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Abstract In terms of targeting the epidemic wave of metabolic diseases, novel therapeutic approaches as well as specific
strategies of prevention are urgently needed. Exposure to pathogenic influences induces pathogenic cross-generational
diabetic programming and increased insulin resistance and diabetic conditions later in life, whereas maternal immunization
with specific antigens may protect offspring. In this contribution a novel therapeutic approach by maternal immunization is
evaluated in an established murine model. Male and female offspring of LDL receptor-deficient mothers immunized with
mildly oxidized LDL prior to mating and non-immunized controls were compared. All offspring received identical low-fat
diet after weaning, in order to model lifestyle impacts. Oral glucose tolerance tests were performed, plasma glucose and
insulin levels were measured. Results show that glucose levels were reduced by 45.52 mg/dl (p = 0.018) at = 60 min and
peak plasma insulin levels dropped by 25.33 pU/ml (p = 0.03) at £ = 15 min due to maternal immunization. Hence, glucose
tolerance and insulin sensitivity of the next generation benefit from maternal immunization. The analysis regarding offspring
sex shows that fastening plasma glucose levels in female offspring were reduced by 53.03 mg/dl (p = 0.0003) compared to
male, whereas fastening plasma insulin levels were increased by 12.37 pU/ml (p = 0.02). Improved female glucose tolerance
is obtained at the expense of reduced insulin sensitivity. However, female and male offspring benefit significantly from
maternal immunization, which constitute a promising therapeutic concept for the prevention of metabolic diseases.
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Hypothesis” [4]. It has been shown that a metabolic
1. Introduction disorder of the mother (e.g. diabetes) will affect the
metabolic system of children in a negative way, such that
the development of metabolic diseases in the next
. ) ; generation may be induced. The underlying epigenetic
for therapy of diabetes are increasing [1] and sum up €.g. 10 o hanisms have been explained as “Predictive Adaptive
50 billion Euro per year in Germany [2]. New therapeutic Response Hypothesis* [5] and “Fetal Insulin Hypothesis”
approaches and strategies of prevention are urgently needed [6]. These negative mechanisms of cross-generational

to stop the increase of metabolic diseases. o imprinting can be summarized as diabetic and metabolic
An approach may arise from a therapeutic application of programming [7].

cross-generational programming, which was first observed In order to develop therapies to prevent metabolic
regarding negative impacts to the next generation: Barker diseases in the next generation, one has to utilize the
formulated the hypothesis [3] that lower birth weight is  \ochanism of metabolic programming in a positive way.
correlated to an increased risk of cardio-vascular diseases  piist studies have shown that interventions in mothers may
later in life, which was generalized as “Thrifty Phenotype provide life-long benefits to offspring [8]. A novel approach
is the immunization of mothers for example with naturally
ament@web.de (Christoph Ament) oxidized LD; (nLDL) [9]. In this approach'ln}munlzatlc?n is
Published online at http://journal.sapub.org/diabetes completed prior to pregnancy. Therefore, it is not a direct
Copyright © 2016 Scientific & Academic Publishing. All Rights Reserved fetal immunization, but a maternal immunization leading to

The number of metabolic diseases are increasing
worldwide in an epidemic manner. As a consequence, costs
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a cross-generational impact by the subsequent programming
of the fetus.

In this study we will present the results of an LDL
receptor-deficient (LDLR ) mouse model [9]. In order to
quantify the cross-generational programming impact, we
will introduce corresponding effects; and show their
significances.

In order to characterize the metabolic condition of
offspring, a metabolic diet is applied to the offspring and an
oral glucose tolerance test (OGTT) is performed. Based on
the OGTT a metabolic model can be identified and used to
assess the effect of maternal immunization, e.g. the
Minimal Model from [10], or more detailed models as in
[11-13]. In contrast, in the experiments presented here, we
utilized available plasma glucose as well as plasma insulin
measurements to directly assess the effect of maternal
immunization, without recurring to a metabolic model.

2. Methods

2.1. Study Design

In order to investigate a possible cross-generational
impact from mothers to their offspring, experiments were
carried out in age-matched LDL receptor-deficient (LDLR ')
mice at University of California San Diego (UCSD). The
colony was established from founders bred back into the
C57BL/6 background for 10 generations. To determine the
effects of maternal immunization in offspring of both
genders under dietary conditions, we investigated the effects
of immunization with naturally oxidized LDL (nLDL) in 24
immunized mothers (experimental group) versus 25
non-immunized mothers (control group), see Figure 1.
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Figure 1. Experimental setup

Maternal immunization (primary and 2 boosts) began at
age of 6 weeks. Mice were immunized with homologous
nLDL, which was generated from LDLR ™ mice fed a 1.25%
cholesterol and 21% milk fat diet (TD96121, Harlan Teklad).
To generate naturally oxidized (nLDL), LDL was stored
without antioxidant protection at 4°C for about 3 weeks

before use. Primary immunization consisted of inguinal
injection of the antigen (60 mg protein’kg BW) emulsified
with an equal amount of complete Freund’s Adjuvant (FA)
(Sigma-Aldrich, St. Louis, MO); 2-3 boosts in biweekly
intervals were carried out with 30 mg antigen in incomplete
FA (Sigma-Aldrich).

When immunization was completed, animals where mated.
After pregnancy and weaning offspring were exposed to a
moderately obesogenic diet consisting of standard chow
enriched with 0.5% cholesterol (TD97234, Harlan-Teklad)
until OGTTs were performed.

All offspring were classified regarding their sex and their
maternal immunization. Four groups were considered in this
study: Male and female offspring of non-immunized mothers
as control groups A and C, respectively, and male and female
offspring of immunized mothers as experimental groups B
and C, respectively, see Figure 1.

At age of 20 weeks OGTTs were accomplished for all
offspring. Blood (20-25 ml) was collected from the
retro-orbital plexus of 6 hour-fasted mice briefly
anesthetized with isofluorane, using a precision vaporizer,
prior to glucose gavage and 15, 30, 60, 90, and 120 min
thereafter. Gavage consisted of intragastric administration of
1.5 g glucose/kg BW. Glucose was determined by Ascensia
Contour glucometer and blood glucose test strips (Bayer
Health Care, Mishawaka, IN), and plasma insulin levels by
Mercodia Ultrasensitive Mouse Insulin Kits (American
Laboratory Products, Windham, NH).

2.2. Offspring Control

During the growth of the offspring their weight,
triglycerides and cholesterol was continuously measured. No
abnormality have been observed for the animals included in
this study. For confirmation Figure 2 shows the development
of offspring bodyweight in groups (A) to (D). There is a
difference regarding offspring sex, but no difference
between immunized and non-immunized groups.
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Figure 2. Development of bodyweight in offspring groups (A) to (D) after
birth (error bars denote standard deviation)
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2.3. Statistical Analysis

For plasma glucose levels G(f) and plasma insulin levels
1(¢) during OGTT at time steps =0, 15, 30, 60, 90, and 120
min, the mean, standard deviation and 95% confidence
interval (CI) have been calculated for all groups (A) to (D).
In order to determine the CI a doubled-sided t-test is applied.
For analysis we used the software tool Matlab with its
Statistics Toolbox.

2.4. Effects Analysis

Possible cross-generational effects of immunization from
mothers to offspring should be assessed. For that purpose a
linear regression model is fit into the data received from the
murine model. It is assumed that the effect on glucose levels
during OGTT is a linear function of maternal immunization
Uimmus Offspring sex u,, and possible interaction of both:

1 1
G(t) = GO (t) + 2 e[mmu,G (t) uimmu + 2 e:ex.G (t) usex

1
+ 2 eim‘er,G (Z) uimmu u.vex

The same model approach is applied to plasma insulin
concentration during OGTT:

1 1
I(t) = ]0 (t) + 2 eimmu,[ (t) uimmu + 2 esexJ (t) usex

1
+ 2 einter,[ (t) uimmu usex

Therein, the influence of maternal immunization is
defined as

—1 if subject is not immunized
immu =

+1 if subject is immunized

and the influence of offspring sex is

-1
usex = +1

The coefficients e are called effects and were identified
from the data of the animal model such that the model fit
achieves the least square error [14], [15]. As a degree of
reliance of the significance p of each effect e is calculated
based on a double-sided t-test. Gy(f) and [y(f) are average
glucose and insulin levels that are unimportant for further
analysis.

if subject is mail

if subject is female

3. Results

3.1. Offspring OGTTs

Table 1 and Figure 3 show the plasma glucose levels of
offspring in groups (A) to (D) during the OGTTs, whereas
Table 2 and Figure 4 give the corresponding plasma insulin
levels obtained simultaneously from the same OGTTs.

Table 1. Plasma glucose levels in mg/dl obtained from OGTTs for groups
(A) to (D) at age of 20 weeks. CI denotes the 95% confidence interval with
lower and upper bound

Time ¢ in min 0 15 30 60 90 120
Group (A): Male offspring from non-immunized mothers

Mean 150,36 370,55 347,82 296,91 272,27 272,55
Standard dev. 42,69 36,24 61,17 72,53 8245 8272
CI (lower) 121,68 346,20 306,72 248,18 216,88 216,97
CI (upper) 179,04 394,89 388,91 345,64 327,67 328,12
Group (B): Male offspring from immunized mothers

Mean 136,15 333,85 315,00 251,38 226,38 218,46
Standard dev. 19,82 49,19 48,78 22,86 27,24 29,96
CI (lower) 124,18 304,12 285,52 237,57 209,92 200,36
CI (upper) 148,13 363,57 34448 265,20 242,85 236,56
Group (C): Female offspring from non-immunized mothers

Mean 97,33 309,67 302,25 224,92 211,83 211,58
Standard dev. 36,07 30,88 3554 42,54 89,16 98,63
CI (lower) 74,42 290,05 279,67 197,89 155,18 148,92
CI (upper) 120,25 329,29 324,83 251,94 268,48 274,25
Group (D): Female offspring from immunized mothers

Mean 111,96 32224 280,12 211,88 189,92 193,12
Standard dev. 31,60 47,34 54,11 41,23 33,77 47,27
CI (lower) 98,91 302,70 257,78 194,86 175,98 173,61
CI (upper) 125,01 341,78 302,46 228,90 203,86 212,63

Table 2. Plasma insulin levels in pU/ml obtained from OGTTs for groups
(A) to (D) at age of 20 weeks. CI denotes the 95% confidence interval with
lower and upper bound

Time ¢ in min 0 15 30 60 90 120
Group (A): Male offspring from non-immunized mothers

Mean 15,38 69,49 23,88 19,46 22,65 30,17
Standard dev. 10,44 4225 13,06 11,36 14,29 19,74
CI (lower) 8,36 41,10 15,11 11,83 13,05 16,90
CI (upper) 22,39 97,87 32,66 27,10 32,26 43,43
Group (B): Male offspring from immunized mothers

Mean 10,99 44,16 24,10 20,58 20,73 21,44
Standard dev. 3,53 18,27 11,65 9,26 7,38 7,09
CI (lower) 8,85 33,12 17,06 14,99 16,27 17,15
CI (upper) 13,12 5520 31,14 26,18 2520 25,73
Group (C): Female offspring from non-immunized mothers

Mean 27,75 63,71 37,15 2549 21,81 20,89
Standard dev. 15,88 22,95 12,88 6,90 7,13 4,78
CI (lower) 17,66 49,12 2897 21,10 17,28 17,85
CI (upper) 37,84 78,29 4533 29,87 26,34 23,93
Group (D): Female offspring from immunized mothers

Mean 20,65 46,68 31,54 2220 20,31 20,92
Standard dev. 13,35 25,17 17,27 10,97 6,44 6,14
CI (lower) 15,01 36,06 24,25 17,57 17,60 18,32
CI (upper) 26,29 57,31 38,83 26,83 23,03 23,51
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Figure 3. Glucose response from OGTTs for offspring groups (A) to (D)
at age of 20 weeks (error bars denote single standard deviation)
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Figure 4. Insulin response from OGTTs for OGTTs for groups (A) to (D)

at age of 20 weeks (error bars denote single standard deviation)

3.2. Effects of Immunization and Sex

For each measurement within OGTT — which are glucose
and insulin levels at £ = 0, 15, 30, 60, 90, and 120 min —
effects e and their significances p have been calculated
according to Section 2.4.

Table 3 gives the numerical results for the effect of
immunization, Table 4 for the effect of sex, and Table 5 for
the combination of both effects, respectively.

Table 3. Effects and their significances of the change from
non-immunized to immunized (significant samples with p > 0.05 are marked

in grey)

Time ¢ in min 0 15 30 60 90 120

emmicinmg/dl  —-1421 -36.70 -32.82 4552 4589 -54.08
PG 0.29 0.04 0.12  0.018 0.06 0.05
Cimmu,r I pU/ml -4.39 -2533 0.22 .12 -192 -8.73
DPmmut 0.38 0.03 0.97 0.79 0.60 0.04

Table 4. Effects and their significances of the change from male to female
(significant samples with p > 0.05 are marked in grey)

Time ¢ in min 0 15 30 60 90 120

€5ex,g In mg/dl —53.03 —60.88 —45.57 -71.99 —60.44 —60.96
Dsex.G 0.0003  0.001 0.04 0.0004 0.02 0.03
€yers In pU/ml 1237 =578  13.27 6.02 -0.85 -9.28
Psex.I 0.02 0.62 0.04 0.17 0.82 0.04

Table 5. Coupled effects (interactions) of maternal immunization and
offspring sex with their significances (significant samples with p > 0.05 are
marked in grey)

Time ¢ in min 0 15 30 60 90 120

Einier,c In mg/dl 28.84 4927 10.69 3249 2398 35.62
Dinter,G 0.11 0.04 0.70 0.19 0.45 0.31
Einier,r in pU/ml -3.54 644 -7.09 -529 -0.39 7.92
Pinter,1 0.59 0.67 0.39 0.35 0.94 0.16

4. Discussion

4.1. Effect of Maternal Immunization

As shown in Table 3 we observe a decreasing effect of
maternal immunization to plasma glucose levels in offspring
at all time-points. This is the most important result: Maternal
immunization is able to improve glucose tolerance in
offspring at an age of 20 weeks, leading to lower plasma
glucose levels throughout all samples of an OGTT. This
difference is not significant in fastening glucose levels (in
Table 3 at =0 min; p = 0.29). In the dynamic response phase
of the OGTT, i.e. at t = 15, 60, 120 min the reductions are
significant (p < 0.05) with the best significance of p = 0.018
at £ =60 min.

In the murine model the lowered glucose levels in
offspring of immunized mothers show that their plasma
glucose clearance of the initial oral glucose excitation works
more efficiently, leading to an improved glucose tolerance.
In comparison to the control group, this is obtained by
maternal immunization. Maternal immunization is
completed before pregnancy (Figure 1). Therefore, it is not a
direct “fetal immunization”, but, a two-step process of a
maternal metabolic adjustment by immunization followed by
a fetal imprinting of offspring.

The metabolic diet administered to offspring before
OGTTs (Figure 1) may model lifestyle impacts to a subject.
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If so, nLDL immunization may protect against later lifestyle
risks.

At that point it could not be excluded that lower glucose
levels are reached at the expense of increased insulin levels.
This way of glucose reduction would most probably lead to
insulin resistance and metabolic diseases like diabetes type 2
later in life. However, overall effects on insulin levels (Table
3, two last rows) do not support this concern and actually
show reduced values at # = 15 and 120 min. This underlines
the positive impact of maternal immunization: An increased
insulin sensitivity also helps to lower the plasma insulin
levels, e.g. the peak level at £ = 15 min within OGTT.

This suggests that not only glucose tolerance, but also
insulin sensitivity benefits from maternal immunization.

4.2. Effect of Offspring Sex

The analysis regarding offspring sex (Table 4) shows that
all female offspring glucose levels are much lower than male
ones. Hence, there is a sex-specific difference in offspring.
These gender effects are significant and higher than
immunization effects for all samples during OGTT. This is
confirmed by high significances in Table 4. Female offspring
achieve better glucose tolerance.

The effects of sex regarding plasma glucose and plasma
insulin are most significant for the fastening values (Table 4,
¢t =0 min). But, fastening insulin is significantly increased. In
female offspring improved glucose tolerance is achieved at
the expense of reduced insulin sensitivity.

It may concluded that offspring sex determines fastening
plasma levels, whereas maternal immunization improves the
dynamic metabolic response in offspring.

4.3. Coupled Effect

Lowest plasma glucose levels are reached for female
offspring of immunized mothers (group D). But, the analysis
of coupled effects in Table 5 show, that both effects of
immunization and sex cannot be fully superimposed
independently.

Coupled effects will be different from zero, if the
combination of effects has an additional impact. Positive
coupled effects in plasma glucose levels are obtained for all
time points, see Table 5. This relativizes the glucose
lowering effects observed for “immunization” as well as for
“female”. Coupled effects for plasma insulin levels are small
and not significant.

5. Conclusions

In the presented murine model a beneficial effect in
offspring from maternal immunization with nLDL could be
shown. The OGTTs shows that the glucose tolerance as well
as the insulin sensitivity could be improved. The
corresponding effects are significant.

It could also be seen that after the metabolic diet has been
completed, female plasma glucose levels are significantly
lower than male.

In order to analyze immunization to plasma glucose, the
sample at # = 60 min is most sensitive and is recommended as
areference. To assess immunization effects in plasma insulin
the peak value at = 15 is the best choice. Most significant
differences between female and male offspring groups are
found in fastening glucose and insulin levels.

This study demonstrates the potential that maternal
immunization can have to their offspring. Regarding mothers,
further research can be geared to optimize the immunization
procedure. Dosage and time-window should be varied to find
the most promising therapy. Regarding offspring, long-term
analysis may help to understand the impact e.g. to the
cardiovascular system.
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