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The aim of this paper was to analyze if intergenerational undernutrition causes growth retardation in weight and body length in two
generations of rats and, if so, to assess whether the delay is cumulative. Male and female rats were assigned to one of the following
groups: (1) control: they were fed ad libitum and constituted the parental generation (P), and (2) undernourished generations (F1
and F2): they were fed on 75% of the control diet. Animals were weighed and X-rayed every ten days from 20 to 100 days old in
order to measure total body length. Also, body mass index was calculated. Data were processed by ANOVA and LSD post hoc
tests. Impairment in weight, body length, and body mass index was found in both generations; nevertheless growth retardation
was greater in F2, indicating a cumulative effect of nutritional stress. Sex differences were found, since the cumulative effect of
generational undernutrition was greater and earlier in males than in females. It is concluded that when the undernutrition acts
with constant intensity during several generations, the growth retardation is cumulative, indicating a negative secular trend.

1. Introduction

During the last century there has been, in most industrialized
countries, a significant increase in body size [1-3]. These
changes in growth patterns over time are known as a positive
secular trend and are the result of improvements in the quality
of life [4]. Conversely, some populations have experienced
growth delays from one generation to the next. Authors as
Komlos [5] and Bogin and Keep [6] reported that, in Europe,
increased stature declined during the second half of the
eighteenth century just as it did in America in the first half of
the nineteenth century. Both periods were also times of rapid
changes in population size, with increases in rural-urban
migration, urbanization, industrialization, class division, and
decline in the life expectancy of lower-income sectors. In
this sense, adverse environmental factors can cause negative
secular growth trend [7].

Among the environmental factors that modulate growth,
nutrition plays an important role. It is known that the
nutritional conditions that are experienced in early life can

profoundly influence human biology and long-term health
[8, 9]. Mothers who were undernourished as girls are 40
percent more likely to give birth to children who do not sur-
vive to age five. And malnourished mothers are more likely
to die in childbirth. Moreover, some authors consider the
undernutrition as an intergenerational factor because its
effect may last beyond the generation on which it acted. The
intergenerational cycle of growth failure typically described
in many developing country settings is that young girls who
grow poorly become stunted women and are more likely to
give birth to low-birth-weight babies. If those infants are
girls, they are likely to continue the cycle by being stunted
in adulthood and so on [10].

The hypothesis of generational stunting on growth is a
phenomenon studied in some countries [11-14]. However,
given the multiplicity of factors that define the biophysical-
sociocultural environment in which populations grow and
develop, it is not possible to attribute the results only to nutri-
tional factors. In this sense, experimental works that address
generational issues have become very important, because
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TABLE I: Samples and treatments.

Generation Treatment Males Females Total

Parental (P) Normal nutrition (control) 20 21 41

First filial (F1) Intergenerational undernutrition 22 20 42

Second filial (F2) Intergenerational undernutrition 20 22 42

Total 62 63 125

they enable us to isolate the factor under study and analyze
its effect on many generations, which seems impossible when
studying human populations. As an example, studies like
those of Stewart et al. [15], Zamenhof and van Marthens [16],
Pucciarelli et al. [17], and Cesani et al. [18, 19] analyzed the
effect of malnutrition on twelve, two, seven, and three gener-
ations of rats, respectively. Moreover, among researchers who
have analyzed the generational effect of malnutrition there
is some disagreement about the cumulative effect of this
stress, possibly due to differences in the experimental design
applied (i.e., kind of malnutrition, ontogenetic period in
which nutritional stress acted, etc.) [19-22].

In order to enforce our knowledge about the impact
of nutritional factors on growth, it is important to ana-
lyze whether intergenerational chronic undernutrition causes
growth retardation in weight and body length and, if so,
to assess whether the delay is cumulative. We performed a
longitudinal study in two generations of rats and tested the
null hypothesis which states that “when undernutrition acts
with constant intensity for several generations, growth retar-
dation will be noncumulative”

2. Materials and Methods

2.1. Experimental Groups. Wistar rats (Rattus norvegicus
albinus) raised at the Bioterio of the Instituto de Genética
Veterinaria (IGEVET), Facultad de Ciencias Veterinarias
(UNLP-CONICET, CCT La Plata), were used. The animals
were kept free of pathogens and treated in compliance with
standardized institutional guidelines. They were housed in
solid stainless-steel cages. Room temperature ranged from 21
to 25°C, and the photoperiod consisted of 12h of light and
12h of dark (lights on at 06:00 h). The animals were fed on
a pelleted and sterilized commercial stock diet containing
proteins (25%).

When the rats reached adulthood (70 days), they were
mated overnight. Pregnant rats were isolated and fed ad
libitum. At birth, pups were randomly assigned to one of the
following two groups:

(1) control: the animals of the parental generation (P)
received stock diet ad libitum from weaning (21 days
old) to sampling (100 days old);

(2) undernourished: pregnant rats were submitted to
nutritional restriction during gestation 75% of daily
food intake of a control animal of the same age (pair-
feeding technique). Their offspring constituted the
first filial generation (F1). Because it is well known that

diet restriction during lactation substantially alters
the mother’s behavior, the mothers ate the stock
diet ad libitum and the “overcrowding method” was
adopted at this period (12 pups per litter instead of the
usual eight) to ensure undernutrition. Overcrowd-
ing has been frequently employed in several studies
to produce body growth retardation [19, 23]. After
weaning, the animals were fed on 75% of the food
eaten by their control peers. F1 adult females were
mated to give birth to the second filial generation (F2).
The F2 animals received the same treatment as the F1
animals.

2.2. Measurements. Approximately 20 males and 20 females
of each generation were chosen randomly from a larger group
and weighed and X-rayed every 10 days from 20 to 100 days
of age in order to obtain the longitudinal data of each animal
(Table 1).

Light-ether anesthesia was given during the procedure.
Once the rats were sedated, they were orientated in lateral
planes and radiographed using a Siemens Heliophos 4 at
240 mA/125 kV.

On each radiography the total body length (distance from
rhinion to second caudal vertebra) was measured using a
Fowler Max-Cal Digitrix caliper (0.0l mm accuracy). Body
mass index (BMI) was calculated as body weight (g) divided
by squared total body length (mm?).

2.3. Data Analysis. The goodness-of-fit for the frequency
distributions was estimated by the Kolmogorov-Smirnov test
for one sample. Normal distributions in all cases were found,
so the data were processed by multifactor analysis of variance
(ANOVA). When F values were significant (P < 0.05),
post hoc comparisons were made. Post hoc analyses are
usually concerned with finding patterns and/or relationships
between subgroups of sampled populations that would oth-
erwise remain undetected. To explore all possible pair-wise
comparisons of means comprising a factor, we used Least
Square Differences (LSD) multiple range tests.

Also, percentage differences between means (PDM)
were calculated in order to obtain standardized differences
between generations F1 and F2, according to the following
formula [19]: PDM = 100 x (X1 — X2)/X1.

For instance, X1 = mean value of F1 and X2 = mean value
of F2. If PDM (Weight) = 10, this indicates that weight in F2
is 10% less than in F1.

All statistical procedures were made with SPSS 12.0
statistical program.



ISRN Nutrition 3
TABLE 2: Multifactor analysis of variance (ANOVA) for generation, sex, age, and interaction between factors.
Factor
Variable Generation Sex Age Interaction
F P F P F P F P
Weight 1823.11 * ok 5024.16 * % 5396.88 * % 8.32 * %
Total body length 1902.77 ok 1594.83 ok 12682.53 * 2.01 *
Body mass index 462.23 * % 2596.46 * % 1353.44 * % 2.85 *
*P < 0.05.
**P < 0.0l
TaBLE 3: Multiple range tests (LSD) for generational differences in weight.
Age (days)
20 30 40 50 60 70 80 90 100
MD P MD P MD P MD P MD P MD P MD P MD P MD P

Males

P-F1 4.4 1376 *x 379 #% 5836 x%  62.65 kx 7592 %% 7972 %% 6299 %% 66.68 xx*

P-F2 5.8 13.5 *%  38.85 xx 647 xx 7455 xx 89.2 * % 99.7 * % 875 * % 82.8 * %

FI-F2 141 —0.26 0.95 6.33 11.91 #% 1328 xx 1998 k% 24.5 sk 16.12 * %
Females

P-F1 7.33 17.8 *x 3495  xx 3473 s+ 44.04 xx 4301 xx 3548 xx 3613 xx 3836 x*

P-F2 543 8.82 * 2823  xx 3797  xx 4737  xx 4254 k% 43.66 k% 4529 xx 4995  xx%

FI-F2 -1.91 -8.98 * —6.73 3.24 3.33 —0.47 8.18 * 9.17 * 11.59 * %
MD: mean difference.
*P < 0.05.
**P < 0.01.
3. Results 4. Discussion

ANOVA test indicated significant differences for all the
factors analyzed (age, sex, and treatment), as well as for the
interaction age+sexstreatment (Table 2).

The results of the LSD test are shown in Tables 3, 4, and 5.

Body Weight. The comparisons between P-F1 and P-F2 indi-
cated significant differences and positive values from 30 days
in both sexes. F1 versus F2 showed significant differences and

positive values from 60 days in males and 80 days in females
(Table 3).

Body Length. The comparisons between P-F1 and P-F2 indi-
cated significant differences and positive values at all the ages
analyzed and in both sexes. In males, F1 versus F2 showed
significant differences with negative values at 20-30 days and
positive values from 80 days. On the other hand, in females
there were significant differences with negative values at 30-
50 days and positive values at 100 days of age (Table 4).

Body Mass Index. In males, the comparisons between P-Fl
and P-F2 indicated significant differences and positive values
from 40 and 30 days of age, respectively. In females there were
significant differences (positive values) from 30 (P-F1) and 40
(P-F2) days of age. F1 versus F2 showed significant differences
with positive values at 20 and 50-90 days of age and negative
values at 30 days in males and also significant differences with
negative values at 30 days and positive values at 40, 50, 80, and
100 days of age in females (Table 5).

Both control and undernourished animals ponderal and
linear growth increased with age. However, the weight and
body length average reached at 100 days of age was lower in
undernourished animals, indicating growth retardation. In
P generation males, the weight gain was 213 g, whereas F1
and F2 animals showed a weight reduction of 24% and 29%,
respectively. Females showed a similar pattern, but the aver-
age values were lower than in males (a decrease of P: 148.6 g;
F1: 22% and F2: 24%).

Nutritional deficit also modified longitudinal growth but
to a lesser extent than weight (males: 172.1mm, FI: 8.6%
and F2: 9.1%, and females: P: 161.8 mm, FI: 8.1% and F2:
7.1%) (Figure 1). These differential growth patterns resulted in
modifications of BMI in both filial generations. Accordingly,
Stewart et al. [15] reported that weight was more affected than
body length in twelve generations of undernourished rats.
However, even when both F1 and F2 showed impairment
in weight and body length, the growth delay was more evi-
dent in the second generation, showing an intergenerational
cumulative effect of nutritional stress. Accordingly, some
authors support a progressive impairment of growth through
generations. For example, Resnick and Morgane [24] found
that a protein restriction in the first generation becomes more
severe in the second one, based on brain weight at birth
among other parameters. In contrast, Zamenhof and van
Marthens [16] argue against this idea, because they did not
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TaBLE 4: Multiple range tests (LSD) for generational differences in total body length.
Age (days)
20 30 40 50 60 70 80 90 100
MD P MD P MD P MD P MD P MD P MD P MD P MD P
Males
P-F1 9.27 * % 11.15 * % 15.12 % 1839  xx  16.68 k% 17.46 % 1587  xx 1421 k% 1544 %%
P-F2 708 ® % 8.59 *x 1429 xx 17.7 % 1652 #x 18.5 #x 1909 %% 19.00 %% 1991 %%
FI-F2 -2.2 * -2.57 * -0.83 -0.69 -0.16 1.04 3.32 %  4.80 xx  4.46  *%*
Females
P-F1 1033 #% 1345 %% 16.16 * %k 15.9 s%  13.99 % 13.31 % 1174  xx  11.34 % 1159 %%
P-F2 817 ® % 6.82 % 10.86  xx 1342 %% 11.89 #%  12.67  xx 1255 xx  13.03 %% 13.85 =%
FI-F2 -2.16 —-6.63 %% =531 xx —2.48 * -2.1 —-0.64 0.80 1.69 2.26 *
MD: mean difference.
*P < 0.05.
**P <0.01.
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FIGURE 1: Average growth curves of weight and length in males and females. Generation P: black line; generation F1: gray line; generation F2:

dark gray line.
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TaBLE 5: Multiple range tests (LSD) for generational differences in body mass index.
Age (days)
20 30 40 50 60 70 80 90 100
MD p MD P MD p MD P MD P MD P MD P MD P MD P
Males
P-F1  -0.02 0.02 0.07 %% 0.09 xx 008 %% 0.09 x% 0.09 xx 0.05 % 0.05 | xx
P-F2 0.01 0.03 #x  0.08  #x 0.12 * % 012 *=x 0.12 * % 0.13 % 0.08 x%  0.06 xx
FI-F2  0.03 * % 0.01 0.01 0.03 * % 0.04 * % 0.03 * % 0.03 * % 0.03 * % 0.01
Females
P-F1 0.01 0.04 * % 0.07  #%  0.04 %% 0.07 %= 0.06 xx 0.04 *xx 0.04 *xx 0.04 xx
P-F2  0.00 0.01 0.07 %% 007 =% 010 %% 0.06 % 0.06 =x 006 % 0.06 xx
FI-F2 -0.01 -0.03 =% 0.00 0.03 * % 0.03 % 0.00 0.02 * 0.02 0.02 *
MD: mean difference.
*P < 0.05.
**P <0.01.
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FIGURE 2: Percent differences between means (PDM) of F1 and F2 in weight, total body length, and body mass index in males (black bars)
and females (gray). Positive PDMs indicate that F2 < F1. *Significant differences (P < 0.05).

find cumulative effects on growth in six generations of mal-
nourished rats. On the other hand, Liang et al. [25] reported
areduction of body weight in the first generation of rats with
a gestational protein-calorie restriction (70%) and postnatal
normal nutrition but not in F2. These results evidence that
postnatal nutritional rehabilitation buffers the generational
effect of undernutrition. However, when nutritional stress

becomes chronic during all ontogeny, it produces cumulative
growth retardation.

This cumulative effect was seen in males’ weight from
60 days and females’ weight from 80 days, while in body
length it was noted from 80 and 100 days of age in males
and females, respectively. Also, the BMI was smaller in the
second generation from 50 days, resulting in changes in the



allometric growth (Figure 2). According to Roberts et al. [26],
adult organisms have a reduced ability to “respond” to a
nutritional stress. However, even when the energy demand
is higher at early life, younger animals were more effective
in achieving homeostasis, because the cumulative effect of
generational malnutrition was evident in adulthood. These
results demonstrate the importance of longitudinal studies,
since if growth had been analyzed only at birth or at weaning
we had assumed that there was no cumulative intergenera-
tional effect.

Also, it is interesting to note that both the growth retarda-
tion observed in F1 and F2 and the intergenerational cumu-
lative effect of undernutrition were greater and earlier in
males than in females. These results are consistent with those
reported by Stewart and Sheppard [27] and Stewart et al.
[15] in twelve generations of rats fed on a protein-calorie
deficient diet. It is known that under certain nutritional con-
ditions and even when both sexes are subject to the same kind
and intensity of stress females show greater capacity to keep
homeostasis [28, 29]. In Tanner’s terminology, female growth
is “better canalized,” probably due to specific adaptive mech-
anisms related to their role in the reproduction process [30].

These results showed that the nutritional stress may influ-
ence the trajectories of long-term growth of rats and results
in later life. Nevertheless, how these changes could be cumu-
lative into the next generation needs an explanation. Some
evidence indicates that epigenetic events mediate devel-
opmental plasticity and that chromatin modifications may
be transmitted intergenerationally to influence the develop-
ment of subsequent generations, especially when they are
acquired during development and transition between life-
history phases [31]. In this regard, new studies on the
epigenetics field may help to understand this phenomenon.

5. Conclusions

Intergenerational undernutrition produces cumulative pon-
deral and linear growth retardation in both males and
females, which is more evident in adulthood. Weight is more
affected than body length, resulting in a change in the
allometric growth. Also, it modifies the patterns of sexual
differences, inasmuch as cumulative effect of generational
undernutrition is greater and earlier in males than in females.

It is concluded that when the undernutrition acts with
constant intensity during several generations, the growth
retardation is cumulative. Intergenerational nutritional stud-
ies enable us to analyze specific adaptive processes and,
therefore, the evolution of human populations. Although
these experimental results cannot be directly extrapolated to
humans, they allow us to advance knowledge of the negative
secular trend of human populations.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

ISRN Nutrition

Acknowledgments

The authors are grateful to Ms. Cristina Muiie for her valuable
assistance. This work was partially supported by grants from
Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET) and Universidad Nacional de La Plata (UNLP).
The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the paper.

References

(1] T. J. Cole, “Secular trends in growth,” Proceedings of the
Nutrition Society, vol. 59, no. 2, pp. 317-324, 2000.

[2] C. Meigen, A. Keller, R. Gausche et al., “Secular trends in
body mass index in German children and adolescents: a cross-
sectional data analysis via CrescNet between 1999 and 2006,
Metabolism, vol. 57, no. 7, pp. 934-939, 2008.

[3] B. Gohlke and J. Wolfle, “Growth and puberty in German
children: is there still a positive secular trend?” Deutsches
Arzteblatt International, vol. 106, no. 23, pp. 377-382, 2009.

[4] S. Stinson, “Growth variation: biological and cultural factors,”
in Human Biology: An Evolutionary and Biocultural Perspective,
pp- 425-463, John Wiley and Sons, New York, NY, USA, 2000.

[5] J. Komlos, “Patterns of children’s growth in East-central Europe
in the eighteenth century;” Annals of Human Biology, vol. 13, no.
1, pp. 33-48, 1986.

[6] B. Bogin and R. Keep, “Eight thousand years of economic and
political history in Latin America revealed by anthropometry,”
Annals of Human Biology, vol. 26, no. 4, pp. 333-351, 1999.

[7] P. V. Tobias, “The negative secular trend,” Journal of Human
Evolution, vol. 14, no. 4, pp. 347-356, 1985.

[8] D. J. P. Barker, C. Osmond, E. Kajantie, and J. G. Eriksson,
“Growth and chronic disease: findings in the Helsinki Birth
Cohort,” Annals of Human Biology, vol. 36, no. 5, pp. 444-458,
20009.

[9] M.K. Salonen, E. Kajantie, C. Osmond et al., “Role of childhood
growth on the risk of metabolic syndrome in obese men and
women,” Diabetes and Metabolism, vol. 35, no. 2, pp. 94-100,
2009.

UNICEE State of the World Children Report, Oxford University
Press, New York, NY, USA, 1998.

U. Ramakrishnan, R. Martorell, D. G. Schroeder, and R. Flores,
“Role of intergenerational effects on linear growth,” Journal of
Nutrition, vol. 129, supplement 2, pp. 544-549, 1999.

[12] G. J. Peraza Roque, S. C. Pérez Delgado, and Z. A. Figueroa
Barreto, “Factores asociados al bajo peso al nacer; Revista
Cubana de Medicina General Integral, vol. 17, no. 5, pp. 490-496,
2001.

[13] M.I. Varela-Silva, H. Azcorra, E Dickinson, B. Bogin, and A. R.
Frisancho, “Influence of maternal stature, pregnancy age, and
infant birth weight on growth during childhood in Yucatan,
Mexico: a test of the intergenerational effects hypothesis,” The
American Journal of Human Biology, vol. 21, no. 5, pp. 657-663,
2009.

[14] L. G. Garcia Banos, “Factores de riesgo asociados al bajo peso al
nacer,” Revista Cubana de Salud Publica, vol. 38, no. 2, pp. 238—
245, 2012.

[15] R. J. C. Stewart, R. E Preece, and H. G. Sheppard, “Twelve
generations of marginal protein deficiency,” British Journal of
Nutrition, vol. 33, no. 2, pp- 233-253,1975.

[10

11



ISRN Nutrition

(16]

(17]

(20]

(22]

[25]

(26]

(27]

(30]

(31]

S. Zamenhof and E. van Marthens, “The effects of chronic
undernutrition over generations on rat development,” Journal of
Nutrition, vol. 108, no. 11, pp- 1719-1723, 1978.

H. M. Pucciarelli, A. B. Orden, M. E Cesani, E. E. Oyhenart,
M. C. Muisie, and M. Zucchi, “Relative food intake of rats
submitted to a moderate transgenerational undernutrition,”
Growth, Development and Aging, vol. 65, no. 2, pp. 83-93, 2001.
M. E. Cesani, B. Orden, M. Zucchi, M. C. Muiie, E. E. Oyhenart,
and H. M. Pucciarelli, “Effect of undernutrition on the cranial
growth of the rat: an intergenerational study;, Cells Tissues
Organs, vol. 174, no. 3, pp. 129-135, 2003.

M. E Cesani, A. B. Orden, E. E. Oyhenart, M. Zucchi, M. C.
Mure, and H. M. Pucciarelli, “Growth of functional cranial
components in rats submitted to intergenerational undernutri-
tion,” Journal of Anatomy, vol. 209, no. 2, pp. 137-147, 2006.

D. C. Pessoa, E. S. Lago, N. R. Teoddsio, and E. M. Bion, “Dietary
proteins on reproductive performance in three consecutive gen-
erations of rats,” Archivos Latinoamericanos de Nutricion, vol.
50, no. 1, pp. 55-61, 2000.

E. H. Rogers, E. S. Hunter, M. B. Rosen et al., “Lack of evidence
for intergenerational reproductive effects due to prenatal and
postnatal undernutrition in the female CD-1 mouse,” Reproduc-
tive Toxicology, vol. 17, no. 5, pp. 519-525, 2003.

A. B. Orden, H. M. Pucciarelli, M. E Cesani et al., “Variaciéon
Craneofacial en ratas sometidas a subnutricién transgenera-
cional moderada,” in Antropologia Y Biodiversidad, pp. 423-429,
Editorial Bellaterra, Barcelona, Spain, 2003.

E. M. Widdowson and R. A. McCance, “The effect of finite peri-
ods of undernutrition at different ages on the composition and
subsequent development on the rat” Proceedings of the Royal
Society of London B, vol. 158, pp. 329-342,1963.

O. Resnick and P. J. Morgane, “Generational effects of protein
malnutrition in the rat” Brain Research, vol. 317, no. 2, pp. 219-
227,1984.

H. Liang, W. Xiong, and Z. Zhang, “Effect of maternal food
restriction during gestation on early development of F1 and F2
offspring in the rat-like hamster (Cricetulus triton),” Zoology,
vol. 110, no. 2, pp- 118-126, 2007.

S. B. Roberts, P. Fuss, M. B. Heyman et al., “Control of food
intake in older men,” Journal of the American Medical Associ-
ation, vol. 272, no. 20, pp. 1601-1606, 1994.

R.J. Stewart and H. G. Sheppard, “Protein-calorie deficiency in
rats: growth and reproduction,” British Journal of Nutrition, vol.
25, no. 1, pp. 175-180, 1971.

E. E. Oyhenart, M. C. Muiie, and H. M. Pucciarelli, “Influence
of intrauterine blood supply on cranial growth and sexual
dimorphism at birth,” Growth, Development and Aging, vol. 62,
no. 4, pp. 187-198, 1998.

V. Dressino, B. Orden, and E. E. Oyhenart, “Sexual responses to
intrauterine stress: body and brain growth,” Clinical and Exper-
imental Obstetrics and Gynecology, vol. 29, no. 2, pp. 100-102,
2002.

J. M. Tanner, Growth at Adolescence, Blackwell Scientific Publi-
cation, Oxford, UK, 1962.

Z.Hochberg, R. Feil, M. Constancia et al., “Child health, devel-
opmental plasticity, and epigenetic programming,” Endocrine
Reviews, vol. 32, no. 2, pp- 159-224, 2011.



MEDIATORS

INFLAMMATION

The SCientiﬁc Gastroenterology F y Journal of .
World Journal Research and Practice Diabetes Research | Disease Markers

AIDS

Research and Treatment

Behavioural
Neurology

BioMed Research

H I n d aWI International

Submit your manuscripts at
http://www.hindawi.com

Journal u,f
Obesity

Evidence-Based (A _ {:

Stem Cells Complementary and ' k Journal of
International Alternative Medicine ¢ ) Oncology

Journal of

Ophthalmology

International Journal of

Journal of A Oxidative Medicine and
Parkinson’s Disease Immunology Research Endocrinology Cellular Longevity
: e

Vs

Mathematical Methods
in Medicine




