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Table 1-1

Diet compositions.

Ingredient (g/kg diet) SD HFD

Casein 140 140

Cystine 1.8 1.8

Soybean oil 40 40

Lard 0 290

Cornstarch 465.7 175.7

-Cornstarch 155 155

Sucrose 100 100

Cellulose 50 50

AIN-93M mineral mix 35 35

AIN-93 vitamin mix 10 10

Choline bitartrate 2.5 2.5

tert -Butyl hydroquinone 0.008 0.008

Energy (kcal/100g diet) 349 519

P:F:C (% of energy) 15:11:74 10:60:30

SD, standard diet; HFD, high-fat diet; AIN-93, American
Institute of Nutrition-93; P:F:C, protein, fat, and carbohydrate.
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Table 1-2

Body weight (g) 32.0 ± 1.2 39.8 ± 1.3**

Fat pad weight (g) 

Subcutaneous fat 0.21 ± 0.04 0.43 ± 0.06*

Epididymal fat 1.07 ± 0.15 2.39 ± 0.11**

Blood biomarker

Blood glucose (mg/dl) 65 ± 3 115 ± 12**

Plasma insulin (ng/ml) 0.154 ± 0.047 0.994 ± 0.288*

HOMA-IR 0.68 ± 0.23 8.13 ± 3.37

Animal characteristics

Values for non-obese mice (n  = 5) and obese mice (n  = 5) are expressed as
means ± SE. * P  < 0.05 and ** P  < 0.01. Body weights and fat pad weights at 8
weeks of the experimental diet as well as blood biomarkers at 7 weeks of the
experimental diet were measured. HOMA-IR, homeostasis model assessment of
insulin resistance.

Non-obese Obese
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Table 1-3

Total cell count (× 107) 7.87 ± 0.43 8.53 ± 0.65

CD4 and CD8 analysis (%)

CD4+CD8+ 81.9 ± 0.8 81.6 ± 0.5

CD4-CD8- 8.4 ± 0.8 8.6 ± 0.5

CD4+CD8- 6.7 ± 0.2 6.8 ± 0.2

CD4-CD8+ 3.0 ± 0.2 3.1 ± 0.2

Apoptosis analysis (%)a

Live 88.4 ± 0.6 82.0 ± 0.3**

Apoptotic 11.5 ± 0.6 17.8 ± 0.4**

Necrotic 0.05 ± 0.02 0.19 ± 0.04*

Non-obese Obese

Thymocyte characteristics

Values for non-obese mice (n  = 5) and obese mice (n  = 5) are expressed as
means ± SE. * P  < 0.05 and ** P  < 0.01.
a Live (annexin V PI ); Apoptotic (annexin V+); Necrotic (annexin V PI+). PI,
propidium iodide.
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Table 1-4

Total cell count (× 108) 1.13 ± 0.05 1.23 ± 0.08

T cell (%) 38.2 ± 2.1 35.1 ± 2.6

CD4+/CD8+ 1.67 ± 0.08 1.75 ± 0.08

Naive (% CD4+ T cells) 78.4 ± 2.0 76.2 ± 2.3

Memory/effector (% CD4+ T cells) 20.7 ± 1.7 23.2 ± 2.2

Proliferative response (SI)a 4.47 ± 0.14 4.64 ± 0.28

Splenocyte characteristics

Non-obese Obese

Flow cytometric analysis

Values for non-obese mice (n  = 5) and obese mice (n  = 5) are expressed as means ±
SE. a The stimulation index (SI) is expressed as fluorescence from ConA-stimulated
wells / fluorescence from non-stimulated wells.
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Non-obese, No HS Non-obese, +HS

Obese, No HS Obese, +HS

2.3%

59.4%

38.3% 2.9%

58.1%

39.0%

3.4%

57.1%

39.5% 3.3%

51.8%

44.9%

Annexin V-FITC Fluorescence

Figure 1-1A. Effects of obesity and heat shock on thymocyte apoptosis. 
A, Representative flow cytometric analyses of heat-shocked thymocytes (right columns) and 
non-heat-shocked thymocytes (left columns) of non-obese mice (upper columns) and 
obese mice (lower columns). 
Thymocytes from non-obese mice (n = 5) and obese mice (n = 5) were maintained at 37 (No HS) 
or were exposed to heat shock at 42 (+HS) for half an hour. After an overnight culture at 37 ,
thymocytes were subjected to apoptosis analysis by staining cells with Annexin V-FITC and PI. 
Live cells (lower-left quadrant), apoptotic cells (upper-right and lower-right quadrants), 
and necrotic cells (upper-left quadrant). 
HS, heat shock; PI, propidium iodide.
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No HS +HS +HS

Non-obese Obese
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Figure 1-1B. Effects of obesity and heat shock on thymocyte apoptosis. 
B, Quantitative analyses of (a) live cells, (b) apoptotic cells, and (c) necrotic cells for flow 
cytometric analyses. 
Thymocytes from non-obese mice (n = 5) and obese mice (n = 5) were maintained at 37 (No HS) 
or were exposed to heat shock at 42 (+HS) for half an hour. After an overnight culture at 37 ,
thymocytes were subjected to apoptosis analysis by staining cells with Annexin V-FITC and PI. 
Values are expressed as means  SE. Two-way ANOVA results of the effects of obesity (Ob), 
effect of heat shock (HS), and their interaction effect (Ob  HS) are shown in the upper right. Data 
not sharing a common letter are significantly different by the Tukey post hoc test (P < 0.05).
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Non-obese Obese
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Figure 1-2. HSP70 protein levels of heat-shocked thymocytes of obese mice. Thymocytes from 
non-obese mice (n = 5) and obese mice (n = 5) were maintained at 37 (No HS, white bars) or 
were exposed to heat shock at 42 (+HS, black bars) for half an hour. After overnight culture at 
37 the HSP70 concentrations in the homogenized supernatant of each cell ((a) intracellular 
HSP70 protein level) and HSP70 concentrations in the culture supernatant ((b) extracellular HSP70 
protein level) were measured. The intracellular HSP70 protein levels are expressed as the HSP70 
concentration (pg/ml) / total protein concentration ( g/ml) in the homogenized supernatant of each 
cell. Values are expressed as means SE. Two-way ANOVA results of the effects of obesity (Ob), 
effect of heat shock (HS), and their interaction effect (Ob HS) are shown in the upper right. 
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Figure 1-3. HSP70 protein levels of heat-shocked splenocytes of obese mice. Splenocytes from non-
obese mice (n = 5) and obese mice (n = 5) were maintained at 37 (No HS, white bars) or were 
exposed to heat shock at 42 (+HS, black bars) for 1 hour. After culture at 37 for 25 hours, the 
HSP70 concentrations in the homogenized supernatant of each cell ((a) intracellular HSP70 protein 
level) and HSP70 concentrations in the culture supernatant ((b) extracellular HSP70 protein level) 
were measured. The intracellular HSP70 protein levels are expressed as the HSP70 concentration 
(pg/ml) / total protein concentration ( g/ml) in the homogenized supernatant of each cell. Values are 
expressed as means SE. Two-way ANOVA results of the effects of obesity (Ob), effect of heat 
shock (HS), and their interaction effect (Ob HS) are shown in the upper right. 
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Table 2-1

Diet compositions.

Ingredient (g/kg diet) SD HFD HFD-Gln

Casein 140 140 140

Cystine 1.8 1.8 1.8

Glutamine 0 0 40

Soybean oil 40 40 40

Lard 0 290 290

Cornstarch 465.7 175.7 135.7

-Cornstarch 155 155 155

Sucrose 100 100 100

Cellulose 50 50 50

AIN-93M mineral mix 35 35 35

AIN-93 vitamin mix 10 10 10

Choline bitartrate 2.5 2.5 2.5

tert -Butyl hydroquinone 0.008 0.008 0.008

Energy (kcal/100g diet) 349 519 520

P:F:C (% of energy) 15:11:74 10:60:30 13:60:27

SD, standard diet; HFD, high-fat diet; HFD-Gln, high-fat diet supplemented
with glutamine; AIN-93, American Institute of Nutrition-93; P:F:C, protein,
fat, and carbohydrate.
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Table 2-2

Body weight (g) 30.3 ± 0.7 38.2 ± 1.6**

Fat pad weight (g)

Epididymal fat 0.557 ± 0.103 1.874 ± 0.247**

Perirenal fat 0.223 ± 0.051 0.822 ± 0.121**

Mesenteric fat 0.338 ± 0.038 0.757 ± 0.091**

Subcutaneous fat 0.131 ± 0.020 0.441 ± 0.078**

Organ weight (g) 

Spleen 0.118 ± 0.018 0.081 ± 0.007

Liver 1.254 ± 0.040 1.374 ± 0.040

Kidney 0.308 ± 0.007 0.334 ± 0.007*

Blood glucose (mg/dl) 268 ± 30 299 ± 35

Serum insulin (ng/ml) 0.88 ± 0.15 3.17 ± 0.95*

Serum leptin (ng/ml) 2.45 ± 1.21 15.0 ± 3.9*

Serum adiponectin ( g/ml) 6.23 ± 0.61 6.98 ± 0.43

Splenocyte

Total cell count (× 108) 1.41 ± 0.12 1.23 ± 0.07

T cell (%) 26.9 ± 3.7 32.7 ± 1.0

CD4+/CD8+ 2.09 ± 0.27 1.86 ± 0.12

Proliferative response (SI)b 7.23 ± 0.68 7.10 ± 1.21

Characteristics of the HFD-fed mice.

SD HFD

Values are expressed as means ± SE. *P  < 0.05 and **P  < 0.01. Animals per
group: n  = 5. a Blood samples were obtained in the non-fasting state. b The
stimulation index (SI) is expressed as fluorescence from concanavalin A-stimulated
wells / fluorescence from non-stimulated wells. SD, standard diet; HFD, high-fat
diet.

Blood biomarkera
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Table 2-3

Cytokine levels of adipose tissues and splenocytes of the HFD-fed mice.

Cytokine levels of adipose tissuesa

Leptin (pg/ml/mg AT) 28.7 ± 7.1 142 ± 22**

Adiponectin (ng/ml/mg AT) 2.12 ± 0.16 1.33 ± 0.13**

IL-6 (pg/ml/mg AT) 20.6 ± 3.6 18.3 ± 2.2

IL-10 (pg/ml/mg AT) 1.95 ± 0.72 0.55 ± 0.17

Cytokine levels of ConA-stimulated splenocytesb

IFN-  (ng/ml) 13.1 ± 1.4 17.3 ± 3.1

IL-2 (ng/ml) 2.58 ± 0.64 3.32 ± 0.44

IL-4 (pg/ml) 42.9 ± 2.6 42.4 ± 4.7

IL-10 (pg/ml) 337 ± 17 280 ± 26

IL-17 (pg/ml) 47.4 ± 14.9 81.6 ± 12.9

SD HFD

Values are expressed as means ± SE. **P  < 0.01. Animals per group: n  = 5.
a Cytokine concentrations in the culture supernatant of adipose tissue were measured with
ELISA and normalized to accurate wet weight of cultured adipose tissue. b Cytokine
concentrations in the culture supernatant of ConA-stimulated splenocytes were measured with
ELISA. SD, standard diet; HFD, high-fat diet; AT, adipose tissue; ConA, concanavalin A.
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(b) (c)

(a)

Figure 2-1. HSP70 levels in HFD-induced obese mice. HSP70 protein levels are 
expressed as HSP70 concentration (ng/ml) / total protein concentration (mg/ml) 
values in the homogenized supernatant of epididymal adipose tissues (a), splenocytes 
without heat shock (b), and splenocytes with heat shock at 42 (c). Values are 
expressed as means  SE. *P < 0.05, **P < 0.01. Animals per group: n = 5. 
SD, standard diet; HFD, high-fat diet; TP, total protein. 

SD         HFD

**
*

SD         HFD SD         HFD
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Table 2-4

2.8 ± 0.1 3.0 ± 0.2

Energy intake (kcal/day)a 14.5 ± 0.8 15.7 ± 0.8

Body weight (g) 38.2 ± 1.6 34.9 ± 2.1

Fat pad weight (g)

Epididymal fat 1.874 ± 0.247 1.385 ± 0.321

Perirenal fat 0.822 ± 0.121 0.659 ± 0.133

Mesenteric fat 0.757 ± 0.091 0.514 ± 0.078

Subcutaneous fat 0.441 ± 0.078 0.333 ± 0.089

Organ weight (g) 

Spleen 0.081 ± 0.007 0.078 ± 0.006

Liver 1.374 ± 0.040 1.227 ± 0.044*

Kidney 0.334 ± 0.007 0.336 ± 0.014

Blood glucose (mg/dl) 299 ± 35 291 ± 55

Serum insulin (ng/ml) 3.17 ± 0.95 1.81 ± 0.60

Serum leptin (ng/ml) 15.0 ± 3.9 7.73 ± 2.67

Serum adiponectin ( g/ml) 6.98 ± 0.43 6.25 ± 0.12

Splenocyte

Total cell count (× 108) 1.23 ± 0.07 1.27 ± 0.14

T cell (%) 32.7 ± 1.0 30.8 ± 0.8

CD4+/CD8+ 1.86 ± 0.12 2.02 ± 0.08

Proliferative response (SI)c 7.10 ± 1.21 6.15 ± 0.55

Values are expressed as means ± SE. *P  < 0.05. Animals per group: n  = 5. a The daily
intake per cage was recorded once per week and divided by the number of mice.
Averages of daily intakes for experimental periods are shown. b Blood samples were
obtained in the non-fasting state. c The stimulation index (SI) is expressed as
fluorescence from concanavalin A-stimulated wells / fluorescence from non-stimulated
wells. HFD, high-fat diet; HFD-Gln, high-fat diet supplemented with glutamine.

Comparison of mouse characteristics of the HFD-fed mice and HFD-Gln-fed mice.

HFD HFD-Gln

Food intake (g/day)a

Blood biomarkerb
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Table 2-5

Cytokine levels of adipose tissuesa

Leptin (pg/ml/mg AT) 142 ± 22 111 ± 37

Adiponectin (ng/ml/mg AT) 1.33 ± 0.13 1.58 ± 0.24

IL-6 (pg/ml/mg AT) 18.3 ± 2.2 27.8 ± 5.7

IL-10 (pg/ml/mg AT) 0.55 ± 0.17 0.54 ± 0.19

Cytokine levels of ConA-stimulated splenocytesb

IFN-  (ng/ml) 17.3 ± 3.1 14.7 ± 0.7

IL-2 (ng/ml) 3.32 ± 0.44 3.60 ± 0.62

IL-4 (pg/ml) 42.4 ± 4.7 36.4 ± 3.9

IL-10 (pg/ml) 280 ± 26 274 ± 24

IL-17 (pg/ml) 81.6 ± 12.9 88.4 ± 30.1

Comparison of cytokine levels of adipose tissues and splenocytes of the HF-fed mice and
HFD-Gln-fed mice.

HFD HFD-Gln

Values are expressed as means ± SE. Animals per group: n  = 5. a Cytokine concentrations in the
culture supernatant of adipose tissue were measured with ELISA and normalized to the accurate
wet weights of cultured adipose tissue. b Cytokine concentrations in the culture supernatant of
ConA-stimulated splenocytes were measured with ELISA. HFD, high-fat diet; HFD-Gln, high-
fat diet supplemented with glutamine; AT, adipose tissue; ConA, concanavalin A.
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(a)

**

(b) (c)

Figure 2-2. Effects of glutamine supplementation on HSP70 protein levels in 
HFD-fed mice. HSP70 protein levels are expressed as HSP70 concentration 
(ng/ml) / total protein concentration (mg/ml) values in the homogenized 
supernatant of epididymal adipose tissues (a), splenocytes without heat shock 
(b), and splenocytes with heat shock at 42 (c). Values are expressed as 
means  SE. **P < 0.01. Animals per group: n = 5. HFD, high-fat diet; HFD-
Gln, high-fat diet supplemented with glutamine; TP, total protein.

HFD     HFD-Gln

HFD     HFD-Gln HFD    HFD-Gln
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(b)(a)

**

Figure 2-3. Triglyceride levels and HSP70 protein levels of liver tissues. (a) Liver 
triglyceride levels were determined by normalizing triglyceride levels in the 
homogenized supernatant to the accurate wet weight of homogenized liver tissue. 
(b) HSP70 protein levels are expressed as HSP70 concentration (ng/ml) / total 
protein concentration (mg/ml) values in the homogenized supernatant of the liver. 
Values are expressed as means  SE. **P < 0.01 vs. SD. Animals per group: n = 5. 
SD, standard diet; HFD, high-fat diet; HFD-Gln, high-fat diet supplemented with 
glutamine; TG, triglyceride; TP, total protein.

SD        HFD    HFD-Gln SD        HFD    HFD-Gln
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30

ELISA

Homeostasis model assessment of insulin resistance HOMA-IR

 

HOMA-IR = U/ml mg/dl 405 

 

30

DuoSet kit R&D Systems

ELISA  

 

0.5 mM 2 mM FBS DMEM

20mg well 24 37

% CO2 24 Interleukin IL -6 IL-10

72 Tumor necrosis factor TNF -

DuoSet kit R&D Systems

ELISA

 

 

24 complete Roche

T-PER buffer Thermo Fisher Scientific Kontes

15,000 rpm

 

HSP70 ELISA Total HSP70/HSPA1A DuoSet 

IC kit R&D Systems BCA Bicinchoninic Acid BCA 

protein assay kit Thermo Scientific HSP70

HSP70  
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HOMA-IR

 

 

 

0.5 mM 2 mM

Fig. 3-1  

TNF- IL-6

IL-10

IL-10  = 

0.065

 

 

0.5 mM HSP70

Fig. 3-2 0.5 mM

2 mM

Non-obese 32.8 pg/ g protein Obese 32.0 pg/ g protein  

 

  



48 
 

HSP70

 

M1 Th1 CD8 T
84)

TNF-

IL-6

IL-10 IL-10
85) IL-10

86)

IL-10

IL-10 IL-10

 

IL-10 IL-10

CD4 T M2
50) T IL-10

87) IL-10 TNF-

IL-10

IL-10

IL-10 82)

LPS TNF-

TNF-

Yaqoob mM



49 
 

Wischmeyer mM

TNF- 88)

TNF-  

HSP70

mM 0.5 

mM HSP70

HSP70

0.6mM 0.3 0.5mM 89)

60,61)

HSP70

HSP70

HSP
31) HSP70

HSP70

 

HSP70 3T3-L1

HSP70
90) HSP70 NF- B

15)

HSP70

HSP70

 

IL-10 HSP70

IL-10 HSP70

IL-10 HSP70

 

 

  



50 
 

HSP70 C57BL/6J 10

Obese Non-obese

0.5 mM mM

IL-10 0.5 mM

HSP70

IL-10

HSP70  

 



Diet compositions

Ingredient (g/kg diet) SD HFD

Cornstarch 465.7 175.7

-Cornstarch 155 155

Sucrose 100 100

Cellulose 50 50

Casein 140 140

Cystine 1.8 1.8

Soybean oil 40 40

Lard 0 290

AIN-93M mineral mix 35 35

AIN-93 vitamin mix 10 10

Choline bitartrate 2.5 2.5

tert -Butylhydroquinone 0.008 0.008

Energy (kcal/100g) 349 519

P:F:C (% of energy) 15:11:74 10:60:30

Table 3-1

SD, standard diet; HFD, high-fat diet; AIN-93, American
Institute of Nutrition-93; P:F:C, protein, fat, and carbohydrate.
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Table 3-2

Body weight  (g) 35.2 ± 0.8 42.2 ± 1.1**

Fat pad weight  (g) 

Subcutaneous fat 0.26 ± 0.02 0.48 ± 0.04**

Epididymal fat 1.36 ± 0.08 2.09 ± 0.04**

Blood biomarker

Blood glucose (mg/dl)a 78 ± 4 103 ± 7**

Plasma insulin ( IU/ml)a 11.1 ± 2.4 31.8 ± 4.9**

HOMA-IRa 2.27 ± 0.62 8.76 ± 2.02*

Serum leptin (ng/ml) 18.7 ± 0.9 22.9 ± 0.6**

Serum adiponectin ( g/ml) 7.19 ± 0.25 6.09 ± 0.25**

Non-obese Obese

Values for the non-obese mice (n  = 10) and obese mice (n  = 10) are expressed as
means ± SE. * P  < 0.05 and ** P  < 0.01. a The blood biomarkers in the fasting
mice were measured after 9 weeks of the experimental diets.
HOMA-IR, homeostasis model assessment of insulin resistance.

Body weight, fat pad weight, and blood biomarker
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Figure 3-1 Effects of glutamine concentrations on cytokine secretion by adipose tissue 
from the obese mice and non-obese mice. The adipose tissues were cultured at a glutamine 
concentration of 0.5 mM or 2 mM. The amount of cytokine secreted by the adipose tissues 
are expressed as the concentration of the cytokine in the culture supernatant / the weight of 
the cultured adipose tissue. Values for non-obese mice (n = 10, white bars) and obese mice 
(n = 10, black bars) are expressed as means  SE. Two-way ANOVA results of the effects 
of obesity (Ob), effect of glutamine(Gln), and their interaction effect (Ob  Gln) are 
shown in the upper right. 

Non-obese

Obese
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*

Figure 3-2 HSP70 protein levels in the adipose tissue cultured under 
the condition of 0.5 mM glutamine. The HSP70 protein levels are 
expressed as HSP70 concentration (pg/ml) / total protein concentration 
( g/ml) in the homogenized supernatant of the adipose tissue. Values 
for non-obese mice (n = 10, white bars) and obese mice (n = 10, black 
bars) are expressed as means SE. * P < 0.05. 

Non-obese        Obese
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ELISA  
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Alamar Blue 34) Alamar Blue Biosource 10 l/well

544/590nm Stimulation Index

SI  
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Table 4-1

Diet compositions.

Ingredient (g/kg diet) SD HFD HFD-Arg HFD-Gly

Casein 200 200 200 200

Cystine 3 3 3 3

Arginine hydrochloride 0 0 24.2 0

Glycine 0 0 0 34

Cornstarch 397 137 112.8 103

-Cornstarch 132 132 132 132

Sucrose 100 100 100 100

Cellulose 50 50 50 50

Soybean oil 70 70 70 70

Lard 0 260 260 260

AIN-93G Vitamin Mix 10 10 10 10

AIN-93G Mineral Mix 35 35 35 35

Choline bitartrate 2.5 2.5 2.5 2.5

tert -Butylhydroquinone 0.014 0.014 0.014 0.014

Energy (kcal/100g) 367 520 519 521

SD, standard diet; HFD, high-fat diet; Arg, arginine; Gly, glycine; AIN-93,
American Institute of Nutrition-93.
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Animal charcteristics at the beginning of each experimetal diet.

Non-DM    DM     DM + Arg     DM + Gly

Body weight  (g) 25.1 ± 0.4 26.0 ± 0.5 25.1 ± 0.4 24.9 ± 0.7

Blood glucose (mg/dl) 1) 134 ± 8  224 ± 14 a  225 ± 26  240 ± 32

Plasma insulin (ng/ml) 1)      0.401 ± 0.078       0.557 ± 0.093       0.633 ± 0.207       0.572 ± 0.183

Table 4-2

Values are expressed as means ± SE. a P  < 0.01 vs. Non-DM. Animals per group: n  = 10.
1) Blood samples were obtained after 4 hours of fasting. DM, diabetes mellitus; Arg, arginine; Gly,
glycine.
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Food and nitrogen intake for the period of experimetal diet.

DM DM + Arg DM + Gly

Food intake (g/day) 6.2 5.8 5.7

Energy intake (kcal/day) 32.2 29.8 29.5

Nitrogen intake (g/day) 1) 0.037 0.036

Table 4-3

Values are expressed as average intake per cage. 1) The amount of nitrogen in ingested
supplemental amino acid are shown. DM, diabetes mellitus; Arg, arginine; Gly, glycine.

67



Table 4-4

  Non-DM   DM    DM + Arg    DM + Gly

Body weight (g)       26.6 ± 0.3      28.5 ± 0.5 b       27.3 ± 0.6       27.9 ± 0.9

Organ weight (mg/g body weight)

Subcutaneous fat 5.05 ± 0.33 6.82 ± 0.54 a 6.48 ± 0.31 6.82 ± 0.56

Epididymal fat 21.5 ± 1.9 32.8 ± 1.6 b 28.4 ± 1.9 32.2 ± 2.4

Pancreas 4.89 ± 0.15 4.84 ± 0.20 4.80 ± 0.18 4.68 ± 0.21

Thymus 1.44 ± 0.04 1.37 ± 0.03 1.39 ± 0.06 1.38 ± 0.07

Spleen 2.43 ± 0.08 2.51 ± 0.11 2.45 ± 0.12 2.53 ± 0.16

Liver 40.2 ± 0.8 43.0 ± 0.9 a 42.2 ± 1.0 43.3 ± 0.8

Kidney 10.7 ± 0.2   9.7 ± 0.1 b 10.3 ± 0.2 c   9.9 ± 0.2

Body weight and organ weight.

Values are expressed as means ± SE. a P  < 0.05, b P < 0.01 vs. Non-DM c P  < 0.05 vs. DM.
Animals per group: n  = 9-10. DM, diabetes mellitus; Arg, arginine; Gly, glycine.
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Blood biomarker.

Non-DM  DM DM + Arg DM + Gly

Blood glucose (mg/dl) 220 ± 15 305 ± 14 a 327 ± 23 348 ± 40

Serum insulin (ng/ml) 1.333 ± 0.286 2.127 ± 0.420 1.512 ± 0.334 1.253 ± 0.318

Serum NOx ( M) 33.4 ± 3.0 53.9 ± 6.7 a 44.7 ± 2.1 39.2 ± 2.7

Table 4-5

Values are expressed as means ± SE. a P  < 0.01 vs. Non-DM. Animals per group: n  = 9-10. Blood
samples were obtained in the non-fasting state. DM, diabetes mellitus; Arg, arginine; Gly, glycine.
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Figure 4-1. Proliferative response of ConA-stimulated splenocytes. 
The stimulation index is expressed as (fluorescence from ConA-
stimulated wells - fluorescence from non-stimulated wells) / 
fluorescence from non-stimulated wells. Values are expressed as  
means  SE. Animals per group: n = 9-10. DM, diabetes mellitus; 
Arg, arginine; Gly, glycine; ConA, concanavalin A. 

Non-DM     DM       DM+Arg DM+Gly
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a

b

c

Figure 4-2. Cytokine concentrations in the culture supernatant of  mitogen-
stimulated splenocytes. Values are expressed as means  SE. a P < 0.05, 
b P < 0.01 vs. Non-DM c P < 0.01 vs. DM. Animals per group: n = 9-10. 
DM, diabetes mellitus; Arg, arginine; Gly, glycine.

Non-DM     DM    DM+Arg DM+Gly Non-DM     DM    DM+Arg DM+Gly

Non-DM     DM    DM+Arg DM+Gly

Non-DM     DM    DM+Arg DM+Gly Non-DM     DM    DM+Arg DM+Gly
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a

Figure 4-3. HSP70 protein levels. HSP70 protein levels are expressed as 
HSP70 concentration (ng/ml) / total protein concentration (mg/ml) values 
in the homogenized supernatant of thymus, liver, and kidney. Values are 
expressed as means  SE. a P < 0.05 vs. Non-DM. Animals per group: 
n = 9-10. DM, diabetes mellitus; Arg, arginine; Gly, glycine.

Non-DM   DM  DM+Arg DM+Gly Non-DM   DM   DM+Arg DM+Gly

Non-DM   DM  DM+Arg DM+Gly
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Summary 
 

Analysis of immune function and heat shock protein in obesity 
 

Eka Fujimoto 

 

Obesity has been associated with impaired immune function and chronic 

low-grade inflammation, leading to various health problems such as type 2 diabetes 

mellitus, cancer, infections, and allergic diseases. Heat shock proteins (HSPs), which 

are highly conserved proteins and are essential for surviving against a wide range of 

stresses, play various roles in immune system including regulation of cytokine 

production. Previous studies have shown that HSP expression is altered in some 

organs and tissues in obesity and type 2 diabetes mellitus. On the other hand, 

modulation of immune functions by various nutrients, such as amino acids and n-3 

polyunsaturated fatty acids, and mechanisms of the modulation have increasingly 

been studied.  

In the present studies, we investigated immune functions and HSPs in mouse 

models of obesity or type 2 diabetes mellitus to explore mechanisms of obesity-related 

changes in immune system and effects of immune-modulating nutrients on them.  

 

Chapter 1: [Study 1] 

Mechanism analysis of alterations in immune system in obesity: from the viewpoint of 

heat shock response. 

 

This study investigated the effects of  heat shock (HS) on immune cells 

from the viewpoint of thymocyte apoptosis and T cell mitogen-stimulated splenocyte 

cytokine production as well as heat shock protein 70 (HSP70) levels in high fat 

diet-induced obese mice. The  HS at 42 °C decreased the rate of live cells in 

thymocytes, and the degree of the decrease was larger in obese mice compared with 

non-obese mice. The results suggest an association between the viability of 

thymocytes and an altered HS response in obesity. The  HS prior to T cell 
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mitogen stimulation affected cytokine production by mitogen-stimulated splenocytes 

with or without obesity. The effects of obesity on HSP70 protein levels in thymocytes 

and splenocytes were not obvious; however, these results suggest that the increase in 

thymocyte apoptosis in obesity could be, in part, due to the alteration of the HS 

response. In addition, this study suggests that alteration in HSP expression may alter 

cytokine production.  

 

Chapter 2: [Study 2 and 3] 

Analysis of adipose tissue and immune cells in obesity: cytokine, heat shock protein, 

and immune-modulating nutrients. 

 

    We investigated cytokine and HSP70 levels of adipose tissue and immune cells in 

obesity as well as the effects of glutamine on them in Study 2 and 3. In Study 2, we 

analyzed HSP70 protein and cytokine levels in mice fed a standard diet (SD), high-fat 

diet (HFD), or high-fat diet supplemented with glutamine (HFD-Gln). HFD-induced 

obese mice presented lower HSP70 levels in splenocytes and a tendency towards lower 

HSP70 levels in epididymal adipose tissues than non-obese mice. Interleukin (IL)-10 

levels of adipose tissues and splenocytes tended to be lower in obese mice than in 

non-obese mice. HFD-Gln group presented higher HSP70 levels in adipose tissues 

than HFD group. In Study 3, we examined cytokine and HSP70 levels of epididymal 

adipose tissues from obese mice and non-obese mice which were cultured in medium 

with 0.5 mM or 2 mM glutamine. The higher concentration of glutamine tended to 

increase IL-10 levels of adipose tissues. HSP70 levels of adipose tissues cultured in 

medium with the lower glutamine were lower in obese mice than non-obese mice. 

These studies revealed lowered HSP70 levels of adipose tissue and immune cells in 

obesity and suggest that glutamine affects obesity-related conditions through changes 

in cytokine and HSP70 levels. 

 

Chapter 3: [Study 4] 

Effects of immune-modulating nutrients on immune function and heat shock protein 

in type 2 diabetes mellitus. 
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    We investigated effects of arginine or glycine on immune function and HSP70 

levels in mouse model of type 2 diabetes mellitus (DM) induced by high-fat diet and 

streptozotocin. The DM model mice presented higher interferon-  and lower IL-4 

levels of T cell mitogen-stimulated splenocytes as well as lower HSP70 levels in liver 

compared with non-DM mice. Glycine supplementation increased IL-4 levels in the 

DM model mice, while arginine supplementation did not present significant effects. 

These results suggest that amino acids which can affect immune function modulate 

the pathology of type 2 diabetes mellitus through effects on immune function and 

inflammation. 

 

    The present studies showed that (1) heat shock response in immune cells is 

affected by obesity, leading to alteration in immune systems, (2) cytokine and HSP70 

levels in adipose tissue and immune cells are altered in obesity, (3) glutamine 

influences cytokine and HSP70 levels in adipose tissues, (4) immune-modulating 

amino acids regulate cytokine production in type 2 diabetes mellitus. 
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