicrons as the postprandial
carriers for the LPS (42). The chylomicron secretion process is different in DIO from
when the mice are lean (43). The mechanisms remain unclear for the altered intestinal TG
metabolism in mouse models of obesity (43). Compared with lean controls, men with
visceral obesity may have normal fasting plasma lipids but an abnormal postprandial
accumulation of TG-rich remnant lipoproteins due to the greatly decreased clearance of
chylomicron remnants (44). Taken together, it may be hypothesized that the absorption of
gut LPS in DIO is mainly mediated through the transcellular pathway instead of the
paracellular route. If the absorbed gut LPS in the plasma during DIO is mainly carried by
chylomicron remnants, this may help explain the lack of a considerable inflammatory
response corresponding to the increased plasma LPS since the lipoproteins may inactivate

LPS (45).

The plasma LPS level did not increase (Figure 5.5a) at day 35 but the IL-6 level
increased manyfold (Figure 5.5b). The plasma IL-6 then decreased toward the end of the
study while the LPS level increased dramatically. These results indicate that a diet with

34% fat as energy may not pose a strong inflammatory stress for the C57BL/6J mice. The
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PL and GG supplementations enhanced the inflammatory response. On the other hand the
DIO was complicated with the high level of plasma LPS but not a strong inflammatory

response.

The plasma resistin level increased steadily throughout the course of the study in the
CO and GG groups. That could mean the resistin level is influenced more by the high fat
diet than by the DIO. As an adipocytokine secreted in proportion to the obesity level,
resistin counteracts the effects of insulin in mice (46). The PL did not increase the resistin
level during the first 35 days and the resistin level was lower in the PL group compared
with the CO and GG groups after the DIO. The PL prevented the increase of the resistin
during the high fat feeding and the DIO. It is not clear which component of the milk

phospholipids had this effect.

The PL increased the plasma PAI-1 level during the first 35 days and the plasma PAI-
1 level flattened in the PL group when the mice became obese (Figure 5.5e). The CO and
the GG decreased the plasma PAI-1 level before the DIO and the level regressed after the
DIO. PAI-1 is an adipocytokine and the increased PAI-1 level in obesity has been
associated with the mediation of obesity, insulin resistance and metabolic syndrome (47,
48). Lysophosphatidylcholine (LPC) in oxidized low-density lipoprotein (OxLDL)
enhances the PAI-1 expression in mouse 3T3-L1 adipocytes (49). The increase of the
plasma PAI-1 level in the PL group may be caused by the metabolites of dietary PC and
may have contributed to the development of the DIO. Suppression of de novo ceramide

synthesis significantly reduces the PAI-1 expression in the adipose tissue of obese mouse
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(50). It is not clear why the CO and the GG decreased the plasma PAI-1 level before the
DIO. Taken together, dietary supplementations of PL may pose risk factors for obesity

and metabolic syndrome by increasing the plasma PAI-1.

The plasma leptin level did not increase by the high fat feeding itself and the leptin
level was proportional to the body fat content for the PL group (Figure 5.5c). For the
plasma leptin level, variances exist in the literature. Levi et al. reported that the plasma
leptin of 11-week old C57BL/6J was at 1.5 ng/ml (51) measured by an enzyme-linked
immunosorbent assay (Crystal Chem, Downers Grove, IL, USA). Burguefio reported that
the plasma leptin of 12-week-old C57BL/6J was at 0.2 ng/ml measured by an enzyme-
linked immunoassay kit (Assay Designs, Ann Arbor, MI) (52). In this study, the plasma
leptin level (measured by fluorescent immunoassay) increased over time, from 2.3 - 3.4
ng/ml for the 12-week-old to 17 - 28 ng/ml for the 21-week-old. The range is similar to
Murphy et al.’s report that the plasma leptin level (measured by radioimmunoassay) was
3.8 ng/ml for the 12-week old, peaked at 4.2 ng/ml for the 14-week-old, and declined to
2.3 ng/ml at week 16 (53). The increase of leptin level may be explained by the increase

of body fat accumulation.

The plots of body fat against fat-free mass showed that the slope increased gradually
until the data points segregated at day 68 (Figure 5.7f), which indicated the establishment
of the DIO. This coincided with the plateauing of the body fat percentage at day 68
(Figure 5.1b). These data support that the plot of body fat against fat-free mass is an

effective way for defining obesity (54). By the end of the study, 10 out of the 17 mice
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were obese according to the aforementioned definition. The obese and lean mice had
significant differences in many parameters (Figure 5.8) regardless of the dietary
treatments. Significant body weight increase is usually used to define obesity (55). The
use of body weight gain to define obesity is more arbitrary than using the plot of body fat
against fat-free mass. The data in the current study and the data from the ob/ob mouse
model (Chapter 3) and the LPS-stressed mouse model (Chapter 4) all support that the

Fenton’s method is an effective and relatively objective way for defining obesity.

The data from the present study also showed that stresses may have considerable
effect on body fat content in the C57BL/6J mice. The MRI scan at day 34 was carried out
soon after the third DST (at day 30). Residing in the metabolic cage may be responsible
for the reduced body fat content as indicated by the decreased slope (0.35 at day 20 to
0.30 at day 34). Once the stress was removed, the body fat increased back (Figure 5.7¢).
The other 5 DST did not affect the MRI data when those DST were at least 5 days apart
from the MRI scans. It may be emphasized that unnecessary stresses should be avoided
and the animals should be handled in the same manner to reduce variances from the

potential variability in the stresses.

Summary

The major effects of the dietary polar lipids on gut permeability, systemic
inflammation, and lipid metabolism during the development of the DIO are summarized
in Figure 5.9. During the development of the DIO in the C57BL/6J mice fed high fat diets,

gut permeability to sugar probes increased before the DIO and decreased after the DIO.
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The plasma LPS level increased after the DIO. Hyperglycemia and insulin resistance
developed by the end of the study. Compared with the CO, the PL decreased the TJ
protein occludin in the jejunum mucosa and increased the permeability of the small
intestine and the colon after the DIO. The PL increased the body fat content and the
plasma LPS level compared with the CO. Compared with the CO, the PL increased the
polar lipids content in the liver and decreased the polar lipids content in the colon mucosa.
Compared with the CO, the PL increased the plasma TG, decreased the plasma FFA and
PC, and decreased the adipose PC. The dietary milk GG increased the TJ protein ZO-1 in
the colon mucosa and did not affect the gut permeability compared with the CO and the
PL. Compared with the CO, the GG decreased the adipose SM, increased the liver PE and
SM, and decreased the plasma FFA and PC. The GG did not affect the plasma

inflammatory cytokines.

In conclusion, the plasma inflammatory cytokines were not significantly affected by
the high fat feeding or the dietary treatments. The dietary phospholipids increased obesity,
gut permeability and the plasma LPS. This study revealed important dynamic changes in
gut permeability and the body fat content during the development of DIO. The milk
phospholipids may have unfavorable effects on obesity and gut permeability in the
context of high fat diet induced obesity. Further studies are needed to identify which

components of the milk polar lipids concentrates are responsible for the observed effects.

The data from the current study did not support the hypotheses that during the

development of DIO dietary milk polar lipids will 1) prevent the gut permeability
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increase and subsequent systemic inflammation and 2) reduce liver lipid levels and affect
the expression of genes associated with fatty acid synthesis and cholesterol regulation in
the liver. The polar lipids are important building blocks for all the organ systems. The
dietary polar lipids may affect all of the organ systems in the body. It is still not clear
how the polar lipids may affect those organ systems that were not assessed in the present
study. The overall effects of the dietary polar lipids cannot be concluded until the effects

of the polar lipids are systematically evaluated in all of the major organ systems.
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CcO GG PL
1 3.18+0.27 2.85+0.65 4.15+0.17
2 3.03+0.23 2.83+0.25 3.40+0.25
3 2.30+0.14 2.80+0.30 2.97+0.17
4 2.25+0.11 2.35+0.21 2.68+0.30
5 2.85+0.27 2.38+0.24 2.60+0.27
6 2.45+0.12 2.22+0.26 2.72+0.16
7 2.32+0.18 2.73+0.20 2.47+0.16
8 2.28+0.12%° 1.92+0.26° 2.80+0.14°
9 2.85+0.18 2.330.17 2.38+0.19
10 2.25+0.11° 2.47+0.18° 3.05+0.22°
days 1-3sum  8.52+0.18° 8.48+0.69° 10.52+0.52°
days 1-3 mean  2.84+0.06° 2.83+0.23° 3.51+0.17°
days 1-10 sum  25.77+0.52° 24.88+1.08° 29.22+1.16
days 1-10 mean  2.58+0.05% 2.49+0.11° 2.92+0.12°
General sum 257.72+8.34 251.00+8.57 278.26+11.53
General mean  2.58+0.08 2.51+0.09 2.78+0.12

2P Means in a row with different superscripts are significantly different (p < 0.05).

Table 5.2 Food intake and energy stored as body fat from day -3 to day 4 (Mean + SEM).

GG PL

Food intake as energy (Kcal) 84.74+2.05° 86.60+4.21° 98.35+3.61°
Body fat gain as energy (Kcal) 0.64+1.58"  7.82+3.50" 12.79+2.16°
%Energy of fat gain/food intake (%) 0.62+1.87°  8.26+3.49%"  12.89+2.08°

2P Means in a row with different superscripts are significantly different (p < 0.05).
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studies suggests that leptin mainly affects the human energy balance through regulating
appetite instead of energy expenditure (6). The ob/ob mouse model may not provide
much information regarding the development of obesity but could offer important
insights for the development of the comorbidities associated with obesity. The ob/ob
mouse is a great model for studying preexisting obesity if the diabetic mice are excluded.
Stresses should be kept at a very low level for this model. Caution should be taken since
the ob/ob mouse is leptin deficient and the possibility cannot be excluded that the

negative results may be leptin dependent.

The differential sugar test (DST) is an effective method to evaluate the site-specific
gut permeability. But the currently available metabolic cages are not suitable for carrying
out the DST in the ob/ob mice. A specific metabolic cage system designed for the ob/ob
mice is needed to prevent the food restriction. The regular metabolic cage for the lean

mice is too small and the ones for the rats are too big for the ob/ob mice.

Since the ob/ob mice have a higher feed efficiency and significantly different energy
metabolism at the early age compared with the lean mice (7), adult ob/ob mice may be
used in the high fat diet model to prevent extreme fat accumulation and to achieve a
healthier development when the mice are young. By using the adult ob/ob mice, diets
with 34% fat by energy may pose less stress on the animals comparing with using the
younger ob/ob mice. Caution should always be kept in mind since the ob/ob mouse
model is leptin deficient and findings from animal models may not be directly applicable

in the humans.
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This study revealed important dynamic changes in gut permeability and interesting
interactions between dietary lipids and gut permeability during the development of the
DIO. During the development of the DIO in the C57BL/6J mice fed high fat diets, gut
permeability to FITC-dextran decreased (Figure 5.4a) in the CO and GG groups and in
the PL group during the first 5 weeks. The decreased permeability to large molecules
(FITC-dextran: 4000 Da) could be due to the maturation of the gut barrier during
development in weaning mice. The same pattern has been observed in the mice
challenged by the LPS (Figure 4.6b). Gut permeability to lactulose decreased over time in
all groups except at week 11 in the PL group where the permeability to lactulose
increased (Figure 5.4b). Gut permeability to sucralose fluctuated over time, increased to
the highest level at week 6 and then decreased toward the end (Figure 5.4e). In general,
the gut permeability to sugar probes decreased over time. That means the gut
permeability to small molecules decreased and the mechanism could be the maturing
process during development in young mice. So gut permeability to both small and large
molecules decreased. That could mean the gut permeability through the paracellular
diffusion decreased since the aforementioned molecules are absorbed primarily through

the paracellular route (43).

The gut permeability to the intestinal LPS increased (Figure 5.5a) in all groups. The
absorption of the intestinal LPS can be mediated through paracellular diffusion and
chylomicron secretion (32). Given the fact that gut permeability was decreased to both
the small molecules (sugar probes) and the large molecules (FITC-dextran), it is unlikely

that the LPS was mainly absorbed through the paracellular diffusion since the LPS’s
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molecular weight is much bigger (100-1000 kD). The increased permeability to the LPS
may be mediated mainly through the chylomicron secretion (44). The chylomicron
secretion is altered in both obese mice compared with lean animals and obese humans
compared with lean controls (45, 46). Data from the LPS-stressed mouse model (chapter
4) indicated that the plasma LPS increased considerably once the mice started to gain
body fat but there was no corresponding increase in systemic inflammation. Taken
together, it may be hypothesized that the absorption of gut LPS is mainly mediated
through the transcellular pathway instead of the paracellular route. More attention should
be paid to the nonparacellular pathways for exploring the absorption of the intestinal LPS.
If the absorption of bacterial LPS into the plasma is mainly carried by chylomicron
remnants, the lack of a considerable inflammatory response corresponding to the
increased plasma LPS may be explained by the LPS-neutralizing activity of the

lipoproteins (47).

The milk PL increased the permeability of small intestine and colon and decreased
the expression of TJ protein occludin in the jejunum mucosa compared with the CO after
the DIO. The milk GG increased the expression of the intestinal TJ protein ZO-1
compared with the CO after the DIO but did not affect the gut permeability as measured
by the FITC-absorption test and the DST. The change of the TJ proteins level in the
intestinal mucosa was not always accompanied by the corresponding change in the gut
permeability. The functional endpoints such as the DST and the FITC-absorption test
may provide better estimation of the gut permeability than the measurement of TJ

proteins. The change of the TJ proteins may help reveal the relevant mechanisms.
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The plasma inflammatory cytokines were not significantly affected by the high fat
feeding or the dietary treatments. There was significant increase of the plasma LPS by the
end of the study. The PL increased the plasma LPS compared with the CO but the PL did
not increase the plasma inflammatory cytokines. These data support the finding from the
LPS-stressed mouse model that the intestinal LPS may not pose a strong inflammatory
response. Further studies are needed to explore the mechanisms for how the intestinal

LPS may not induce a potent inflammatory response.

The dietary phospholipids increased obesity. A few days of higher food intake
resulted in a significant higher body weight gain in the mice fed the PL-supplemented
diet during the first 10 days of the feeding period. A similar trend was observed in the
LPS-stressed model. In this study, the mice in the PL group eventually accumulated
significantly more body fat after the establishment of the DIO even when they did not
consume significantly more food. These observations indicate that the acute nutrient
overconsumption or energy overflow may result in an important long-term impact on
metabolism. The mechanisms for how dietary milk polar lipids may promote the body fat

accumulation may shed light on the etiology of the diet-induced obesity.

Although the C57BL/6J mice are known to be an obesity-prone strain (48), not all of
the C57BL/6J mice developed the DIO in this study. For a model of the DIO, the ideal
situation may be achieved by using only the obese mice. Once the majority of the mice
develop the DIO, the Fenton’s method may be used to identify the obese mice. By using

only the obese mice, the confounding factors can be reduced to the minimum.



218

The high-fat diets are usually used to induce the DIO in the C57BL/6J mice while
they are weaned on the rodent chow. A run-in diet will help optimize the model by
smoothing the diet transition from the rodent chow to the high fat diet. The mice
consumed more food in the PL group in this study compared with the other two groups.
There are a couple of possible reasons for the higher amount of the diet intake in the PL
group. The PL diet was slightly softer than the other diets. Efforts may be taken to
equalize the texture of the diets. The addition of the milk polar lipids into the PL and GG
diets may have contributed the milk flavors, which could confound the results. At the
beginning of the study, the mice had been weaned for 3 weeks and they may still have a
strong preference for the milk flavors. If possible, the flavor of the diets should also be

controlled. For example, a strong flavor may be added to all diets to mask other flavors.

The dynamic and static phases of obesity in the rats were reported in 1987 by
Fukushima (49). More recently, Smith described the two phases during the development
of obesity, the dynamic phase and the static phase (50). The dynamic phase is the phase
of rapid weight gain. The static phase is when weight gain slowed significantly or
stopped and the meal size returned to normal. The dynamic phase is associated with the
hyperphagia while the static phase is associated with the endocrine and metabolic
abnormalities. Both the DIO obesity model and the hypothalamic obesity model show
these two phases of body weight gain (51). Most of the information about human obesity
was obtained by studying people in the static phase. The studies on childhood obesity
also usually did not monitor the dynamic processes leading to the obesity. While there is

a lot of information about the static state of obesity, the data on the dynamic state of
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obesity is just beginning to emerge. Little attention has been paid to the initial dynamic
phase during the obesity development and the resurgence of the dynamic phase during
the weight gain rebound after the weight loss. The dynamic phase is a better situation
than the static phase for studying the relevant mechanisms when they are more active and
available (50). A recent study revealed that the short-term overeating compromises the
insulin sensitivity in the adipocytes (52). Four weeks of high energy diet results in a 10%
body weight gain and a 19% body fat increase in the lean young adults. Those volunteers
did not become overweight (BMI = 24.3 kg/m2) and developed moderate systemic
insulin resistance. Insulin signaling in adipocytes was impaired in those volunteers (52).
The data from the current mouse study also indicated that the overeating during the

dynamic phase may significantly affect the static phase.

Effects of Dietary Polar Lipids across Different Rodent Models

Effects of dietary polar lipids on gut permeability

The dietary gangliosides did not affect gut permeability and the dietary phospholipids
increased the permeability of the colon when the ob/ob mice were fed a moderately high
fat diet (Figure 6.1a). The ob/ob mouse model is a leptin-deficient model. The lack of the
hypothesized effect of the dietary polar lipids on the gut permeability could be due to the
absence of the active leptin. In the DIO model, the dietary gangliosides did not affect the
gut permeability and the dietary phospholipids increased the permeability of the small
intestine and the colon after the DIO. The lack of the expected effect of the polar lipids
on the gut permeability in the lean C57BL/6J mice during the DIO indicated that the lack

of the effect may not be leptin dependent. Taken together, the polar lipids did not reduce
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gut permeability when the mice were obese no matter if they were leptin-deficient or not.
The effects of dietary polar lipids on gut permeability may not be leptin-dependent in the
context of obesity. In the LPS-stressed mouse model, the gangliosides did not affect the
gut permeability and the phospholipids increased the permeability of the small intestine
(Figure 4.7). The data from the three mouse models consistently revealed that the
gangliosides may not have significant effect on the gut permeability while the

phospholipids tend to increase the gut permeability.

Effects of dietary polar lipids on systemic inflammation

When the ob/ob mice were severely obese and fed a stressful diet, the dietary
phospholipids increased systemic inflammation as indicated by the increase of the plasma
IL-6 level. The dietary gangliosides did not significantly affect systemic inflammation. In
the DIO model, the dietary phospholipids increased the plasma LPS level by the end of
the study (Figure 6.1a) and had little effect on the plasma inflammatory cytokines. The
dietary phospholipids tended to increase the plasma IL-6 level after 5 weeks of dietary
treatment. Since no cytokine data were available between 5 and 15 weeks, it is highly
possible that the dietary phospholipids may significantly increase the plasma IL-6 level
during that period of time. The dietary polar lipids did not affect systemic inflammation
when the C57BL/6J lean mice were having acute inflammation after the subcutaneous
injection of the LPS. Neither did the dietary polar lipids affect systemic inflammation in
the chronic inflammatory process during recovery nor when the LPS-induced
inflammation dissipated. The phospholipids increased the plasma LPS level (Figure 6.1b)
without affecting the systemic inflammation. It is not clear if the increased endotoxemia

was a direct effect of the phospholipids or was due to the increased gut permeability
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(Figure 6.1). In conclusion, the dietary phospholipids may increase the plasma IL-6 level
in the context of obesity in the C57BL/6J mice and the dietary gangliosides may not have

significant effect on systemic inflammation in the C57BL/6J lean and obese mice.

Effects of dietary polar lipids on lipid metabolism

The dietary phospholipids lowered the liver mass in the ob/ob mice and the
LPS-stressed C57BL/6J mice (Figure 3.3a & 4.3a). The dietary polar lipids did not have
any effect on the liver mass in the C57BL/6J mice with the DIO. The effect of the dietary
polar lipids on liver mass may not be leptin-dependent. The dietary polar lipids may have
a stronger effect on the liver mass in the context of inflammation as in the ob/ob mice and

the LPS-stressed C57BL/6J mice.

The dietary phospholipids decreased the cholesteryl ester and the PI in the liver and
decreased the Pl in the skeletal muscle of the ob/ob mice. The dietary phospholipids
decreased the PI in the skeletal muscle and the dietary phospholipids and gangliosides
increased the PI in the liver of the C57BL/6J lean mice stressed with LPS. The PI in the
skeletal muscle and the liver was not significantly affected by the dietary polar lipids in
the C57BL/6J mice with the DIO. Taken together, the phospholipids decreased the Pl in
the skeletal muscle in both the ob/ob mice and the LPS-stress mice. It is possible that the
effect of the phospholipids on the Pl in the skeletal muscle may be affected by the
systemic inflammation. The PI can be phosphorylated into phosphoinositides, which play
important roles in lipid signaling, cell signaling and membrane trafficking.

Phosphoinositides are essential components of the insulin secretory system (53). The
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dietary polar lipids had a bigger effect on the tissue PI level when the organism was in

less homeostatic conditions such as severe obesity and systemic inflammation.

The dietary PL down regulated the fatty acid synthesis gene Acacb in the liver of all
three mouse models. For the fatty acid oxidation gene Acaa2, it was down regulated by
the dietary PL and GG compared with the CO in the ob/ob mice. The Acaa2 was down
regulated by the dietary PL compared with the GG in the C57BL/6J mice stressed with
LPS and was not significantly affected in the C57BL/6J mice with the DIO. The dietary
PL suppressed the cholesterol synthesis gene Hmgcr in the liver of the C57BL/6J mice
stressed with LPS and up regulated the cholesterol reverse transport gene Scarbl in the
C57BL/6J mice with the DIO. The dietary polar lipids did not significantly affect the
gene expression associated with the cholesterol regulation in the liver of the ob/ob mice.
Taken together, the dietary polar lipids had different effects on lipid metabolism in the
liver in three mouse models. The decrease of the liver lipids level by the phospholipids
may be mediated through the down regulation of the fatty acid synthesis gene Acach. The
phospholipids tend to decrease the cholesterol level in the liver by either suppressing

synthesis or increasing excretion in the C57BL/6J lean mice models.

The dietary polar lipids also had slightly different effects on the plasma lipid levels in
the three models. The plasma lipid profile was not significantly affected by the dietary
polar lipids in ob/ob mice. The dietary GG and PL reduced the plasma CE level after the
LPS stress in the C57BL/6J mice and did not significantly affect the plasma CE level in

the C57BL/6J mice with the DIO. The dietary GG and PL reduced the plasma FFA level
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before DIO in the C57BL/6J mice and the dietary GG reduce the plasma FFA level in the
C57BL/6J mice stressed with the LPS. The gangliosides tend to reduce the plasma FFA

level in the C57BL/6J mice regardless of the inflammatory status.

The dietary polar lipids did not significantly affect the polar lipids levels in the
intestinal mucosa of the ob/ob mice. Compared with the CO and the GG, the dietary PL
decreased PE in the colon mucosa of the C57BL/6J mice stressed by the LPS and the
C57BL/6J mice with the DIO. The dietary PL decreased PC in the small intestinal
mucosa of the LPS stressed C57BL/6J mice but increased the PC in small intestinal
mucosa of the C57BL/6J mice with the DIO. The effects of the dietary polar lipids on PC
level in the intestinal mucosa were different during the LPS-induced systemic
inflammation and the DI10. The phospholipids tend to decrease the polar lipids in the
intestinal mucosa and the skeletal muscle. It is not clear how the dietary phospholipids
may reduce the polar lipids level in the tissues. It may be hypothesized that the high
dietary phospholipids level may have down regulated the receptors for the absorption of

the polar lipids.

Future Directions

Although the milk polar lipids exist in almost all dairy products, the absolute amount
of the polar lipids in the dairy products is quite low, ranging from 9 mg per 100 g skim
milk to 1250 mg per 100 g butter serum (54). It is quite expensive to purify and collect
the individual class of the milk polar lipids. The milk polar lipids may be enriched as a
complex compound or a semi purified isolate. So in this dissertation the milk polar lipids

were supplemented in the diets either as a complex isolate or a semi-purified isolate to
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increase the applicability of the results. In order to pinpoint which specific component of
the polar lipids resulted in the increase of gut permeability and plasma LPS, the dietary
supplementation of the purified polar lipid classes one at a time is needed to explore the
relevant mechanisms. Both the in vitro cell model and the animal models may be used to
study the mechanisms. For gut permeability, the Caco-2 cell monolayer could be a great
model. The well-established animal models of colitis could also be used. For systemic
inflammation, the LPS induced acute and chronic animal models could be a good place to
start. For lipid metabolism, the animal models of NAFLD and/or NASH can be used. The
metabolomic and lipidomic approaches can also be adopted for studying the effects of the

dietary polar lipids.

The undesirable effects of the dietary phospholipids on gut permeability and systemic
inflammation in this dissertation may be due to the high dietary level of the phospholipids.
The phospholipids were supplemented at the level of 1% (w/w) of the diet. Future studies
may target a level less than 1% (w/w) of the diet. There may be a dose effect. Different

dietary levels may be compared to find a level that may generate more desirable effects.

Large amounts of the milk polar lipids rich material may be produced as a byproduct
from buttermilk or cheese whey during the butter or cheese making processes. While it is
worthwhile to try a lower dietary level of purified milk polar lipids in the dietary
supplementation studies, it is also interesting to look at the effects of the direct dietary

incorporation of the polar lipids rich dairy byproducts such as the whey powder and
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buttermilk powder. A systematic approach would be ideal to assess the effects of the milk

polar lipids rich dairy products on the major organ systems in animal models.
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Figure 6.1 Most of the hypothesized effects of the polar lipids were not supported by the
data. The phospholipids did not reduce gut permeability but increased obesity and the
plasma LPS in the ob/ob mouse model and the DIO model (a). The phospholipids did not
reduce gut permeability but increase the plasma LPS in the LPS-stressed mouse model
(b). Red X indicates that the data did not support the hypothesis. Red arrow indicates the
undesirable effect.
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Figure 6.2 Stress-induced dysfunction of the subcutaneous white adipose tissue
contributes to the development of visceral adiposity (18).
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CORRELATION COEFFICIENT NETWORK ANALYSIS

Dietary supplementation of bioactive compounds should affect the eleven organ
systems in the body. Claims about the effects of bioactive compounds cannot be
appropriately and responsibly made until the main organ systems are assessed. When
multiple organ systems are assessed, it is common to observe contradictory effects on
different endpoints. A method is needed to assess the overall effect of dietary
supplements on multiple endpoints. The network analysis could be a potential method for
evaluating the overall effect of dietary supplements. Limited literature indicates that
correlation network analysis may help reveal the overall pattern of biological endpoints
(1). A lot of parameters were evaluated in the mouse studies of this dissertation. Dietary
polar lipids had mixed effects on different endpoints. It is helpful to explore the overall
effect of dietary milk polar lipids on the parameters related to the major hypotheses
through correlation network analysis. The correlation network analysis was carried out
for the LPS-stressed mouse model and the diet-induced obesity model. The network
analysis was not done for the ob/ob mouse model since the number of animals per group

was low (smallest n = 3).

The Pearson correlation coefficients of all final parameters were generated by SAS
9.2. Data from the same number of animals were used among groups. The correlation
coefficient matrices were subjected to network analysis. The matrices were imported as
Excel workbooks into network analysis software Cytoscape desktop application 2.8.3.

Correlation coefficients and associated p values were used as edge attributes. Parameter
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names were used as node names and they were categorized into types. Networks were
generated and edges were filtered by setting cutoffs for p values, which was 0.05. Nodes
connected by the filtered edges were included in the filtered child networks. The Girvan-
Newman fast greedy algorithm (by GLay Cytoscape plugin), operating exclusively on
connectivity, was carried out to generate community clusters for correlation networks.
Nodes for parameters related to the major hypotheses and their first neighbors were
selected to generate child networks. The following parameters were selected to reflect the
major hypotheses: colon permeability, small intestine permeability, plasma interleukin-6
(IL-6) and tumor necrosis factor-a (TNF-a), and liver triglycerides (TG). Only edges
connecting those selected parameters were retained and the other edges were discarded.

Then force-directed network layouts were generated from the retained nodes and edges.

Correlation Network Analysis for Chapter 4

The correlation network analysis assessed all of the parameters measured at the end
of the study (day 57, n=4). The legends for the network analysis are shown in Figures
Ala-c. The community cluster analyses indicated less connectivity in the PL group
compared with the CO and GG groups (9 vs 7 communities). The PL group had less
significant negative and positive correlations compared with the CO and GG groups
(Table Al). Less correlations in the PL group is accompanied by less desirable biological
functions (Figure 4.10). The deduction in positive correlations is associated with a
metabolic disorder in the disease model animals (1). The undesirable effect of PL may be
mainly associated with the decrease of positive correlations. Decrease of positive
correlations may indicate the compromise of biological functions by dietary polar lipids

in the context of systemic inflammation induced by lipopolysaccharide (LPS).
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For correlations involve parameters related to the major hypotheses, the force-
directed network layout is shown in Figure A2. In the CO group, small intestine
permeability is negatively correlated with liver mass and cecum content mass. Small
intestine permeability is positively correlated with plasma insulin, retroperitoneal fat
mass and body weight. Colon permeability is positively correlated with
phosphatidylcholine (PC) content in jejunum mucosa, liver sphingomyelin (SM), muscle
free fatty acids (FFA), and jejunum mass. Colon permeability is negatively correlated
with liver phosphatidylinositol (PI), plasma diglycerides (DG), TG and cholesteryl ester
(CE). Plasma TNF-a is positively correlated with liver DG and muscle CE. Plasma IL-6
is positively correlated with jejunum mucosa mass, colon mucosa mass, adipose PE, and
gangliosides content in colon mucosa. Plasma IL-6 is negatively correlated with body fat

mass and ileum mucosa mass.

In the GG group (Figure A2), small intestine permeability is positively correlated
with plasma PC and is negatively correlated with muscle phosphatidylethanolamine (PE)
and phosphatidylserine (PS), and GG content in colon mucosa. Plasma IL-6 is negatively
correlated with plasma monocyte chemoattractant protein-1 (MCP-1) and is positively
correlated with mesenteric fat mass and occludin protein expression in jejunum mucosa.
Liver TG is positively correlated with PC in ileum mucosa and is negatively correlated

with colon mucosa mass.

In the PL group (Figure A2), small intestine permeability is positively correlated with

adipose TG. Colon permeability is positively correlated with liver Pl and is negatively
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correlated with subcutaneous fat in upper body. Plasma TNF-a is positively correlated
with cecum mass and muscle FFA. Plasma IL-6 is negatively correlated with liver PS and
is positively correlated with plasma leptin and LPS, PE in colon mucosa, and
gangliosides in ileum mucosa. Liver TG is positively correlated with retroperitoneal fat

mass.

It is unexpected that plasma IL-6 is negatively correlated with subcutaneous fat mass,
visceral fat mass, brown adipose tissue mass and total fat depots in the CO group. This
unexpected observation is not observed in the GG and PL groups. Plasma IL-6 is
positively correlated with mesenteric fat mass in the GG group and is not correlated with
fat mass in the PL group. There is no good explanation for those unexpected correlations

in the CO group.

It is interesting to notice that the small intestine permeability is positively correlated
with plasma insulin and body weight in the CO group. These correlations were not
observed in the GG and PL groups. It might be speculated that the increase of small
intestine permeability may increase plasma insulin. The increase of small intestine
permeability may result in endotoxemia and systemic inflammation, which may decrease
insulin sensitivity. The body may compensate the decreased insulin sensitivity by
increasing plasma insulin. It is unexpected that there were no correlations between tight
junction proteins in gut mucosa and gut permeability. This lack of correlation may
indicate that the amount of tight junction proteins is not critical in determining gut

permeability during inflammatory stress.
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The CO group had more correlations involving plasma IL-6 and colon permeability
compared with GG and PL groups (Figure A2). The more correlations in the CO group
may indicate more desirable biological functions. It might be hypothesized that GG and
PL have undesirable effect on biological functions associated with plasma IL-6 and colon

permeability.

Correlation Network Analysis for Chapter 5

The correlation network analysis assessed all of the parameters measured at the end
of the study (day 101, n=5). The CO group had more total correlations compared with the
GG and PL groups (Table A2). The GG group had less negative correlations compared
with the CO group (Table A2). The community cluster analyses indicated little difference

in connectivity among three groups (Table A2).

The GG and PL groups had less positive correlations compared with the CO group
(Table A2). The decrease of positive correlations is associated with a metabolic disorder
in the disease model animals (1). If the reduction in positive correlations is an indicator of
compromised biological functions, the overall effect of GG and PL may have been
undesirable. The GG and PL decreased the negative correlations compared with the CO
group (Table A2). Although there is little difference in connectivity of the network
layouts among three groups, the GG and PL groups had less total correlations. The
overall effect of CO on all endpoints was less desirable compared with that of GG
(Figure 5.9). The overall effect of PL on all endpoints is mixed compared with that of CO
(Figure 5.9). The decrease of positive correlations in the PL group may indicate the

overall effect of PL is undesirable compared with CO. The decrease of negative
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correlations in the GG group is accompanied by the lack of undesirable effect compared
with the PL group. It may be hypothesized that the decrease of negative correlations is

associated with reduction in negative effect.

For correlations involve parameters related to major hypotheses, the force-directed
network layout is shown in Figure A3. In the CO group, small intestine permeability is
positively correlated with muscle CE and is negatively correlated with plasma insulin.
Colon permeability is negatively correlated with occludin protein expression in jejunum
mucosa. Plasma IL-6 is positively correlated with plasma PC and is negatively correlated
with liver SM and adipose TG. Plasma TNF-a is positively correlated with liver
expression of beta-actin and body lean mass. Plasma TNF-a is negatively correlated with
subcutaneously fat mass, visceral fat mass, body fat mass, liver TG, and colon mucosa
mass. Liver TG is negatively correlated with plasma TNF-a and is positively correlated

with plasma FITC and FFA.

In the GG group (Figure A3), small intestine permeability is positively correlated
with homeostasis model assessment of insulin resistance (HOMA-IR) and is negatively
correlated with muscle PS and liver mass. Colon permeability is positively correlated
with PE in jejunum mucosa and PC in colon mucosa. Colon permeability is negatively
correlated with colon mass and colon mucosa mass, liver Pl and CE, and muscle PC and
TG. Plasma IL-6 is negatively correlated with occludin protein expression in colon
mucosa, homeostasis model assessment of insulin resistance (HOMA-IR), and liver PE.

Plasma TNF-a is positively correlated with liver PE and muscle TG. Liver TG is
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positively correlated with body fat mass, subcutaneous fat mass, and mesenteric fat mass.
Liver TG is negatively correlated with plasma LPS, PC content in ileum mucosa and

body lean mass.

In the PL group (Figure A3), colon permeability is negatively correlated with
occludin protein expression in jejunum mucosa, plasma TNF-a, and liver expression of
acetyl-Coenzyme A acyltransferase 2. Small intestine permeability is positively
correlated with cecum mass, cecum content mass, PE in ileum mucosa, and beta actin
expression in liver. Small intestine permeability is negatively correlated with adipose DG,
liver expression of acetyl-Coenzyme A acyltransferase 2, retroperitoneal fat mass and
inguinal fat mass. Plasma IL-6 is positively correlated with liver FFA and cecum mass.
Plasma IL-6 is negatively correlated with body fat mass, plasma TG, muscle TG and liver
TG. Plasma TNF-a is positively correlated with PI content in colon mucosa and occludin
protein expression in jejunum mucosa. Plasma TNF-a is negatively correlated with colon
permeability and ileum mucosa mass. Liver TG is positively correlated with plasma FFA,
body fat mass, plasma TG, body weight, and liver expression of scavenger receptor class
B, member 1. Liver TG is negatively correlated with body lean mass, liver FFA, plasma

IL-6, and muscle mass.

It is unexpected that plasma TNF-a is negatively correlated with subcutaneous fat
mass, visceral fat mass, brown adipose tissue mass and total fat depots in the CO group.
These unexpected correlations were not observed in the GG and PL groups. Plasma TNF-

a is not correlated with fat mass in the GG and PL groups. This observation is consistent
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with the unexpected negative correlation between plasma IL-6 and fat mass in the CO
group of the LPS model (Figure A2 — CO, Chapter 4). Most of the mice in the CO group
were not obese according to Fenton’s definition for obesity. It may be hypothesized that
the increase of adipose tissue in lean mice decreases plasma proinflammatory cytokines

such as IL-6 and TNF-a; GG and PL may compromise this negative correlation.

It is surprising that no correlations were observed between tight junction proteins in
gut mucosa and gut permeability. This lack of correlation may indicate that the amount of
tight junction proteins does not play an essential role in determining gut permeability
during diet-induced obesity. The CO group had more correlations involving plasma TNF-
a compared with GG and PL groups. The small intestine permeability is negatively
correlated with plasma insulin in the CO group and positively correlated with insulin
sensitivity (HOMA-IR). Positive correlation was observed between small intestine
permeability and plasma insulin in the CO group of the LPS model (Figure A2 — CO,
Chapter 4). Taken together, the increase of small intestine permeability may decrease
insulin sensitivity through increasing systemic inflammation and the body may

compensate the decreased insulin sensitivity by increasing plasma insulin.

Liver TG is positively correlated with body fat and negatively correlated with body
lean mass in GG and PL groups. Liver TG is not correlated with body fat in the CO group.
It may be hypothesized that GG and PL potentiate the effect that body fat accumulation
increases liver TG. The GG and PL groups had more correlations involving liver TG

compared with the CO group. The GG group had more correlations involving colon
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permeability compared with CO and PL groups. The PL group had more correlations
involving plasma IL-6 and small intestine permeability. It may be hypothesized that GG
and PL have a bigger influence on liver TG and a smaller influence on plasma TNF-a
compared with CO; GG has a bigger influence on colon permeability compared with CO
and PL; PL has a bigger influence on plasma IL-6 and small intestine permeability

compared with CO and GG.

Summary

The results of correlation network analyses in three mouse studies consistently
support the hypotheses that decreased network connectivity is associated with less
integrative and cohesive connections of biological functions; decrease in positive
correlations is associated with compromised biological functions while decrease in
negative correlations is associated with less undesirable effects; increased correlations of
a parameter is associated with a bigger influence of the treatment on that parameter.
Since very little literature is available regarding correlation network analysis of
functional biological endpoints, correlation network analysis should be advocated to

further test the hypotheses.

Reference
1. van der Greef J, Martin S, Juhasz P, et al. The art and practice of systems biology
in medicine: mapping patterns of relationships. Journal of proteome research

2007;6:1540-59.



Table A1 Number of Pearson correlation coefficients (p < 0.05) among parameters
measured at day 57 in the LPS-stress mouse model.
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Diet CO GG PL
Negative correlations 105 97 72
Positive correlations 109 106 82
Total correlations 214 203 154
Community clusters 7 7 9

Table A2 Number of Pearson correlation coefficients (p < 0.05) among parameters
measured at day 101 in the DIO mouse model.

Diet CO GG PL
Negative correlations 162 136 152
Positive correlations 168 160 154
Total correlations 330 296 306

Community clusters 7 8 7
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Figure Ala Visual legend — node color mapping. ALIG: adipose lipid per gram tissue;
BC: body composition; CK: cytokine; DST: differential sugar-absorption test; FITC:
fluorescein isothiocyanate; GE: gene expression; GGs: gangliosides; GIM:

gastrointestinal mass; GLU: glucose; LLIG: liver lipid per gram tissue; MLIG: muscle

lipid per gram tissue; MuLIG: mucosa lipid per gram tissue; PLI: plasma lipid; TJP: tight
junction protein; TM: tissue mass.
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Figure Alb Visual legend — node shape mapping. ALIG: adipose lipid per gram tissue;

BC: body composition; CK: cytokine; DST: differential sugar-absorption test; FITC:
fluorescein isothiocyanate; GE: gene expression; GGs: gangliosides; GIM:

gastrointestinal mass; GLU: glucose; LLIG: liver lipid per gram tissue; MLIG: muscle
lipid per gram tissue; MuLIG: mucosa lipid per gram tissue; PLI: plasma lipid; TJP: tight

junction protein; TM: tissue mass.
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Figure Alc Visual legend — color, line width and line style of edge mapping. Edge is
colored by p value. Edge line width and style are coded by correlation coefficient (CR).
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Figure A2 Correlations (p <
0.05) involve the following
parameters measured at the end
of the LPS study: liver
triglycerides level, small
intestine permeability, colon
permeability, and plasma IL-6
and TNF-a. %: percentage of
body weight. Adipose: gonadal
adipose tissue. BAT: brown
adipose tissue. LPS:
lipopolysaccharide. SI: small
intestine.
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Figure A3 Correlations
(p < 0.05) involve the
following parameters
measured at the end of
the D10 study: liver
triglycerides level, small
intestine permeability,
colon permeability, and
plasma IL-6 and TNF-
a. %: percentage of body
weight. Acaa2: acetyl-
Coenzyme A
acyltransferase 2. Actb:
beta-actin. Scarbl:
scavenger receptor class
B, member 1. Adipose:
gonadal adipose tissue.
FITC: fluorescein
isothiocyanate. HOMA-
IR: homeostasis model
assessment of insulin
resistance. LPS:
lipopolysaccharide. SlI:
small intestine.
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<> Volunteer guide of Great Three Gorges Travel Service, May 2000

Language Abilities

< Native in Mandarin, professionally fluent in English, good at public speaking

<> Written and spontaneous translation between English and Chinese
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Computer Skills
< Fluent in SAS, R, STATA, Cytoscape, Windows, Mac, Microsoft Office,
Photoshop, ImageJ, Fluidigm and FlexArray
< Experienced in computer hardware

Main Coursework
Utah State University (2006 — present)
Nutrition GPA 4.0

Endocrine Aspect of Nutrition (A) International Nutrition (A)
Nutrient Gene Interactions (A) Molecular Nutrition Lab (A)
Statistical Bioinformatics (A) Scientific Paper Critics Seminar (A)

Biology GPA 3.94
Advanced Topics in Psychophysics (A) Animal Physiology Lab (A)

Cell Biology (A) Medical Physiology (A-)

Neurobiology(A) Graduate Topic in Biology (A)

Graduate College Teaching Seminar (P) Linear regression/time series (CI)(QI) (A)
COMD GPA 4.0

Psychoacoustics and Instrumentation (A) Language/Speech/Hearing Development (A)
Speech Science (A) Language Assessment and Intervention (A)
Pediatric Aural Rehabilitation (A) Basic Audiology (A)

Independent Study: Observation/ Graduate
Preparation (A)

Peking Union Medical College (2003 — 2006)

Philosophy of Science (A) Molecular Biology of the Gene (D)
Experimental Physiology (A) Basic and Clinical of Endocrinology (A)
Lecture on Cell Biology (B) Computer Sciences (B+)
Histochemistry (B+) Tissue Culture (B+)

Hubei University of Medicine (1996 — 2001)

Higher Mathematics (A) Biochemistry (B)
Physics (B) Physiology (A)
Inorganic Chemistry (A) Human Parasitology (A)
Organic Chemistry (A) Pathoanatomy (A)
Human Anatomy (A) Regional Anatomy (A)

Histology & Embryology (A) Microbiology & Immunology (B)



