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Příloha 1 – Table 2 

 

 

Table 2. Color-coded overview of the animal groups involved in the dissertation project. F1 HSD/HSD 

programmed SHR female group, which was not used for breeding and F0 SHR-Zbtb16 HSD/STD female group 

were not involved in the final analysis due to validity concerns. n = number of animals used, n (p) = number of 

born pups.   



166 
 

Příloha 2 – Results: unpublished studies 

 

 

5.4.1. Pharmacological challenge – exposure to dexamethasone 

 

5.4.1.1. Not programmed SHR-Zbtb16 (STD/STD) 

 

5.4.1.1.1. Morphometry 

The 3-day dexamethasone treatment significantly increased relative weights of liver, 

kidneys, heart and interscapular brown fat as well as decreased relative weights of adrenals 

(Fig. 67). 

 

Fig. 67. Liver, kidney, heart, interscapular brown fat and adrenal weight per 100 g of body weight in adult F1 

SHR-Zbtb16 control males (dark blue bars) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in 

adulthood (light orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of 

post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of control vs dexamethasone exposed males 

are indicated as follows: *** p<0.001. 

 

5.4.1.1.2. Glucose tolerance and insulin levels 

SHR-Zbtb16 males treated with dexamethasone showed impaired glucose tolerance 

compared to control SHR-Zbtb16 males. This impairment presented itself as significantly 

higher fasting glycaemia and blood glucose levels 30 and 60 minutes after administration of 

glucose load (Fig. 68). At a time of 120 min (2 hours after glucose load) the blood glucose 
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levels in dexamethasone treated animals were significantly lower than in control animals, with 

no difference in blood glucose levels 3 hours after the glucose load administration. This 

impairment was also reflected in significant changes in area under the glycaemic curve (Fig. 

69). Decreased glucose tolerance in dexamethasone treated animals was connected to 

significantly higher fasting insulin levels compared to control animals (Fig. 70). 

 

Fig. 68. The oral glucose tolerance test (OGTT). The course of glycaemic curves in adult F1 SHR-Zbtb16 control 

males (dark blue triangles, full line) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in 

adulthood (light orange triangles, full line). Data are expressed as mean ± SEM. Within the graph, the significance 

levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of control vs dexamethasone 

exposed males are indicated as follows: *** p<0.001. 

 

 

Fig. 69. Area under the curve. Area under the glycaemic curve values calculated from the course of glycaemic 

curves from 0 to 180 (AUC180) and value of the residual area under the curve (AUCres180). Adult F1 SHR-
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Zbtb16 control males (dark blue bars) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in 

adulthood (light orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of 

post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of control vs dexamethasone exposed males 

are indicated as follows: ** p<0.01. 

 

Fig. 70. Fasting insulin concentrations in adult F1 SHR-Zbtb16 control males (dark blue bars) and SHR-Zbtb16 

control males exposed to dexamethasone (DEX) in adulthood (light orange bars). Data are expressed as mean ± 

SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test 

comparison of control vs dexamethasone exposed males are indicated as follows: *** p<0.001. 

 

5.4.1.1.3. Lipid profile 

The cholesterol profile of SHR-Zbtb16 males was profoundly affected by 

dexamethasone treatment. With the exception of 2 subfractions, almost all out of 20 were 

significantly affected (Fig. 71). We observed an increase in cholesterol content of both 

subfractions of chylomicrons, large and medium VLDL and large LDL (Fig. 72). Medium, 

small and very small subfractions of LDL were decreased, including C 11. From C 12 very 

small subfraction of LDL to very large, large, medium, small and very small HDL the 

cholesterol content was again increased with an exception of C 15 (very large HDL). 

Cholesterol content in major lipoprotein classes of chylomicrons, VLDL and HDL were 

significantly increased with no change in LDL (Fig. 72). As to particle size, we observed an 

increase in VLDL particle size and interestingly a decrease of particle size in LDL (Fig. 73). 

The triacylglycerol profile of dexamethasone treated males was similar to the 

cholesterol profile. The analysis showed increase in both subfractions of chylomicrons and 
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large VLDL subfractions, a decrease in small and very small LDL subfractions and an increase 

of very large, large and medium HDL (Fig. 74). Triacylglycerol content in major lipoprotein 

classes increased in chylomicrons, VLDL and HDL and significantly decreased in LDL class 

(Fig. 75). Particle size of all major classes have virtually increased after dexamethasone 

treatment (Fig. 76). 
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Fig. 71. Cholesterol profile. The cholesterol (C) content in 20 lipoprotein subfractions in adult F1 SHR-Zbtb16 

control males (dark blue bars) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in adulthood 

(light orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of control vs dexamethasone exposed males are 

indicated as follows: * p<0.05, ** p<0.01, *** p<0.001. The allocation of individual lipoprotein subfractions to 

major lipoprotein classes is shown in order of particle’s decreasing size from left to right. CM-chylomicron, 

VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 

 

 

Fig. 72. Cholesterol content. The cholesterol (C) content in major lipoprotein classes in adult F1 SHR-Zbtb16 

control males (dark blue bars) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in adulthood 

(light orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of control vs dexamethasone exposed males are 

indicated as follows: *** p<0.001. CM-chylomicron, VLDL-very low density lipoprotein, LDL-low density 

lipoprotein, HDL-high density lipoprotein. 
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Fig. 73. Major lipoprotein classes particle size calculated by C plot in adult F1 SHR-Zbtb16 control males (dark 

blue bars) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in adulthood (light orange bars). Data 

are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major 

factor) Fisher’s test comparison of control vs dexamethasone exposed males are indicated as follows: *** p<0.001. 

VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 
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Fig. 74. Triacylglycerol profile. The triacylglycerol (TG) content in 20 lipoprotein subfractions in adult F1 SHR-

Zbtb16 control males (dark blue bars) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in 

adulthood (light orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of 

post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of control vs dexamethasone exposed males 

are indicated as follows: * p<0.05, *** p<0.001. The allocation of individual lipoprotein subfractions to major 

lipoprotein classes is shown in order of particle’s decreasing size from left to right. CM-chylomicron, VLDL-very 

low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 

 

 

Fig. 75. Triacylglycerol content. The triacylglycerol (TG) content in major lipoprotein classes in adult F1 SHR-

Zbtb16 control males (dark blue bars) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in 

adulthood (light orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of 

post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of control vs dexamethasone exposed males 

are indicated as follows: * p<0.05, *** p<0.001. CM-chylomicron, VLDL-very low density lipoprotein, LDL-low 

density lipoprotein, HDL-high density lipoprotein. 
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Fig. 76. Major lipoprotein classes particle size calculated by TG plot in adult F1 SHR-Zbtb16 control males (dark 

blue bars) and SHR-Zbtb16 control males exposed to dexamethasone (DEX) in adulthood (light orange bars). Data 

are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major 

factor) Fisher’s test comparison of control vs dexamethasone exposed males are indicated as follows: * p<0.05, 

*** p<0.001. VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 

 

Free glycerol levels in serum increased significantly in SHR-Zbtbt16 males after 

dexamethasone treatment (Fig. 77). 

 

Fig. 77. Free glycerol serum concentrations in adult F1 SHR-Zbtb16 control males (dark blue bars) and SHR-

Zbtb16 control males exposed to dexamethasone (DEX) in adulthood (light orange bars). Data are expressed as 

mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s 

test comparison of control vs dexamethasone exposed males are indicated as follows: ** p<0.01. 

 

5.4.1.2. HSD programmed SHR 

HSD/HSD programmed SHR males were also used to create a group of animals in which 

we could study the effects of dexamethasone treatment. We selected SHR males programmed 

with maternal HSD both in pregnancy and lactation and treated them with dexamethasone in 

drinking water for 3 days. We then compared the HSD/HSD programmed SHR males with 

HSD/HSD programmed males treated with dexamethasone. 
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5.4.1.2.1. Morphometry 

The morphometric analysis of these groups showed a significant increase in relative 

weights of liver and kidneys and a decrease in relative weights of adrenals in HSD/HSD 

programmed SHR males treated with dexamethasone (Fig. 78). These effects were similar to 

the not programmed SHR-Zbtb16 treated with dexamethasone (Fig. 67), although they didn’t 

indicate any change of relative weights of heart. Another difference in effects points out to 

reduced relative weights of retroperitoneal fat pads in HSD/HSD programmed SHR males (Fig. 

79), which were not observed in not programmed SHR-Zbtb16 males treated with 

dexamethasone. Relative weights of interscapular brown fat had also increased in HSD/HSD 

programmed SHR males treated with dexamethasone compared to HSD/HSD programmed 

SHR males (Fig. 79), however the increase was not as significant as in SHR-Zbtb16 treated 

with dexamethasone compared to control SHR-Zbtb16. 

 

Fig. 78. Liver, kidney and adrenal weight per 100 g of body weight in adult F1 SHR HSD/HSD programmed males 

(grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone (DEX) in adulthood (purple pink 

bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET 

as major factor) Fisher’s test comparison of HSD/HSD programmed males vs dexamethasone exposed HSD/HSD 

programmed males are indicated as follows: *** p<0.001. 
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Fig. 79. Retroperitoneal fat pad and interscapular brown fat weight per 100 g of body weight in adult F1 SHR 

HSD/HSD programmed males (grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone 

(DEX) in adulthood (purple pink bars). Data are expressed as mean ± SEM. Within the graph, the significance 

levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed males 

vs dexamethasone exposed HSD/HSD programmed males are indicated as follows: * p<0.05, *** p<0.001. 

 

5.4.1.2.2. Glucose tolerance and insulin levels 

Glucose tolerance of HSD/HSD programmed SHR males treated with dexamethasone 

had decreased compared to HSD/HSD programmed males. The impairment of glucose 

tolerance presented itself as significantly higher fasting glycaemia and blood glucose levels 30, 

60 and 180 minutes after glucose load administration (Fig. 80). The blood glucose levels after 

2 hours after administration of glucose load were significantly lower in dexamethasone treated 

group, similarly to SHR-Zbtb16 dexamethasone treated groups’ levels. Decreased glucose 

tolerance and a specific shape of the glycaemic curve resulted in significant differences in area 

under the curve as well (Fig. 81). Fasting insulin levels of HSD/HSD programmed SHR males 

were also significantly higher after dexamethasone treatment (Fig. 82). 
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Fig. 80. The oral glucose tolerance test (OGTT). The course of glycaemic curves in adult F1 SHR HSD/HSD 

programmed males (grey empty circles, full line) and SHR HSD/HSD programmed males exposed to 

dexamethasone (DEX) in adulthood (purple pink empty circles, full line). Data are expressed as mean ± SEM. 

Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison 

of HSD/HSD programmed males vs dexamethasone exposed HSD/HSD programmed males are indicated as 

follows: * p<0.05, ** p<0.01, *** p<0.001. 

 

Fig. 81. Area under the curve. Area under the glycaemic curve values calculated from the course of glycaemic 

curves from 0 to 180 (AUC180) and value of the residual area under the curve (AUCres180). Adult F1 SHR 

HSD/HSD programmed males (grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone 

(DEX) in adulthood (purple pink bars). Data are expressed as mean ± SEM. Within the graph, the significance 

levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed males 

vs dexamethasone exposed HSD/HSD programmed males are indicated as follows: ** p<0.01, *** p<0.001. 
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Fig. 82. Fasting insulin concentrations in adult F1 SHR HSD/HSD programmed males (grey bars) and SHR 

HSD/HSD programmed males exposed to dexamethasone (DEX) in adulthood (purple pink bars). Data are 

expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major 

factor) Fisher’s test comparison of HSD/HSD programmed males vs dexamethasone exposed HSD/HSD 

programmed males are indicated as follows: *** p<0.001. 

 

5.4.1.2.3. Lipid profile 

The cholesterol profile was profoundly affected by dexamethasone treatment in 

HSD/HSD programmed SHR males (Fig. 83), similarly to SHR-Zbtb16 dexamethasone treated 

males (Fig. 71). Almost all subfractions of cholesterol changed in some way except for 2. We 

observed a decrease in C 11 fraction of very small LDL and an increase in both subfractions of 

chylomicrons, large, medium and small VLDL, C 12 and C 13 subfractions of very small LDL 

and all subfractions of HDL (Fig. 83). Despite the different effects on cholesterol levels 

distributed into subfractions, the cholesterol content in virtually all major lipoprotein classes 

increased (Fig. 84). The increase in particle size of VLDL and a decrease in particle size of 

LDL is consistent with findings in SHR-Zbtb16 males treated with dexamethasone (Fig. 85). 

The triacylglycerol profile was affected by dexamethasone treatment in HSD/HSD 

programmed SHR males as well. All subfractions of chylomicrons and VLDL, as well as 

medium LDL showed a significant increase of triacylglycerol levels (Fig. 86). Another 

subfractions with increased content involve very small LDL, very large, large and very small 

HDL. The analysis showed decreased triacylglycerol content in large LDL, very large, medium 
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and small HDL subfractions. These effects showed a significant increase in triacylglycerol 

content in major lipoprotein classes of chylomicrons, VLDL and LDL, with no change in HDL 

class after dexamethasone treatment (Fig. 87). The particle size of all measurable particles was 

significantly increased, similarly to SHR-Zbtb16 males treated with dexamethasone (Fig. 88). 

 

Fig. 83. Cholesterol profile. The cholesterol (C) content in 20 lipoprotein subfractions in adult F1 SHR HSD/HSD 

programmed males (grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone (DEX) in 
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adulthood (purple pink bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-

hoc (ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed males vs 

dexamethasone exposed HSD/HSD programmed males are indicated as follows: ** p<0.01, *** p<0.001. The 

allocation of individual lipoprotein subfractions to major lipoprotein classes is shown in order of particle’s 

decreasing size from left to right. CM-chylomicron, VLDL-very low density lipoprotein, LDL-low density 

lipoprotein, HDL-high density lipoprotein. 

 

 

Fig. 84. Cholesterol content. The cholesterol (C) content in major lipoprotein classes in adult F1 SHR HSD/HSD 

programmed males (grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone (DEX) in 

adulthood (purple pink bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-

hoc (ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed males vs 

dexamethasone exposed HSD/HSD programmed males are indicated as follows: *** p<0.001. CM-chylomicron, 

VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 
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Fig. 85. Major lipoprotein classes particle size calculated by C plot in adult F1 SHR HSD/HSD programmed males 

(grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone (DEX) in adulthood (purple pink 

bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET 

as major factor) Fisher’s test comparison of HSD/HSD programmed males vs dexamethasone exposed HSD/HSD 

programmed males are indicated as follows: *** p<0.001. VLDL-very low density lipoprotein, LDL-low density 

lipoprotein, HDL-high density lipoprotein. 

 

 

Fig. 86. Triacylglycerol profile. The triacylglycerol (TG) content in 20 lipoprotein subfractions in adult F1 SHR 

HSD/HSD programmed males (grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone 
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(DEX) in adulthood (purple pink bars). Data are expressed as mean ± SEM. Within the graph, the significance 

levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed males 

vs dexamethasone exposed HSD/HSD programmed males are indicated as follows: * p<0.05, ** p<0.01, *** 

p<0.001. The allocation of individual lipoprotein subfractions to major lipoprotein classes is shown in order of 

particle’s decreasing size from left to right. CM-chylomicron, VLDL-very low density lipoprotein, LDL-low 

density lipoprotein, HDL-high density lipoprotein. 

 

 

Fig. 87. Triacylglycerol content. The triacylglycerol (TG) content in major lipoprotein classes in adult F1 SHR 

HSD/HSD programmed males (grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone 

(DEX) in adulthood (purple pink bars). Data are expressed as mean ± SEM. Within the graph, the significance 

levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed males 

vs dexamethasone exposed HSD/HSD programmed males are indicated as follows: *** p<0.001. CM-

chylomicron, VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 
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Fig. 88. Major lipoprotein classes particle size calculated by TG plot in adult F1 SHR HSD/HSD programmed 

males (grey bars) and SHR HSD/HSD programmed males exposed to dexamethasone (DEX) in adulthood (purple 

pink bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for 

DIET as major factor) Fisher’s test comparison of HSD/HSD programmed males vs dexamethasone exposed 

HSD/HSD programmed males are indicated as follows: *** p<0.001. VLDL-very low density lipoprotein, LDL-

low density lipoprotein, HDL-high density lipoprotein. 

 

5.4.2. SHR-Zbtb16 mothers fed STD/HSD and its effect on offspring 

 

5.4.2.1. Mothers 

 

Fig. 89. SHR-Zbtb16 mother breastfeeding her pups. 
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5.4.2.1.1. Body weight and diet consumption 

Body weight measurements of control females fed STD/STD and experimental females 

fed STD/HSD showed no significant differences, although the trend of the curve is similar to 

HSD/HSD fed females. Body weight of females fed HSD only during breastfeeding was 

significantly higher than body weight of females fed HSD during whole period and HSD/HSD 

fed females remained the lightest recorded (Fig. 90). 

 

Fig. 90. Body weight measurements of F0 SHR-Zbtb16 adult female rats from 16 weeks of age (weeks 1-4), in 

gravidity (weeks 5-7) and lactation period (weeks 8-11), SHR-Zbtb16 control females (dark red triangles, full line), 

SHR-Zbtb16 females fed STD during pregnancy and HSD in lactation (olive green triangles, full line), SHR-

Zbtb16 females fed HSD both during pregnancy and lactation (red triangles, dashed line). Data are expressed as 

mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s 

test comparison of HSD/HSD-fed and STD/HSD-fed vs. control females are indicated as follows: * p<0.05, ** 

p<0.01, *** p<0.001. Significant differences between SHR-Zbtb16 females fed STD/STD and SHR-Zbtb16 

females fed HSD/HSD are represented by black asterisks (*) – week 5 *, week 9 *, week 10 **, week 11 **. 

Significant differences between SHR-Zbtb16 females fed HSD/HSD and SHR-Zbtb16 females fed STD/HSD are 

represented by olive green asterisks (*) – week 10 *. 

 

Despite the introduction of sugary diet, the breastfeeding STD/HSD females did not 

significantly increased intake. We observed slight differences in STD intake during pregnancy 

compared to the control STD/STD group (Fig. 91). 
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Fig. 91. Diet consumption in gravidity of F0 SHR-Zbtb16 female rats. SHR-Zbtb16 control females (dark red bars), 

SHR-Zbtb16 females fed STD during pregnancy and HSD in lactation (olive green bars), SHR-Zbtb16 females fed 

HSD both during pregnancy and lactation (red bars). Data are expressed as mean ± SEM. Within the graph, the 

significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD-fed and 

STD/HSD-fed vs. control females are indicated as follows: * p<0.05, ** p<0.01. 

  

5.4.2.2. Male offspring 

 

5.4.2.2.1. Morphometry 

Metabolic programming with maternal HSD only in breastfeeding period increased 

absolute and relative weight of adrenals compared to HSD/HSD programmed SHR-Zbtb16 

males (Fig. 92). We recorded a similar increase in relative weight of interscapular brown fat as 

we did in HSD/HSD animals, an 84% increase in SHR-Zbtb16 STD/HSD programmed 

(0.09814±0.007 g/100 g BW) compared to SHR-Zbtb16 control (0.053475±0.004 g/100 g BW) 

(Fig. 93). We also observed an increase in muscle mass in m. soleus comparable to the increase 

in HSD/HSD programmed SHR-Zbtb16 males (Fig. 93). 
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Fig. 92. Adrenal weight in adult F1 SHR-Zbtb16 control males (dark blue bars), SHR-Zbtb16 males programmed 

with maternal HSD both in pregnancy and lactation (blue bars) and SHR-Zbtb16 males programmed with maternal 

STD in pregnancy and HSD in lactation (salmon pink bars). Data are expressed as mean ± SEM. Within the graph, 

the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD 

programmed, STD/HSD programmed vs. control males are indicated as follows: * p<0.05. 

 

 

Fig. 93. Interscapular brown fat and skeletal muscle (musculus soleus) weight in adult F1 SHR-Zbtb16 control 

males (dark blue bars), SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and lactation (blue 

bars) and SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation (salmon pink 

bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET 

as major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males 

are indicated as follows: * p<0.05. 
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5.4.2.2.2. Glucose tolerance and insulin levels 

Glucose tolerance of STD/HSD programmed SHR-Zbtb16 males was not significantly 

different from control or HSD/HSD programmed males, with an exception of blood glucose 

levels increase 3 hours after the glucose load (Fig. 94). This elevation was not reflected in 

significant changes of area under the glycaemic curve. 

 

Fig. 94. The oral glucose tolerance test (OGTT). The course of glycaemic curves in adult F1 SHR-Zbtb16 control 

males (dark blue triangles, full line), SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and 

lactation (blue empty triangles, full line) and SHR-Zbtb16 males programmed with maternal STD in pregnancy 

and HSD in lactation (salmon pink half full triangles, full line). Data are expressed as mean ± SEM. Within the 

graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of 

HSD/HSD programmed, STD/HSD programmed vs. control males are indicated as follows: * p<0.05. Effects of 

programming are represented as salmon pink asterisks (*) – significant differences between STD/HSD 

programmed and HSD/HSD programmed males, t=180 min *. 

 

5.4.2.2.3. Lipid profile 

The cholesterol profile of STD/HSD programmed SHR-Zbtb16 males was fairly similar 

to HSD/HSD programmed males, differing slightly in a subfraction of very small LDL 

cholesterol particles (Fig. 95). STD/HSD programmed SHR-Zbtb16 males also differed slightly 

in a subfraction of small LDL particles from control males. 



187 
 

The triacylglycerol profile of STD/HSD programmed SHR-Zbtb16 males showed more 

pronounced response, as levels of triacylglycerols were reduced in all subfractions of small to 

very small LDL particles in these animals, compared to the control (Fig. 96). This effect was 

reflected also in a decrease of major class of LDL triacylglycerols content (Fig. 97). In addition, 

STD/HSD programmed males showed an increase of large HDL particles compared to 

HSD/HSD programmed males.  
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Fig. 95. Cholesterol profile. The cholesterol (C) content in 20 lipoprotein subfractions in adult F1 SHR-Zbtb16 

control males (dark blue bars), SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and 

lactation (blue bars) and SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation 

(salmon pink bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed 

vs. control males are indicated as follows: * p<0.05, ** p<0.01. The allocation of individual lipoprotein 

subfractions to major lipoprotein classes is shown in order of particle’s decreasing size from left to right. CM-

chylomicron, VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 
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Fig. 96. Triacylglycerol profile. The triacylglycerol (TG) content in 20 lipoprotein subfractions in adult F1 SHR-

Zbtb16 control males (dark blue bars), SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and 

lactation (blue bars) and SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation 

(salmon pink bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed 

vs. control males are indicated as follows: * p<0.05, ** p<0.01, *** p<0.001.  The allocation of individual 

lipoprotein subfractions to major lipoprotein classes is shown in order of particle’s decreasing size from left to 
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right. CM-chylomicron, VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density 

lipoprotein. 

 

 

Fig. 97. Triacylglycerols content in LDL lipoprotein class. Adult F1 SHR-Zbtb16 control males (dark blue bars), 

SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and lactation (blue bars) and SHR-Zbtb16 

males programmed with maternal STD in pregnancy and HSD in lactation (salmon pink bars). Data are expressed 

as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s 

test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males are indicated as follows: * 

p<0.05, ** p<0.01.   

 

5.4.2.3. Male offspring STD/HSD, HSD/HSD - nutritional challenge with HSD in 

adulthood 

 

5.4.2.3.1. Morphometry 

The re-exposure to HSD in adulthood had an effect on absolute and relative adrenal 

weight in HSD/HSD programmed males, but not in STD/HSD programmed males (Fig. 98). 

However, the relative weights of kidneys were significantly different in groups of re-exposed 

animals, with higher kidney to body weight ratios in STD/HSD males re-exposed to HSD (Fig. 

99). We observed more significant increase in relative weight of interscapular brown fat weight 

in HSD/HSD programmed males re-exposed to HSD than STD/HSD programmed males re-

exposed to HSD (Fig. 99). 
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Fig. 98. Adrenal weight in adult F1 SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and 

lactation (blue bars), SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and lactation re-

exposed to HSD in adulthood (light blue bars), SHR-Zbtb16 males programmed with maternal STD in pregnancy 

and HSD in lactation (salmon pink bars) and SHR-Zbtb16 males programmed with maternal STD in pregnancy 

and HSD in lactation re-exposed to HSD in adulthood (orange bars). Data are expressed as mean ± SEM. Within 

the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of 

HSD/HSD programmed, STD/HSD programmed vs. control males are indicated as follows: * p<0.05, ** p<0.01. 

 

 

Fig. 99. Kidney and interscapular brown fat weight in adult F1 SHR-Zbtb16 males programmed with maternal 

HSD both in pregnancy and lactation (blue bars), SHR-Zbtb16 males programmed with maternal HSD both in 

pregnancy and lactation re-exposed to HSD in adulthood (light blue bars), SHR-Zbtb16 males programmed with 

maternal STD in pregnancy and HSD in lactation (salmon pink bars) and SHR-Zbtb16 males programmed with 

maternal STD in pregnancy and HSD in lactation re-exposed to HSD in adulthood (orange bars). Data are 

expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major 
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factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males are indicated 

as follows: * p<0.05. 

 

5.4.2.3.2. Glucose tolerance and insulin levels 

Glucose tolerance of STD/HSD programmed males have not changed after re-exposure 

to HSD in adulthood. On the contrary, HSD/HSD programmed males showed a significant 

decrease of glucose tolerance following an exposure to HSD in adulthood (Fig. 100). This was 

represented by significantly higher blood glucose levels 30, 60 and 90 minutes after glucose 

load administration and manifested also as a significant increase in area under the curve 

compared to no change in STD/HSD programmed animals re-exposed to HSD (Fig. 101). 

Fasting insulin levels were significantly increased in both groups of re-exposed 

programmed males (Fig. 102). 

 

Fig. 100. The oral glucose tolerance test (OGTT). The course of glycaemic curves in adult F1 SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation (blue triangles, full line), SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue 

empty triangles, dashed line), SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in 

lactation (salmon pink triangles, full line) and SHR-Zbtb16 males programmed with maternal STD in pregnancy 

and HSD in lactation re-exposed to HSD in adulthood (orange empty triangles, dashed line). Data are expressed 

as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s 

test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males are indicated as follows: * 

p<0.05, ** p<0.01, *** p<0.001. Effects of re-exposure in HSD/HSD programmed SHR-Zbtb16 males are 
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represented by light blue asterisks (*) – significant differences between HSD/HSD programmed males and 

HSD/HSD programmed re-exposed males, t=30 min *, t=60 min ***, t=90 min *. Effects of programming in 

HSD/HSD and STD/HSD programmed SHR-Zbtb16 males are represented by salmon pink asterisks (*), t=180 

min **. Effects of re-exposure to HSD in adulthood are represented by light blue asterisks (*) – significant 

differences between HSD/HSD programmed males and HSD/HSD programmed males re-exposed to HSD, t=30 

min *, t=60 min ***, t=90 min *. 

 

 

Fig. 101. Area under the curve. Area under the glycaemic curve values calculated from the course of glycaemic 

curves from 0 to 180 (AUC180) and value of the residual area under the curve (AUCres180). Adult F1 SHR-

Zbtb16 males programmed with maternal HSD both in pregnancy and lactation (blue bars), SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars), 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation (salmon pink bars) and 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation re-exposed to HSD in 

adulthood (orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed 

vs. control males are indicated as follows: ** p<0.01, *** p<0.001. 
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Fig. 102. Fasting insulin concentrations in adult F1 SHR-Zbtb16 males programmed with maternal HSD both in 

pregnancy and lactation (blue bars), SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and 

lactation re-exposed to HSD in adulthood (light blue bars), SHR-Zbtb16 males programmed with maternal STD 

in pregnancy and HSD in lactation (salmon pink bars) and SHR-Zbtb16 males programmed with maternal STD in 

pregnancy and HSD in lactation re-exposed to HSD in adulthood (orange bars). Data are expressed as mean ± 

SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test 

comparison of HSD/HSD programmed, STD/HSD programmed vs. control males are indicated as follows: * 

p<0.05, ** p<0.01. 

 

5.4.2.3.3. Lipid profile 

Both groups of programmed re-exposed males showed similar shifts in cholesterol 

profile, including increase of cholesterol in all chylomicron and large very low density 

lipoprotein particle subfractions, with more significant effect in HSD/HSD programmed re-

exposed SHR-Zbtbt16 males (Fig. 103). Cholesterol content decreased in small and very small 

LDL subfractions and very large and very small HDL subfractions with re-exposure to HSD in 

HSD/HSD programmed males. STD/HSD programmed males showed a significant decrease in 

very small LDL subfraction following re-exposure to HSD (Fig. 104). Cholesterol content in 

major lipoprotein classes significantly increased in chylomicrons and very low density 

lipoproteins and decreased in low density lipoprotein exclusively in HSD/HSD programmed 

re-exposed males. However, particle size of VLDLs increased significantly in both re-exposed 

groups (Fig. 105). The re-exposure to HSD in adulthood had an opposite effect on particle size 
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of LDLs when it decreased in STD/HSD programmed males versus increased in HSD/HSD 

programmed males. 

The comparison of triacylglycerol profile of both re-exposed groups showed several 

differences in their reaction to HSD in adulthood. Both subfractions of chylomicrons were 

significantly increased in HSD/HSD programmed re-exposed males with no change in 

STD/HSD programmed re-exposed males (Fig. 106). As both subfractions of chylomicron 

increased in HSD/HSD-programmed re-exposed males, there was a significant increase in 

triacylglycerol content in major chylomicron class as well (Fig. 107). An increase in large to 

medium VLDL was common for both groups of re-exposed males, which reflected also in an 

increase of triacylglycerol content in major class of VLDL and an increase of VLDL particle 

size in both groups (Fig. 108). We recorded differences of small and very small subfractions of 

LDL in re-exposed groups, where HSD/HSD programmed re-exposed males showed a 

significant decrease compared to STD/HSD re-exposed males with simultaneous increase of 

LDL particle size. The decrease in very small HDL subfraction was common for both re-

exposed groups, whereas an increase in large to medium HDL triacylglycerol was typical only 

for HSD/HSD programmed re-exposed males. Despite these differences, the HDL particle size 

increased in both re-exposed groups of programmed males (Fig. 108). 
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Fig. 103. Cholesterol profile. The cholesterol (C) content in 20 lipoprotein subfractions in adult F1 SHR-Zbtb16 

males programmed with maternal HSD both in pregnancy and lactation (blue bars), SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars), 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation (salmon pink bars) and 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation re-exposed to HSD in 

adulthood (orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed 

vs. control males are indicated as follows: * p<0.05, ** p<0.01, *** p<0.001. The allocation of individual 



197 
 

lipoprotein subfractions to major lipoprotein classes is shown in order of particle’s decreasing size from left to 

right. CM-chylomicron, VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density 

lipoprotein. 

 

 

Fig. 104. Cholesterol content. The cholesterol (C) content in major lipoprotein classes in adult F1 SHR-Zbtb16 

males programmed with maternal HSD both in pregnancy and lactation (blue bars), SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars), 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation (salmon pink bars) and 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation re-exposed to HSD in 

adulthood (orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed 

vs. control males are indicated as follows: * p<0.05, *** p<0.001. CM-chylomicron, VLDL-very low density 

lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 
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Fig. 105. Major lipoprotein classes particle size calculated by C plot in adult F1 SHR-Zbtb16 males programmed 

with maternal HSD both in pregnancy and lactation (blue bars), SHR-Zbtb16 males programmed with maternal 

HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars), SHR-Zbtb16 males 

programmed with maternal STD in pregnancy and HSD in lactation (salmon pink bars) and SHR-Zbtb16 males 

programmed with maternal STD in pregnancy and HSD in lactation re-exposed to HSD in adulthood (orange bars). 

Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as 

major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males are 

indicated as follows: * p<0.05, ** p<0.01. VLDL-very low density lipoprotein, LDL-low density lipoprotein, 

HDL-high density lipoprotein. 
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Fig. 106. Triacylglycerol profile. The triacylglycerol (TG) content in 20 lipoprotein subfractions in adult F1 SHR-

Zbtb16 males programmed with maternal HSD both in pregnancy and lactation (blue bars), SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars), 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation (salmon pink bars) and 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation re-exposed to HSD in 

adulthood (orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed 

vs. control males are indicated as follows: * p<0.05, ** p<0.01, *** p<0.001. The allocation of individual 
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lipoprotein subfractions to major lipoprotein classes is shown in order of particle’s decreasing size from left to 

right. CM-chylomicron, VLDL-very low density lipoprotein, LDL-low density lipoprotein, HDL-high density 

lipoprotein. 

 

 

Fig. 107. Triacylglycerol content. The triacylglycerol (TG) content in major lipoprotein classes in adult F1 SHR-

Zbtb16 males programmed with maternal HSD both in pregnancy and lactation (blue bars), SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars), 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation (salmon pink bars) and 

SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation re-exposed to HSD in 

adulthood (orange bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc 

(ANOVA for DIET as major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed 

vs. control males are indicated as follows: ** p<0.01, *** p<0.001. CM-chylomicron, VLDL-very low density 

lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 
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Fig. 108. Major lipoprotein classes particle size calculated by TG plot in adult F1 SHR-Zbtb16 males programmed 

with maternal HSD both in pregnancy and lactation (blue bars), SHR-Zbtb16 males programmed with maternal 

HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars), SHR-Zbtb16 males 

programmed with maternal STD in pregnancy and HSD in lactation (salmon pink bars) and SHR-Zbtb16 males 

programmed with maternal STD in pregnancy and HSD in lactation re-exposed to HSD in adulthood (orange bars). 

Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as 

major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males are 

indicated as follows: * p<0.05, *** p<0.001. VLDL-very low density lipoprotein, LDL-low density lipoprotein, 

HDL-high density lipoprotein. 

 

HSD/HSD programmed SHR-Zbtb16 males re-exposed to HSD in adulthood showed 

the highest levels of free glycerol in the serum (Fig. 109). The levels of glycerol in this group 

were significantly higher than not only HSD/HSD programmed males but also STD/HSD 

programmed males which were re-exposed to HSD in adulthood. 
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Fig. 109. Free glycerol serum concentrations in adult F1 SHR-Zbtb16 males programmed with maternal HSD both 

in pregnancy and lactation (blue bars), SHR-Zbtb16 males programmed with maternal HSD both in pregnancy and 

lactation re-exposed to HSD in adulthood (light blue bars), SHR-Zbtb16 males programmed with maternal STD 

in pregnancy and HSD in lactation (salmon pink bars) and SHR-Zbtb16 males programmed with maternal STD in 

pregnancy and HSD in lactation re-exposed to HSD in adulthood (orange bars). Data are expressed as mean ± 

SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test 

comparison of HSD/HSD programmed, STD/HSD programmed vs. control males are indicated as follows: * 

p<0.05. 

 

5.4.2.4. Male offspring STD/HSD, STD/STD - nutritional challenge with HSD in 

adulthood 

 

5.4.2.4.1. Morphometry 

The effect of programming in HSD-exposed groups was evident in relative weights of 

liver (Fig. 110) and interscapular brown fat (Fig. 111), which were significantly higher in 

HSD/HSD programmed re-exposed males than in not programmed HSD-exposed males. 

Relative weights of kidneys have gradually decreased with each period of HSD programming 

in HSD-exposed SHR-Zbtb16 animals – starting with highest levels in not programmed males 

(STD+14dHSD, 0.68756±0.005 g/100 g BW), a decrease in males programmed only in 

breastfeeding period (programmed STD/HSD + 14dHSD, 0.66141±0.007 g/100 g BW), with 

even bigger decrease in males programmed with HSD both in pregnancy and breastfeeding 

period (programmed HSD/HSD + 14dHSD, 0.64496±0.003 g/100 g BW) - 4% decrease in 
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STD/HSD males, 6% in HSD/HSD males (Fig. 111). The absolute and relative weights of 

retroperitoneal and epididymal fat pads were significantly decreased only in STD/HSD 

programmed males re-exposed to HSD compared to not programmed HSD-exposed males (Fig. 

112). 

 

Fig. 110. Liver and heart weight per 100 g of body weight in adult F1 SHR-Zbtb16 control males fed HSD in 

adulthood (yellow bars), SHR-Zbtb16 males programmed with maternal STD in pregnancy and HSD in lactation 

re-exposed to HSD in adulthood (orange bars) and SHR-Zbtb16 males programmed with maternal HSD both in 

pregnancy and lactation re-exposed to HSD in adulthood (light blue bars). Data are expressed as mean ± SEM. 

Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison 

of HSD/HSD programmed, STD/HSD programmed vs. control males fed HSD are indicated as follows: * p<0.05. 
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Fig. 111. Kidney and interscapular brown fat weight per 100 g of body weight in adult F1 SHR-Zbtb16 control 

males fed HSD in adulthood (yellow bars), SHR-Zbtb16 males programmed with maternal STD in pregnancy and 

HSD in lactation re-exposed to HSD in adulthood (orange bars) and SHR-Zbtb16 males programmed with maternal 

HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars). Data are expressed as 

mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s 

test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males fed HSD are indicated as 

follows: * p<0.05, ** p<0.01, *** p<0.001. 

 

 

Fig. 112. Retroperitoneal fat pad and epididymal fat pad (adiposity index) weight per 100 g of body weight in adult 

F1 SHR-Zbtb16 control males fed HSD in adulthood (yellow bars), SHR-Zbtb16 males programmed with maternal 

STD in pregnancy and HSD in lactation re-exposed to HSD in adulthood (orange bars) and SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars). 

Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as 

major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males fed 

HSD are indicated as follows: * p<0.05, ** p<0.01. 

 

5.4.2.4.2. Glucose tolerance and insulin levels 

We observed no significant differences in blood glucose levels or fasting insulin levels 

among the three groups of SHR-Zbtb16 males. 
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5.4.2.4.3. Lipid profile 

Cholesterol profiles of HSD-exposed groups showed several differences in very small 

LDL and very large HDL subfractions which decreased in programmed groups in comparison 

to not programmed males (Fig. 113). The opposite effect – an increase in medium LDL and 

medium HDL subfractions occurred only in HSD/HSD programmed re-exposed males 

compared to both groups which showed similar levels of cholesterol in these subfractions. 

The triacylglycerol content in medium, small and very small subfractions of LDL as 

well as very small HDL subfractions increased in programmed groups of re-exposed males 

compared to not programmed males exposed to HSD in adulthood (Fig. 114). 
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Fig. 113. Cholesterol profile. The cholesterol (C) content in 20 lipoprotein subfractions in adult F1 SHR-Zbtb16 

control males fed HSD in adulthood (yellow bars), SHR-Zbtb16 males programmed with maternal STD in 

pregnancy and HSD in lactation re-exposed to HSD in adulthood (orange bars) and SHR-Zbtb16 males 

programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars). 

Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as 

major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males fed 

HSD are indicated as follows: * p<0.05, ** p<0.01. The allocation of individual lipoprotein subfractions to major 
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lipoprotein classes is shown in order of particle’s decreasing size from left to right. CM-chylomicron, VLDL-very 

low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 

 

 

Fig. 114. Triacylglycerol profile. The triacylglycerol (TG) content in 20 lipoprotein subfractions in adult F1 SHR-

Zbtb16 control males fed HSD in adulthood (yellow bars), SHR-Zbtb16 males programmed with maternal STD in 

pregnancy and HSD in lactation re-exposed to HSD in adulthood (orange bars) and SHR-Zbtb16 males 
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programmed with maternal HSD both in pregnancy and lactation re-exposed to HSD in adulthood (light blue bars). 

Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as 

major factor) Fisher’s test comparison of HSD/HSD programmed, STD/HSD programmed vs. control males fed 

HSD are indicated as follows: * p<0.05, ** p<0.01. The allocation of individual lipoprotein subfractions to major 

lipoprotein classes is shown in order of particle’s decreasing size from left to right. CM-chylomicron, VLDL-very 

low density lipoprotein, LDL-low density lipoprotein, HDL-high density lipoprotein. 

 

5.4.2.5. Female offspring – mothers of F2 generation (STD/HSD STD/STD) 

 

5.4.2.5.1. Body weight and diet consumption 

Body weight of F1 STD/HSD programmed females was significantly lower almost 

throughout the whole 11-week measurement period compared to the not programmed F0 

females, with an exception of last week of breastfeeding (Fig. 115). Body weight of F1 

STD/HSD programmed females was also significantly lower than body weight of F1 HSD/HSD 

programmed females, but to a lesser extent in 2 consecutive weeks before and after the 

pregnancy and during pregnancy as well. 

 

Fig. 115. Body weight measurements of F0 and F1 SHR-Zbtb16 adult female rats from 16 weeks of age (weeks 

1-4), in gravidity (weeks 5-7) and lactation period (weeks 8-11), F0 SHR-Zbtb16 control females (dark red 

triangles, full line), F1 SHR-Zbtb16 females STD/HSD programmed (light teal empty triangles, dashed line) and 

F1 SHR-Zbtb16 females HSD/HSD programmed (dark teal empty triangles, dashed line). Data are expressed as 

mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for MATERNAL DIET as major 

factor) Fisher’s test comparison of F0 control females, F1 STD/HSD programmed females and F1 HSD/HSD 

programmed females are indicated as follows: * p<0.05, ** p<0.01, *** p<0.001. Effects of programming in SHR-
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Zbtb16 females are represented by light teal asterisks (*) – significant differences between F0 not programmed 

SHR-Zbtb16 females and F1 STD/HSD programmed SHR-Zbtb16 females, week 1 ***, week 2 ***, week 3 ***, 

week 4 ***, week 5 ***, week 6 ***, week 7 ***, week 9 ***, week 10 *; by black asterisks (*) – significant 

differences between F1 STD/HSD programmed SHR-Zbtb16 females and F1 HSD/HSD programmed SHR-

Zbtb16 females, week 3 **, week 4 **, week 5 **, week 6 ***, week 7 ***, week 9 ***, week 10 *. 

 

Diet consumption in pregnancy was significantly higher for both groups of F1 

programmed SHR-Zbtb16 females compared to the control, similarly to SHR programmed 

females (Fig. 116). 

 

Fig. 116. Diet consumption of F0 SHR-Zbtb16 control females (dark red bars), F1 SHR-Zbtb16 females STD/HSD 

programmed (light teal bars) and F1 SHR-Zbtb16 females HSD/HSD programmed (dark teal bars). Data are 

expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for MATERNAL DIET 

as major factor) Fisher’s test comparison of F0 control females, F1 STD/HSD programmed females and F1 

HSD/HSD programmed females are indicated as follows: * p<0.05, ** p<0.01. 

 

5.4.2.5.2. Metabolic profile 

Pregnant SHR-Zbtb16 females showed significant differences in blood glucose levels 

according to their programming. F1 STD/HSD programmed females, that were programmed 

only during breastfeeding period had significantly lower blood glucose levels 60 and 90 minutes 

after administration of glucose load compared to not programmed STD/STD females (Fig. 117). 

F1 HSD/HSD programmed females had significantly lower glycaemia 30 and 90 minutes after 
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administration of glucose load compared to not programmed STD/STD females, however the 

two groups of programmed females did not significantly differ from each other. Lower 

glycaemia in both programmed groups resulted in significantly smaller area under the curve 

(STD/STD not programmed females AUC180=1062.11±12.37 mmol/l/180 min, STD/HSD 

programmed females AUC180=975.3±37.43 mmol/l/180 min, p=0.012; HSD/HSD 

programmed females AUC180=975.17±38.47 mmol/l/180 min, p=0.015). 

 

Fig. 117. The oral glucose tolerance test (OGTT). The course of glycaemic curves in F0 and F1 SHR-Zbtb16 

pregnant female rats, F0 SHR-Zbtb16 control females (dark red half empty triangles, full line), F1 SHR-Zbtb16 

females STD/HSD programmed (light teal empty triangles, dashed line) and F1 SHR-Zbtb16 females HSD/HSD 

programmed (dark teal empty triangles, dashed line). Data are expressed as mean ± SEM. Within the graph, the 

significance levels of post-hoc (ANOVA for MATERNAL DIET as major factor) Fisher’s test comparison of F0 

control females, F1 STD/HSD programmed females and F1 HSD/HSD programmed females are indicated as 

follows: * p<0.05, ** p<0.01, *** p<0.001. Effects of programming in SHR-Zbtb16 females are represented by 

dark teal asterisks (*) – significant differences between F0 not programmed SHR-Zbtb16 females and F1 

HSD/HSD programmed SHR-Zbtb16 females, t=30 min *, t=90 min *; by light teal asterisks (*) – significant 

differences between F0 not programmed SHR-Zbtb16 females and F1 STD/HSD programmed SHR-Zbtb16 

females, t=60 min **, t=90 min **. 

 

5.4.2.6. F2 male offspring programmed STD/HSD 
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5.4.2.6.1. Morphometry 

Morphometric analysis of SHR-Zbtb16 males showed modest differences attributable 

to different grandmaternal nutritional programming. Relative weights of liver in F2 STD/HSD 

programmed males were lower than in F2 HSD/HSD programmed males (Fig. 118). Absolute 

weights of adrenals in F2 STD/HSD programmed males were significantly lower than in F2 

HSD/HSD programmed males, however this effect dissipated in comparison of relative adrenal 

weights (Fig. 119). 

 

Fig. 118. Liver weight in adult F1 SHR-Zbtb16 control males (dark blue bars), F2 SHR-Zbtb16 males programmed 

with grandmaternal HSD both in pregnancy and lactation (lavender bars) and F2 SHR-Zbtb16 males programmed 

with grandmaternal HSD in lactation (gold bars). Data are expressed as mean ± SEM. Within the graph, the 

significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of control, F2 

HSD/HSD programmed and F2 STD/HSD programmed males are indicated as follows: * p<0.05. 
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Fig. 119. Adrenal weight in adult F1 SHR-Zbtb16 control males (dark blue bars), F2 SHR-Zbtb16 males 

programmed with grandmaternal HSD both in pregnancy and lactation (lavender bars) and F2 SHR-Zbtb16 males 

programmed with grandmaternal HSD in lactation (gold bars). Data are expressed as mean ± SEM. Within the 

graph, the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of control, 

F2 HSD/HSD programmed and F2 STD/HSD programmed males are indicated as follows: * p<0.05. 

 

5.4.2.6.2. Glucose tolerance and insulin levels 

Blood glucose levels 3 hours after the administration of glucose load were significantly 

higher in F2 STD/HSD programmed males than in F2 HSD/HSD programmed males (Fig. 120). 

This however did not reflect in any significant change of area under the curve. 

 

Fig. 120. The oral glucose tolerance test (OGTT). The course of glycaemic curves in adult F1 SHR-Zbtb16 control 

males (dark blue triangles, full line), F2 SHR-Zbtb16 males programmed with grandmaternal HSD both in 

pregnancy and lactation (lavender empty triangles, full line) and F2 SHR-Zbtb16 males programmed with 

grandmaternal HSD in lactation (gold triangles, full line). Data are expressed as mean ± SEM. Within the graph, 

the significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of control, F2 

HSD/HSD programmed and F2 STD/HSD programmed males are indicated as follows: * p<0.05. Effects of 

programming are represented as gold asterisks (*) – significant differences between F2 SHR-Zbtb16 males 

programmed with grandmaternal HSD in lactation and F2 SHR-Zbtb16 males programmed with grandmaternal 

HSD both in pregnancy and lactation, t=180 min *. 
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5.4.3. F1 females programmed HSD/HSD, with or without HSD challenge 

 

5.4.3.1. Body weight and diet consumption 

The body weight measurement in SHR females differed predominantly after the 

delivery. We recorded significant differences in body weight of F1 HSD/HSD programmed 

SHR females in breastfeeding period compared to not programmed STD/STD females (Fig. 

121). F1 HSD/HSD programmed SHR females re-exposed to HSD in pregnancy and lactation 

showed similar significant decrease in body weight in breastfeeding period compared to STD-

fed F1 HSD/HSD programmed SHR females (Fig. 122), as F0 SHR mothers fed HSD in the 

same period (Fig. 5). 

 

Fig. 121. Body weight measurements of F0 and F1 SHR adult female rats from 16 weeks of age (weeks 1-4), in 

gravidity (weeks 5-7) and lactation period (weeks 8-11), F0 SHR control females (dark brown squares, full line), 

F1 SHR females HSD/HSD programmed fed STD in pregnancy and lactation (purple empty squares, dashed line), 

F1 SHR females HSD/HSD programmed fed HSD in pregnancy and lactation (light purple empty squares, dashed 

line). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET 

as major factor) Fisher’s test comparison of F0 control females fed STD, F1 HSD/HSD programmed females fed 

STD and F1 HSD/HSD programmed females fed HSD are indicated as follows: * p<0.05, ** p<0.01, *** p<0.001. 

Effects of programming in SHR females are represented by light purple asterisks (*) – significant differences 

between F0 not programmed SHR females and F1 HSD/HSD programmed SHR females fed STD, week 6 *, week 

8 ***, week 9 *. Effects of programming and diet in SHR females are represented by black asterisks (*) – 

significant differences between F1 HSD/HSD programmed SHR females fed STD during pregnancy and lactation 

and F1 HSD/HSD programmed SHR females fed HSD during pregnancy and lactation, week 8 ***, week 9 **, 

week 10 *. 
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Fig. 122. Body weight measurements of F0 and F1 SHR adult female rats from 16 weeks of age (weeks 1-4), in 

gravidity (weeks 5-7) and lactation period (weeks 8-11), F0 SHR females fed HSD in pregnancy and lactation 

(light brown empty squares, dashed line) and F1 SHR females HSD/HSD programmed fed HSD in pregnancy and 

lactation (light purple empty squares, dashed line). Data are expressed as mean ± SEM. Within the graph, the 

significance levels of post-hoc (ANOVA for MATERNAL DIET as major factor) Fisher’s test comparison of F0 

females fed HSD and F1 HSD/HSD programmed females fed HSD are indicated as follows: * p<0.05, ** p<0.01, 

*** p<0.001. Effects of programming in SHR females are represented by black asterisks (*) – significant 

differences between F0 not programmed females fed HSD in pregnancy and lactation and F1 HSD/HSD 

programmed females fed HSD in pregnancy and lactation, week 8 ***. 

 

F1 HSD/HSD programmed SHR females increased their diet intake compared to control 

regardless of diet composition in pregnancy (Fig. 123). When comparing the not programmed 

F0 SHR females fed HSD in pregnancy and F1 HSD/HSD programmed females fed HSD in 

pregnancy, the programmed group also showed increased diet intake (Fig. 124). 
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Fig. 123. Diet consumption in gravidity of F0 SHR control females (dark brown bars), F1 SHR females HSD/HSD 

programmed fed STD in pregnancy and lactation (purple bars) and F1 SHR females HSD/HSD programmed fed 

HSD in pregnancy and lactation (light purple bars). Data are expressed as mean ± SEM. Within the graph, the 

significance levels of post-hoc (ANOVA for DIET as major factor) Fisher’s test comparison of F0 control females 

fed STD, F1 HSD/HSD programmed females fed STD and F1 HSD/HSD programmed females fed HSD are 

indicated as follows: ** p<0.01, *** p<0.001. 

 

 

Fig. 124. Diet consumption in gravidity of F0 SHR females fed HSD in pregnancy and lactation (light brown 

empty squares, dashed line) and F1 SHR females HSD/HSD programmed fed HSD in pregnancy and lactation 

(light purple empty squares, dashed line). Data are expressed as mean ± SEM. Within the graph, the significance 

levels of post-hoc (ANOVA for MATERNAL DIET as major factor) Fisher’s test comparison of F0 females fed 

HSD and F1 HSD/HSD programmed females fed HSD are indicated as follows: * p<0.05. 
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5.4.3.2. Metabolic profile 

Pregnant SHR females fed STD during pregnancy which differed in their programming 

(F0 not programmed STD/STD vs F1 HSD/HSD programmed) showed similar levels of blood 

glucose except 2 hours after the administration of glucose load, when the F1 HSD/HSD 

programmed SHR females had significantly lower glycaemia (Fig. 125). 

Pregnant SHR females fed HSD during pregnancy which differed in their programming 

(F0 not programmed vs F1 HSD/HSD programmed) showed significant differences in glucose 

tolerance 60, 90 and 120 minutes after administration of glucose load, when F1 HSD/HSD 

programmed females had lower glycaemia (Fig. 126). This change reflected also in significantly 

smaller area under the curve (Fig. 127). 

 

Fig. 125. The oral glucose tolerance test (OGTT). The course of glycaemic curves in F0 and F1 SHR pregnant 

female rats, F0 SHR control females (dark brown half empty squares, dashed line) and F1 SHR females HSD/HSD 

programmed (purple squares, full line). Data are expressed as mean ± SEM. Within the graph, the significance 

levels of post-hoc (ANOVA for MATERNAL DIET as major factor) Fisher’s test comparison of F0 control 

females fed STD and F1 HSD/HSD programmed females fed STD are indicated as follows: *** p<0.001. Effects 

of programming in SHR females are represented by black asterisks (*) - significant differences between F0 not 

programmed and F1 HSD/HSD programmed females, t=120 min ***. 
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Fig. 126. The oral glucose tolerance test (OGTT). The course of glycaemic curves in F0 and F1 SHR pregnant 

female rats, F0 SHR females fed HSD in pregnancy (light brown half empty squares, dashed line) and F1 SHR 

females HSD/HSD programmed fed HSD in pregnancy (light purple squares, dashed line). Data are expressed as 

mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for MATERNAL DIET as major 

factor) Fisher’s test comparison of F0 females fed HSD and F1 HSD/HSD programmed females fed HSD are 

indicated as follows: * p<0.05, ** p<0.01. Effects of programming in SHR females are represented by black 

asterisks (*) - significant differences between F0 not programmed and F1 HSD/HSD programmed females, t=60 

min *, t=90 min **, t=120 min **. 

 

 

Fig. 127. Area under the curve. Area under the glycaemic curve values calculated from the course of glycaemic 

curves from 0 to 180 (AUC180) and value of the residual area under the curve (AUCres180). F0 SHR females fed 

HSD in pregnancy (light brown bars) and F1 SHR females HSD/HSD programmed fed HSD in pregnancy (light 

purple bars). Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA 
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for MATERNAL DIET as major factor) Fisher’s test comparison of F0 females fed HSD and F1 HSD/HSD 

programmed females fed HSD are indicated as follows: * p<0.05, *** p<0.001. 

 

5.4.3.3. F2 offspring HSD/HSD STD/STD, HSD/HSD HSD/HSD 

 

5.4.3.3.1. Morphometry 

The only observed differences between SHR offspring of STD-fed and HSD-challenged 

mothers on the background of grandmaternal HSD/HSD programming were in fact differences 

in morphology. We observed significant decrease in absolute and relative weights of kidneys 

in the most HSD challenged group of males in this experiment, F2 HSD/HSD HSD/HSD SHR 

males (Fig. 128). The absolute weights of heart showed a significant decrease in this group as 

well, however, it was not significant in relative weights (Fig. 129). 

 

Fig. 128. Kidney weight in adult F2 SHR males programmed with grandmaternal HSD both in pregnancy and 

lactation with maternal STD/STD diet (magenta patterned bars) and F2 SHR males programmed with 

grandmaternal HSD both in pregnancy and lactation with maternal HSD/HSD diet (dark magenta patterned bars). 

Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as 

major factor) Fisher’s test comparison of F2 HSD/HSD STD/STD programmed and F2 HSD/HSD HSD/HSD 

programmed males are indicated as follows: *** p<0.001. 
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Fig. 129. Heart weight in adult F2 SHR males programmed with grandmaternal HSD both in pregnancy and 

lactation with maternal STD/STD diet (magenta patterned bars) and F2 SHR males programmed with 

grandmaternal HSD both in pregnancy and lactation with maternal HSD/HSD diet (dark magenta patterned bars). 

Data are expressed as mean ± SEM. Within the graph, the significance levels of post-hoc (ANOVA for DIET as 

major factor) Fisher’s test comparison of F2 HSD/HSD STD/STD programmed and F2 HSD/HSD HSD/HSD 

programmed males are indicated as follows: ** p<0.01. 

 

 

Fig. 130. Adult male F1 rats (SHR-Zbtb16, approx. 6 months of age). 

 


