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Numerous rodent studies have evaluated the effects of a maternal high-fat diet (HFD) on later in
life susceptibility to Metabolic Syndrome (MetS) with varying results. Our aim was to quantitatively
synthesize the available data on effects of maternal HFD around gestation on offspring’s body mass,
body fat, plasma leptin, glucose, insulin, lipids and systolic blood pressure (SBP). Literature was

. screened and summary estimates of the effect of maternal HFD on outcomes were calculated by using

. fixed- or random-effects models. 362 effect sizes from 68 studies together with relevant moderators

. were collected. We found that maternal HFD is statistically associated with higher body fat, body

. weight, leptin, glucose, insulin and triglycerides levels, together with increased SBP in offspring later

. in life. Our analysis also revealed non-significant overall effect on offspring’s HDL-cholesterol. A main
source of variation among studies emerged from rat strain and lard-based diet type. Strain and sex
-specific effects on particular data subsets were detected. Recommendations are suggested for future
research in the field of developmental programming of the MetS. Despite significant heterogeneity, our
meta-analysis confirms that maternal HFD had long-term metabolic effects in offspring.

Metabolic syndrome (MetS) is defined as a cluster of important risk factors including central obesity, high fast-
ing plasma glucose or glucose intolerance, low high density lipoprotein cholesterol (HDL-c), high triglycerides,
and elevated blood pressure, which are multiple metabolic risk factors for diabetes and cardiovascular morbi-
© mortality"2. MetS is a common multifactorial disease with rising prevalence worldwide, which relates largely to
. increasing obesity caused by western diet and sedentary lifestyles. MetS is considered a consequence of a complex
interplay between genetic and environmental factors, and according to the “developmental origins of health and
disease” hypothesis, the MetS can also be considered as a developmental process that can be modified by changes
in the environment early in life. The “developmental origins of health and disease” hypothesis, also called develop-
. mental programming, can be defined as the response to a specific challenge during a critical developmental time
. period that changes the trajectory of development with resulting effects on health that linger throughout life>. The
. fetal origins of obesity, insulin resistance and cardiovascular disease have been investigated in a broad range of
epidemiological and animal studies.

The late onset of such diseases in response to earlier transient experiences has led to the suggestion that devel-
opmental programming may have an epigenetic component, as epigenetic marks such as DNA methylation or
covalent posttranslational histone modifications, both involving chromatin remodeling, could provide a persis-
tent remembrance of earlier nutritional states*°. A growing body of evidence supports the notion that epigenetic
changes contribute to fetal metabolic programming*-®, however the mechanisms by which early environmental
insults may have long-term effects on offspring are relatively unclear. To date, these mechanisms include changes
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in gene expression caused by epigenetic modifications, permanent changes in cellular composition and ageing,
and permanent structural changes to the organ*°®.

Whilst the programming of obesity is undoubtedly a multifactorial process, the diversity of models with a
common end-point might suggest some common pathways® !°. Several studies conducted in different animal
species have shown that maternal high fat diet (HFD) consumption leads to metabolic abnormalities in offspring
during adult lifetime such as increased body weight and fat mass, reduced insulin sensitivity, increased blood
glucose and triglycerides levels, increased lipid deposition, vascular endothelial cell dysfunction and increased
serum leptin levels> ' 2. Altogether this evidence suggest that consumption of a HFD by female rats results in
an adverse maternal intrauterine environment predisposing the offspring to a MetS-like phenotype later in life.

The maternal HFD-induced phenotype varies distinctly among different studies because this intervention is
not standardized. Diets with dissimilar fatty acid compositions are designated under the term HED in bibliogra-
phy. And it is not only the quantity of fat but also the type of fat that influences offspring phenotype. Furthermore,
variation in diet macronutrient composition may explain differences among the results reported. However,
diverse experimental results seem not likely explained only by the characteristics of the diet. There are also many
other likely sources of heterogeneity among the results, including the diversity of experimental designs. How
much intervention is needed? How long should intervention continue? Answers to these questions are needed.
If the intervention time and duration is inappropriate, researchers may construct an unsuccessful model, with all
the implications that this has for the advancement of science and for animal welfare. It also remains to be tested
which biological factors, such as strain, offspring sex and age at measurement, should be taken into account when
designing experimental protocols.

Our main aim was to quantify the overall effect of maternal HFD consumption on developmental program-
ming of offspring’s metabolism. We collected the vast experimental data available on rats for the long-term effects
of maternal HFD on MetS-related phenotypes: (1) body fat (adiposity was also estimated indirectly by body
weight and plasma leptin concentration), (2) plasma fasting glucose and insulin concentrations, (3) HDL-c, (4)
plasma triglycerides, and (5) systolic blood pressure (SBP). We selected studies in which offspring were given a
standard diet after weaning. We assessed the long-term programming effects collecting data on phenotypes at dif-
ferent time points after weaning. Then, using meta-regression, we evaluated the influence of biological (offspring’s
age and sex) and experimental factors (duration of maternal dietary manipulation, litter size and experimental
diet macronutrient composition). Finally, we also reviewed the influence of additional moderators: maternal
weight and birthweight. We predict that the above-mentioned moderators may account for the ambiguous results
from different experimental studies. As far as possible, we had try to establish whether there is an ideal maternal
HED protocol to model MetS in rat offspring.

This meta-analysis is not intended to throw light on the subjacent mechanisms at the gene or cellular level.
However, since mechanisms by which maternal dietary imbalance affects fetal and postnatal development remain
poorly understood, we believe that this study will be a good start point for future maternal HFD experiments.

Results

Study characteristics. The characteristics of the selected studies are shown in Table 1. The experimental rat
strains were predominantly Sprague Dawley and Wistar, and outcomes were reported either for males, females
or mixed-sex groups. We extracted 362 effect sizes from 68 studies. Summary information for each data subset
is presented in Supplementary Table S1. The number of data points (effect sizes) within each outcome ranged
from 14 to 75 and the number of studies these data points were derived from ranged from 9 to 49. In experiments
where different groups were subjected to different diet exposure or composition, we considered the groups to be
independent. In 3 studies, male genitor rats were also provided with the same experimental diet as the female
rats®~°. Data on timing of maternal dietary manipulations for each outcome are presented in Supplementary
Fig. S1. The duration of the interventions ranged from 9 (gestation only) to 154 (inclusive of a pre-mating period,
gestation and lactation) days. Dam nutritional manipulation was ceased at birth in 7.3% cases meanwhile in the
remaining cases exposure extended into lactation.

The characteristics of the maternal diets are shown in Supplementary Table S2. Diets differed in their macro-
nutrient composition among the experiments. Fat content in maternal HFD ranged from 13% to 74% calories
from fat, and the main fat component varied between animal-derived fats (e.g. lard) and vegetal oils. Maternal
HED usually contained more energy from fat (increase by 3 to 53% energy relative to the control group) and less
carbohydrates (decrease by 16% to 52% energy relative to the control group) than control diets. Protein content
was also reduced in many cases (Supplementary Fig. S2). Metabolic energy in maternal HFD ranged from 4.0 to
5.8 Kcal/g. HFD treatment was imposed on dams by feeding with well-defined commercial (35 studies), custom
made (13 studies), or chow-based diets (11 studies) mostly with high fat content. Feeding was reported as ad libi-
tum in 45 of 47 studies (in two studies food availability was set, refs 16 and 17) Offspring were reared on the same
or similar diet to the one fed to control dams (data not shown).

Main findings. Overall, we found evidence for the effects of maternal HFD consumption around gestation
time on the investigated offspring outcomes with just one exception, HDL-c (Figs 1-8, Table 2). The pooled
estimates for the effects of maternal HFD consumption on outcomes are summarized in Table 2. Changes in
body fat, body weight, leptin, glucose, insulin, triglycerides and SBP in offspring of dams exposed to HFD were
significantly different from those in offspring of control-fed dams. Heterogeneity was not detected in SBP subset
(I-squared =0, Q statistic p-value =0.5). Nonetheless, moderate to high levels of heterogeneity were found in the
other seven data subsets (I2 between 59.8 and 78.5%, Table 2); therefore, we performed a random-effect analysis
in the extended dataset, except for SBP. When separate analyzes were ran for studies using experimental diets
based on animal fat, heterogeneity was found in every subgroup, except for the SBP subset as expected (extended
dataset, Fig. 9).
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Burguefio A.L 26 W |MF |lard 57 A T T EB GLO NS,
Srinivasan M.*3* SD M lard 141 PPP INS

Srinivasan M.*3 SD M lard 141 YA BW, GLU, INS, TG
Tamashiro K.L.7* SD M lard 40 YA FAT, BW, LEP, GLU, INS
Tamashiro K.L.*7 SD F lard 40 YA FAT, BW

Sun B.#2b SD M,F | lard 40 YA FAT

Sun B.#8ed SD M,F |lard 19 YA FAT

Sun B.#% SD M lard 40 PPP LEP

Sun B.*? SD M lard 40 YA FAT, LEP

White C.L., Bruce-Keller A.J.* LE M lard 70 PPP BW

White C.L., Morrison C.D.!7 LE M lard 70 PPP FAT, GLU

White C.L., Morrison C.D.7> LE M fvrfﬂfb"i‘l’ify wet) |70 PPP | FAT, GLU

Sasaki A 120 LE M,F |lard 70 YA BW

Marco Mgt siio 1o |W [ F|lard 100 YA | BWLEP

Lecoutre $.53b w M,F |lard 154 A FAT, BW, LEP, GLU, INS, TG
Ambrosetti V.4 SD F lard na PPP BW, INS

Ambrosetti V. SD F lard na YA BW

Guberman C.55b SD M lard 98,77 YA BW, SBP

Seet E.L.*® SD M lard 98 YA TG

Desai M.77¢ SD M,F |lard 98 PPP SBP

Desai M.7>4 SD M,F |lard 98 YA FAT, BW, LEP, GLU, INS, TG
Desai M.7%8 SD M,F |lard 77 PPP SBP

Desai M.t SD M,F |lard 77 YA FAT, BW, LEP, GLU, INS, TG
Desai M.* SD M lard 98 A FAT, BW, GLU, INS, TG
Walker C.D.>% SD M lard 28 PPP FAT, INS

Walker C.D.*? SD M lard 28 YA FAT, BW, LEP

Naef L. SD M lard 28 YA FAT, BW

Koukkou E.o! SD na lard 47 PPP TG

Mendes-da-Silva C.% w both | lard 21 YA BW

Taylor PD.* SD F lard 52 na LEP

Khan LY.>1? SD M lard 52 YA,A | GLU, INS, HDL, TG
Khan 1.Y.2'¢ SD F lard 52 YA GLU, INS, HDL, TG, SBP
Khan L.Y.2¢ SD F lard 52 A BW, GLU, INS, HDL, TG, SBP
Khan LY.>1+d SD M lard 52,31 YA FAT, BW, GLU, HDL, TG
Khan L.Y.2!b¢ SD F lard 52,31 YA FAT, BW, GLU, HDL, TG, SBP
Khan LY.2!ef SD both | lard 52,31 YA INS

Khan L.Y.1* SD M lard 52 YA BW, GLU, INS, HDL, TG
Khan LY."® SD F lard 52 YA GLU, INS, HDL, TG, SBP
Armitage J.A.%#0 SD M,F |lard 52 YA BW

Eleftheriades M.%° w both | lard 9 A BW, GLU, HDL, TG

Vega C.C.0% w M,F |lard 141 PPP FAT, LEP, GLU, INS, TG
Bautista C.J.57b w M,F | lard 141 PPP FAT, BW
Rodriguez-Gonzalez G.L. 2015**%% W M lard 141 YA,A | FAT,BW

Zambrano E.% W M lard 141 YA FAT, BW, LEP, GLU, INS
Santos M.”° w M lard 141 A FAT, BW

Zhang X.”! SD M lard 42 YA TG

Page K.C.”2 SD M lard 73 YA FAT, BW, LEP, GLU, INS
Howie G.J.44b w M,F |lard 42 YA FAT, LEP, GLU, INS
Howie G.J. 444 w M,F |lard 140 YA FAT, LEP, GLU, INS
Howie G.J.7*b w M lard 42,140 YA BW

Smith T.7* w M lard 42 YA ggiBw LEP, GLU, INS,
Pereira T.J.7> SD M lard 84 YA FAT, LEP, GLU, INS
Pereira T.J.7°® SD F lard 84 YA FAT, GLU, INS
Continued
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Cordero P76 w M,F |lard 42 YA FAT, BW
Sloboda D.M.77® w F lard 42,140 PPP BW
Tsoulis M.W.” w F lard 42 YA BW, LEP, INS
Gray C., Reynolds C.M.” SD M lard 52 YA FAT, BW, HDL, TG, SBP
Reynolds C.M.* SD F lard 52 YA FAT, LEP, HDL, TG
Pileggi C.A.*! SD M lard 52 YA BW
Song Y.*? SD M lard 105 YA FAT, BW, LEP
Latouche C.% SD M lard 63 A FAT, BW, GLU, INS
Yang K.E# SD F lard 42 YA GLU, INS, TG
Ghosh P.% SD F lard 52 YA BW, HDL, TG
Miotto P.M.56b w M,F |lard 110 YA FAT, LEP
MacPherson R.E.*’ w both | lard 110 YA FAT, BW
Hanafi M.Y.%%¢ W M,F |lard na YA LEP
Hanafi M.Y.3%4 w M,F |lard na A LEP, GLU, INS, HDL, TG
Mazzucco M.B.8%b W M, F | butter 98 YA BW, GLU, TG
Kozak R.%° LE M margarine na YA BW, GLU, INS
corn
Adamu H.A.'® SD M oil + cream 49 PPP BW, LEP, INS
milk
corn
Trottier G.>*°! SD both | oil 4 cream 26.5 PPP FAT, LEP
milk
Couvreur Q.90 w M,F | palmoil 89 YA BW, LEP, GLU, INS, TG
Férézou-Viala ]2 w M,F | palmoil 91 YA BW, LEP, GLU, INS, TG
Hellgren L.1>* SD M palm oil 52 YA INS
Gregersen §.1sab W M coconut oil 70,42 YA FAT, BW
Dyrskog S.E.!140 w M coconut oil 70, 42 YA BW, INS
Dong Y.M. 2010°* W M coconut oil 21 PPP FAT, BW, HDL, TG
Dong Y.M. 20102 w M soybean oil 21 PPP FAT, BW, HDL, TG
Burckley A.J. 2005 w M safflower oil 49 YA BW, FAT
hydrogenated
Chen H.” SD M vegetable 76 YA FAT, BW, LEP, GLU, INS, TG
oil + canola oil
hydrogenated
Rajia S.%¢ SD F vegetable 76 YA FAT, BW, LEP, GLU, NS,
N . TG, SBP
oil + canola oil
hydrogenated
Chen H.”7 SD M vegetable 83 YA FAT, BW, GLU, INS, TG
oil + canola oil
hydrogenated
Xue Q%50 SD M,F | vegetable 21 YA BW
oil + canola oil
Sun B.”a,b SD M,F | na 40 YA FAT, BW, LEP
Gray C., Vickens M.H.” SD M na 63 YA SBP
Zaborska K.E.1! SD M na na YA FAT, INS
Hou M. SD M na 56 PPP FAT, GLU, INS, TG

Table 1. Characteristics of the selected studies. Some studies appear more than one time with different sex,

age stage or timing of the intervention. Some of the studies reported more than one experiment and therefore
sometimes more than one experimental group could be identified for the purposes of our analysis. The same
data point was used once in the meta-analysis, even if it appeared in multiple publications. Abbreviations:

M: Male, F: Female, W: Wistar, SD: Sprague Dawley, LE: Long Evans. PPP: Prepubertal/Pubertal. YA: Young
Adult. A: Adult. BW: Body Weight. FAT: Body Fat. LEP: Leptin. GLU: Glucose. INS: Insulin. TRI: Triglycerides.
SBP: Systolic Blood Pressure. na: not available data.

The main data set was processed and meta-analyzed in the same manner as the extended data. We extracted
240 effect sizes from 44 studies, and the analysis for the main data subsets revealed the same pattern of effects as
the meta-analysis of the extended dataset (Table 2, Supplementary Fig. S3). Namely, we confirmed the effect of the
maternal nutritional manipulation on the seven outcomes and the effect on the changes in HDL-c levels remained
not significant. Heterogeneity was found with respect to all outcomes except for leptin (I-squared = 32.6, Q sta-
tistic p-value =0.06) and SBP (I-squared =0, Q statistic p-value = 1, Table 2) in main dataset. To evaluate the
robustness of our results against influential studies, a leaving-one-out sensitivity analysis was performed. All
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Effect size One study removed | Heterogeneity

Outcome Dataset N Std diff in means £ Std error | p-value p-value I-squared | Qstatistic p-value

extended | 75 0.52+0.11 1.10-6 1.10-6 75.1 <0.001
Body weight

main 49 0.8140.13 <1.10-8 <1.10-8 67.1 <0.001

extended | 63 1.26£0.13 <1.10-8 <1.10-8 69.9 <0.001
Body fat

main 47 1.384+0.16 <1.10-8 <1.10-8 70.8 <0.001
Lenti extended | 43 0.9340.12 <1.10-8 <1.10-8 61.8 <0.001

eptin
P main 26 1.02+0.10%* <1.10-8 <1.10-8 32.6 0.06

extended | 50 0.4940.11 2.10-5 2.10-5 61.6 <0.001
Glucose

main 33 0.64+0.16 9.10-5 9.10-5 68.8 <0.001

extended | 52 0.9940.15 <1.10-8 <1.10-8 78.5 <0.001
Insulin

main 33 1.37+0.22 <1.10-8 <1.10-8 81.0 <0.001

extended |21 —0.2840.19 0.1 0.1 59.8 <0.001
HDL-c

main 14 —0.21+£0.29 0.5 0.5 70.6 <0.001

extended |44 0.5440.14 0.0001 0.0001 70.1 <0.001
Triglycerides

main 26 0.834+0.17 1.10-6 1.10-6 60.0 <0.001
SBP extended | 14 1.26 £0.16* <1.10-8 0.0003 0.0 0.5

main 12 1.524+0.18% <1.10-8 <1.10-8 0.0 1.0

Table 2. Data analysis summary. For each outcome, effect size stands for Cohen’ standardized difference

in means (D), which was the difference of means between groups (experimental vs. control) divided by the
common within-group SD. We used a random-effect model if heterogeneity was observed, while the fixed-effect
model (*) was applied in the absence of heterogeneity. We performed sensitivity analyses by omitting one study
at a time and calculating the pooled effect size for the remainder of the studies. Heterogeneity was evaluated
with the Q statistic and I-squared statistic.

sensitivity analyses confirmed the stability of our analysis as no influential individual study could be identified
(data not shown, p-values available on Table 2).

Subgroup analysis for subsets that have proven to have heterogeneity is shown in Fig. 9 (summarized effects, D
for the extended dataset), Supplementary Fig. S4 (HDL-c extended dataset) and in Supplementary Fig. S5 (main
dataset). We decided not to focus on results from subgroups consisting only of few data points. Heterogeneity,
where it could be tested, could not be eliminated except for some exceptions in main dataset (Supplementary
Fig. S5). Exceptions are: 1) when limiting the analysis to Wistar rats, heterogeneity was solved for glucose and
insulin subsets; and 2) when repeating the analysis on chow-based diets only, heterogeneity was solved for four
outcomes: body fat, glucose, insulin and triglycerides. Restricting the analysis to males or females, Sprague
Dawley strain, young adult offspring, young adult dams, perinatal intervention, or commercial lard-based exper-
imental diet, did not eliminate the heterogeneity.

A diet enriched with animal fat mainly consists of non-essential fatty acids (saturated and polyunsaturated
w-9) as opposed to that of vegetable origin that primarily contains essential fatty acids (polyunsaturated w-6 and,
to a lesser extent, w-3). The results of the subgroup analysis quantifying differences between different main fat
sources are included in Fig. 9. Experimental offspring is not likely to have the full plethora of deleterious effects
when their mothers were fed vegetable fats, given that the effect of maternal HFD on offspring remained only on
two outcomes: body fat and glucose levels. However it should be bear in mind that, because the number of studies
was too small to create several groups, we have grouped together diets with different fatty acid composition under
the denomination of vegetable fat- rich diets. The evidence suggests that the consumption of polyunsaturated fatty
acids (PUFAs), in particular long-chain PUFAs, during crucial periods of fetal development plays a beneficial
physiologic and metabolic role in the health of offspring'®. However, only few studies have been undertaken to
directly compare the effects of the differences in the type of fat in the maternal diet; thus, it is yet not possible to
determine whether the maternal intake of a specific fatty acid type during pregnancy and/or lactation correlates
with the development of a particular phenotype of the offspring. The metabolic consequences of the maternal
consumption of different types of fatty acids have been reviewed elsewhere!®.

We observed that the effect of maternal lard consumption on the outcomes was independent of the type
of diet (Supplementary Fig. S5), except for triglycerides. We found that when experimental dams were given
a chow-based HFD, their offspring had no hypertriglyceridemia; however it should be noted that these results
derive from three studies of the same group of authors!*-?!,

Subgroup analysis did not detect any substantial effect on levels of HDL-c in any subgroup.

We used meta-regression models to uncover the potential influence of differences in experimental protocols,
such as: 1) offspring age at measurement, 2) maternal age, 3) duration of maternal dietary manipulation, 4) litter
size, 5) increase in fat content in experimental diet with respect to control diet, and 6) protein-to-non protein
ratio in experimental diet. Statistical summaries of results from meta-regression are shown in Supplementary
Fig. S6. Visual inspection of the effect plots suggested that some of the results obtained could be driven by single
data points, so we decided not to focus on those results.

Offspring’s age is a biological variable likely to contribute to variability in results. The offspring’s age at the time
of outcome measurement was 151 & 89 (mean =+ SD) days, indicating that most of the measurements were taken
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Model Study name Subgroup within study Qutcome Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error limit Timit p-Value
Burgueiio AL 2013 a lard body fat 0.409 0591 -0.750 1568 0.489332715
Burgueiio AL 2013 b lard body fat 1272 0705 0111 2654 0071358207 —
Tamashiro KL 2009 a lard body fat 0.000 0645 1265 1265 1.000000000
Tamashiro KL 2009 b lard body fat 0877 0702 0.499 2253 0211552673 o
SunB2012a lard body fat 0846 0522 0177 1868 0.105172055
Sun B 2012b lard body fat 1.462 0563 0359 2565 0000392994 —_—
SunB2012¢ lard body fat 0179 0501 -1.161 0803 0721309213
SunB2012d lard body fat -0.500 0508 -1.495 0495 0324755765
SunB2013b lard body fat 3319 0890 1,575 5064 0.000192410 ——
White CL, Morrison CD 2009 a lard body fat 1.075 0338 0412 1738 0001481881 ——
White CL, Morrison CD 2009 b lard body fat 0.126 0317 -0.494 0747 0689441901
Lecoutre $ 2016 a lard body fat 0967 0374 0235 1700 0.009638945 ——
Lecoutre S 2016 b lard body fat -0.105 0354 0799 0588 0765912200
Desai M 2014 b lard body fat 3.029 0733 1.593 4465 0.000035578 ———
Desai M 2014 d lard body fat 2268 0641 1.012 3524 0000402046
Desai M 2014 f lard body fat 2542 0672 1.224 3859 0000156174
Desai M 2014 h lard body fat 1.441 0561 0341 2541 0010222565
Desai M 2015 lard body fat 3.165 0866 1.467 4864 0000259176
Walker CD 2008 @ lard body fat 1.021 0.804 0554 2506 0203873273 —
Walker CD 2008 b lard body fat 0554 0770 0956 2063 0472230779 —
Naef L 2008 lard body fat 0566 0.496 -0.405 1538 0.253050463 -
Knan IY 2005 a lard body fat 1328 0.494 0359 2206 0.007198498
Khan IY 2005 b lard body fat 1.429 0501 0447 2412 0004335589
Khan IY 2005 d lard body fat 1.890 0569 0774 3006 0000901627
Knan IY 2005 e lard body fat 0909 0.498 -0.067 1885 0.067928589 —B—
Vega CC 2015 a lard body fat 1.024 0532 0018 2067 0.054066228
Vega CC 2015 b lard body fat 1.410 0559 0315 2505 0011595568
Bautista CJ 2016 a lard body fat 1.387 0704 0006 2767 0048982027
Bautista CJ 2016 b lard body fat 1.916 0764 0419 3413 0012146846
Rodriguez-Gonzalez GL 2015 a lard body fat 3561 0969 1,660 5461 0000240021
Rodriguez-Gonzalez GL 2015 b lard body fat 1.787 0713 0389 3185 0012225694
Zambrano E 2010 lard body fat 4531 1194 2190 6872 0000148439 —
Santos M 2015 lard body fat 2.920 0.909 1138 4701 0.001317443
Page KC 2009 lard body fat 2934 0588 1.781 4087 0.000000611
Howie GJ 2009 a lard body fat 2875 0672 1.557 4192 0.000018938
Howie GJ 2009 b lard body fat 2.091 0586 0942 3240 0.000361450
Howie GJ 2009 ¢ lard body fat 2836 0668 1.527 4144 0000021549
Howie GJ 2009 d lard body fat 1796 0558 0701 2800 0001300426
Smith T 2014 lard body fat 332 0690 1.973 4679 0.000001450 — -
Pereira TJ 2015 a lard body fat 2.746 0.805 1.169 4323 0.000643715 ———
Pereira TJ 2015 b lard body fat 0639 0502 -1.799 0521 0280159271 —_——
Cordero P 2015 a lard body fat 1.142 0598 -0.030 2314 0.056251931 ——
Cordero P 2015 b lard body fat 0215 0556 0875 1305 0699313657 ——
Gray C, Reynolds CM 2015 lard body fat 2309 0645 1.044 3574 0000347477 D —
Reynolds CM 2015 lard body fat 0.804 0600 0372 1981 0.180277843 —t——
Song Y 2015 lard body fat 0734 0.462 0172 1630 0.112279149 i
Latouche C 2014 lard body fat 1.416 0674 0094 2737 0035776733 ——
Miotto PM 2013 a lard body fat 0.157 0472 -0.769 1082 0739850459
Miotto PM 2013 b lard body fat -0.050 0.471 0974 0874 0914849125
MacPherson RE 2015 lard body fat 0355 0336 0304 1013 0290943124
Trottier G 1998 soybean oil, shortening body fat 0391 0505 0508 1381 0438176982
Gregersen § 2005 a coconut oil body fat 0548 0.416 0267 1363 0.187768863
Gregersen § 2005 b coconut oil body fat 0289 0410 0516 1093 0481886287
Dong YM 2011 a coconut oil body fat 0133 0.448 -1.011 0744 0766349297
Dong YM 2011 b soybean oil body fat 0.060 0.447 0817 0936 0893895905
Burckley AJ 2005 safflower oil body fat 1211 0.486 0257 2164 0012828800 ——t
Chen H 2012 hydrogenated vegetable oil, canola oil  body fat 2382 0534 1.336 3428 0000008103 ——
Rajia S 2013 hydrogenated vegetable o, canola oil  body fat 1971 0532 0928 3015 0000213240
Chen H 2014 hydrogenated vegetable oil, canola oil  body fat 1.467 0.446 0503 2341 0.001007180
SunB2014a NA body fat 1.937 0.495 0967 2906 0.000090668
SunB2014b NA body fat 0717 0.421 -0.108 1542 0.088689319
Zaborska KE 2016 NA body fat 1.295 0357 0596 1995 0.000283320 ——
Hou M 2015 NA body fat 2471 0686 1127 3815 0.000313530 —l—
Fired 1.047 0.067 0917 1478 0.000000000 3
Random 1.260 0.125 1.014 1505 0.000000000 ©
-4.00 2,00 0.00 200 4.00
control HFD

Figure 1. Forest Plot for Body Fat, extended dataset. Summary estimates for standardized difference in means
(D, effect); the corresponding 95% CI (lower and upper) and significance (p-value) were estimated by fixed
and random effects analysis. The first author of the study and the year of publication are shown. In the graph,
numbers indicate D values, filled squares stand for the effect of individual studies, and filled diamonds express
combined fixed and random effects. NA: not available.

on young adult individuals. Restriction of the analysis only to the young adult subgroup (PND63 to PND209)
confirmed results but did not eliminate heterogeneity (Fig. 9 and Supplementary Fig. S5). Meta-regression analy-
sis was ran to estimate if variation within this group depends on age (Supplementary Fig. S6), and according to our
analyses age of offspring at testing had detectable influence on four outcomes: body fat (slope + SE =0.01 £ 0.002
and 0.02 £0.003 for extended and main datasets respectively), leptin (slope £ SE =0.007 £ 0.0003, main dataset),
insulin (slope + SE=0.006 & 0.0002, extended dataset) and SBP (slope = SE=0.01 £ 0.006, extended dataset).

Young female dams were used in included studies, with maternal age ranging from 42 to 154 days at mating
or conception, except for two studies designed with middle aged dams (32 weeks of age). When we repeated our
statistical analyses on the young adult subset, heterogeneity was not solved (Fig. 9 and Supplementary Fig. S5).
As shown in Supplementary Fig. S6, maternal age had detectable influence on blood glucose (main and extended
dataset), blood insulin (main dataset) and triglycerides levels (main and extended dataset). Effect sizes were
likely to be bigger when dams were younger. This finding is partly in disagreement with our hypotheses that older
mothers would produce offspring that are more susceptible to MetS in a HFD environment.

Limiting the analysis only to studies where intervention was done during the perinatal period, by means of
excluding studies where manipulation was done exclusively during gestation, heterogeneity was still evident.
Through regression we observed that within this group of perinatal intervention, the starting point of manipula-
tion appeared to significantly affect offspring insulin (slope = SE = 0.004 £ 0.002 and 0.004 £ 0.002 for extended
and main datasets respectively) and glucose levels (slope &= SE = —0.005 %+ 0.002 and —0.006 £ 0.002 for extended
and main datasets respectively).

Other differences in the experimental protocols such as litter size and fat content in experimental diet had
poor detectable influence on the studied outcomes. Litter size threshold is usually set to prevent the possibility
of under- or overnutrition during suckling. For 52 cohorts, upon birth litter sizes were adjusted to the same
number of pups per dam, usually 8 pups/dam (ranging from 5 to 11). In the remaining 16 cases information
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Model Study name Subgroup within study Outcome Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper

in means error limit limit p-Value

Burguefio AL 2013 a lard body weight 0301 0589 0853 1455 0.609471020
Burguefio AL 2013 b lard body weight 0.779 0.669 -2.090 0531 0243836316
Srinivasan M 2006 b lard body weight 2013 0579 0.879 3447 0000503394
Tamashiro KL 2009 a lard body weight 0307 0649 0965 1579 0636374493
‘Tamashiro KL 2009 b lard body weight 0370 0676 169 0956 0584497207
White CL, Bruce-Keller AJ 2009 lard body weight 1213 0493 0246 2179 0013897738
Sasaki A 2013 a lard body weight 0668 0414 -0.143 1479 0.106660902
Sasaki A 2013 b lard body weight 0.491 0399 -0.291 1274 0218449228
Marco A 2014 lard body weight 1.050 0477 0.115 1985 0.027768957
Lecoutre S 2016 a lard body weight 0433 0358 0268 1134 0.225663521
Lecoutre $ 2016 b lard body weight 0275 0355 0971 0421 0438902698
Ambrosetti V/ 2016 a lard body weight 2257 0653 0978 3536 0000542316
Ambrosetti V 2016 b lard body weight 1.882 0647 0614 3149 0003615887
Guberman C 2013 a lard body weight -0.148 0578 -1.281 0985  0.797859549
Guberman C 2013 b lard body weight 25569 0.780 1.040 4007 0000989455
Desai M 2014 b lard body weight 2.192 0633 0952 3431 0000530469
Desai M 2014 d lard body weight 1.742 0.587 0501 2894 0003006007
Desai M 2014 f lard body weight 0540 0509 -0.457 1538 0.288421266
Desai M 2014 h lard body weight 0.197 0501 -0.786 1479 0694623102
Desai M 2015 lard body weight 3695 0950 1.834 5557 0000100151
Walker CD 2008 b lard body weight 0932 0372 0202 1662 0.012295600
Naef L 2008 lard body weight 0229 0.487 1185 0726 0638413195
Mendes-da-Silva C 2014 lard body weight 1,647 0372 0919 2375 0000009318
Khan IY 2003 d lard body weight 1.198 0.504 0211 2185 0017394413
Khan IY 2005 a lard body weight 0726 0.462 0179 1631 0.116042994
Khan IY 2005 b lard body weight 0260 0.449 0620 1140 0.562390736
Khan IY 2005 d lard body weight 0644 0.486 1507 0310 0.185669113
Khan IY 2005 & lard body weight 0346 0478 -1.283 0590 0468754906
Khan IY 2004 @ lard body weight 0726 0462 0178 1631 0.115622748
Armitage JA 2005 a lard body weight 0934 0608 0257 2126 0124398790
Armitage JA 2005 b lard body weight 0346 0610 -0.850 1541 0570892190
Eleftheriades M 2014 lard body weight -0.692 0383 -1.442 0058 0070487487
Bautista CJ 2016 lard body weight 0.166 0634 -1.076 1407 0793674692
Bautista CJ 2016 b lard body weight 0620 0647 0649 1888 0.338646196
Rodriguez-Gonzélez GL 2015 a lard body weight 1.281 0648 0011 2551 0048052297
Rodriguez-Gonzélez GL 2015 b lard body weight 1.715 0600 0363 3068 0012947063
Zambrano E 2010 lard body weight 0253 0635 -0.991 1498 0689971681
Santos M 2015 lard body weight 1773 0.746 0310 3236 0017539242
Page KC 2009 lard body weight 1.778 0482 0833 2723 0000226672
Howie GJ 2013 a lard body weight 1.253 0399 0470 2036 0001702636
Howie GJ 2013 b lard body weight 1.324 0403 0534 2115 0001020580
Smith T 2014 lard body weight 1.499 0506 0507 2491 0003061565
Cordero P 2015 a lard body weight 0718 0562 0384 1819 0201492575
Cordero P 2015 b lard body weight 0855 0569 -0.260 1970 0.132032350
Sloboda DM 2009 a lard body weight -0.947 0362 1657 0237 0.008958922
Sloboda DM 2009 b lard body weight 0538 0.350 1223 0147 0123955354
Tsoulis MW 2016 lard body weight 0214 0528 -0.822 1250  0.685049007
Gray C, Reynolds CM 2015 lard body weight 1613 0.665 0310 2916 0015222084
Pileggi CA 2016 lard body weight 1.382 0643 0122 2641 0031512731
Song Y 2015 lard body weight 2237 0570 1.119 3354 0000087356
Latouche C 2014 lard body weight 0.064 0646 -1.202 1320 0.921515270
Ghosh P 2001 lard body weight 0.487 0454 -0.402 1377 0.282055088
MacPherson RE 2015 lard body weight 0.133 0334 -0.521 0787 0689341706
Mazzucco MB 2016 a butter body weight 1.097 0619 0117 2310 0076532488
Mazzucco MB 2016 b butter body weight 0.887 0605 -0.299 2073 0.142573776
Kozak R 2000 margarine body weight -0.825 0279 1373 0278 0003112419
Adamu HA 2016 corn oil, cream mik body weight 3745 0958 1.867 5622 0000092614
Couvreur 0 2011 a paim ol body weight -1.205 0336 -1.863 -0.547  0.000333074
Couvreur 0 2011 b paim oil body weight -0.701 0308 1304 0098 0022768764
Férézou-Viala J 2007 a paim oil body weight -0.065 0432 0911 0781 0880413769
Férézou-Viala J 2007 b paim il body weight 0.746 0446 1620 0129 0004716666
Gregersen S 2005 a coconut oil body weight 0.161 0.289 -0.406 0727 0578161453
Gregersen S 2005 b coconut oil body weight -0.800 0300 -1.388 0212 0007627483
Dyrskog SE 2005 a coconut oil body weight 0.405 0.287 -0.157 0968 0.158055448
Dyrskog SE 2005 b coconut oil body weight 0057 0284 -0.500 0615 0840307499
Dong YM 2011 a coconut oil body weight -1.080 0479 2019 0142 0.024023078
Dong YM 2011 b soybean oil body weight 0293 0.450 1474 0583 0514320364
Burckley AJ 2005 safflower oil body weight 0295 0.450 477 0586 0511263665
Chen H 2012 hydrogenated vegetable oil, canola oil  body weight 1.029 0434 0178 1881 0.017825465
Rajia § 2013 hydrogenated vegetable oil, canola oil  body weight 1.451 0.491 0.489 2413 0003123465
Chen H 2014 hydrogenated vegetable oil, canola ol body weight 1475 0429 0334 2016 0006190683
Xue Q2015 a NA body weight 0.029 0500 -1.009 0951 0953662705
Xue Q2015 b NA body weight 0624 0512 1627 0380 0223299312
SunB 20142 NA body weight 0125 0.409 0676 0926 0758991046
Sun B 2014 b NA body weight 0.114 0.409 0686 0915 0779430315
Fixed 0325 0053 0221 0428 0000000001
Random 0523 0.109 0310 0737 0000001494

-4.00 2.00 000 200 400
control HFD

Figure 2. Forest Plot for Body Weight, extended dataset.

on standardization was not available. Litter size should be critical in determining how and to what extent the
metabolism is affected, however we did not find a statistically significant litter size effect, with few exceptions. It is
presumed that individuals in small litters have greater access to milk during the suckling period; however, in nar-
row ranges of litter sizes this effect would be negligible. By decreasing the number of pups in the litter, increases
the effect of maternal HFD only on leptin, insulin and triglycerides (slope + SE=—0.3 £0.07, —0.24+0.06 and
—0.1£0.05 in extended dataset respectively, Supplementary Fig. S6).

When analyzing the extended dataset we found that fat content affects two outcomes contrary as expected:
body weight (slope = SE = —0.02 £ 0.006) and insulin (slope &= SE = —0.02 +0.006). As discussed below, it could
be associated with a lower protein content of HFD and then related to a decrease in the lean body mass; however
these findings were not observed when repeating the analysis only on studies of dams fed animal fat (data not
shown) or in main dataset. This could also indicate that the effects of vegetable oil rich- diets confound results.
Main dataset is a refined subset that includes studies based on lard-based diets of a relatively narrow fat content
(40-60kcal%). Given these conditions, only glucose concentration increased depending on experimental fat con-
tent (slope &= SE =0.03 £ 0.01, main dataset). Besides, the severity of the protein dietary manipulation has also
shown to influence results. The effect of prenatal HFD on body weight, leptin, insulin and triglycerides depended
on the proportional protein content in experimental diet (slope+ SE=3.7+0.7,5.6£1.1,6.0t1.2and 6.1+ 1.2
for body mass, leptin, insulin and triglycerides in extended dataset). When analysis was however repeated on
main dataset, within studies where experimental diet had no extremely decreased protein content, variation was
observed only on insulin (slope +SE=3.7+1.8).

Finally, as expected, we did not find any statistically significant overall effects of moderators on SBP besides
the aforementioned effect of offspring age.
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WModel Study name Subgroup within study OQutcome Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error limit limit p-Value

Burguefio AL 2013 a lard leptin -0.166 0587 1315 0984 0777391955
Burgueio AL 2013 b lard leptin 1.186 0608 -0.182 2553 0.089311916
Tamashiro KL 2009 a lard leptin 0.468 0.654 -0.814 1.749 0.474521059
SunB2013a lard leptin 3412 0905 1.639 5185 0000162158
Sun B2013b lard leptin 2478 0.768 0.974 3982 0001245114
Marco A 2014 lard leptin 1.269 0586 0121 2418 0030275332
Lecoutre S 2016 a lard leptin 1.038 0377 0.300 17771 0.005830399
Lecoutre S 2016 b lard leptin 0610 0362 -0.099 1319 0.091671961
Desai M 2014 b lard leptin 1.908 0603 0.726 3000 0001561700
Desai M 2014 d lard leptin 1.593 0574 0.468 2717 0.005500621
Desai M 2014 f lard leptin 1.282 0.549 0.206 2358 0.019552190
Desai M 2014 h lard leptin 1.153 0540 0.094 2211 0032786713
Walker CD 2008 b lard leptin 0614 0341 0,055 1282 0.071984971
Taylor PD 2005 lard leptin 0910 0470 0011 1831 0.052775059
Vega CC 2015 a lard leptin 1.098 0.536 0.047 2149 0.040611123
Vega CC 2015 b lard leptin 1,029 0532 0014 2072 0053125325
Zambrano E 2010 lard leptin 2108 0789 0.562 3653 0.007538547
Page KC 2009 lard leptin 0.287 0.410 -0.517 1.091 0.484650458
Howie GJ 2009 a lard leptin 1.215 0397 0436 1994 0.002232582
Howie GJ 2009 b lard leptin 1.479 0396 0.404 1955 0.002876303
Howie GJ 2000 ¢ lard leptin 1.020 0388 0.250 1781 0.008504956
Howie GJ 2009 d lard leptin 0.638 0374 -0.096 13711 0.088532760
Smith T 2014 lard leptin 1.965 0545 0.897 3032 0000308385
Pereira TJ 2015 lard leptin 0346 0582 0.794 1486 0.551883498
Tsoulis MW 2016 lard leptin 0395 0532 1437 0648 0458183191
Reynolds CM 2015 lard leptin 2.089 0.718 0.682 3.49% 0.003609616
Song Y 2015 lard leptin 1.456 0503 0470 2441 0003801074
Miotto PM 2013 a lard leptin 0410 0476 0524 1343 0.389913335
Miotto PM 2013 b lard leptin 0117 0578 -1.250 1015 0.838880552
Hanafi MY 2016 a lard leptin 1.248 0.489 0.290 2.206 0.010672112
Hanafi MY 2016 ¢ lard leptin 1525 0508 0530 2521 0.002680609
Hanafi MY 2016 b lard leptin 1.994 0547 0.922 3067 0000268118
Hanafi MY 2016 d lard leptin 1.811 0.531 0.770 2851 0.000649696
Adamu HA 2016 corn oil, cream milk leptin 1.000 0612 -0.200 2.200 0.102470435
Trottier G 1998 soybean oil, shortening leptin 0333 0475 -1.264 0507 0482525212
Couvreur 0 2011 a paim oil leptin 0268 0310 0876 0341 0.388313859
Couvreur 0 2011 b paim oil leptin -0.245 0.300 -0.833 0343 0.414149711
Férézou-Viala J 2007 a paim oil leptin 0537 0588 0614 1689 0.360486854
Férézou-Viala J 2007 b paim oil leptin 0970 0610 -2.166 0226 0112014368
Chen H 2012 hydrogenated vegetable oi, canola ol leptin 0956 0431 0.112 1801 0.026457331
Rajia S 2013 hydrogenated vegetable oil, canola oil leptin 2481 0.567 1.369 3.592 0.000012208
SunB2014a NA leptin 1.049 0435 0.196 1903 0.015957306
Sun B 2014 b NA leptin 0432 0413 0378 1241 0.295684239
Fixed 0811 0073 0.667 0954 0.000000000
Random 0.925 0.122 0.686 1.164 0.000000000

Figure 3. Forest Plot for Leptin, extended dataset.

Methodological quality and publication bias. A summary of the methodological assessment for each
included study is shown in Supplementary Table S3. The methodological quality scores ranged from 1 to 5, with
72% of studies scoring 4 or 5 points. In general, study design and reported statistics raised no concerns about
good scientific practice. The median impact factor for all the included studies was 2.77 (J Neurochem, IF2014:
0.09 - Diabetes, IF2009: 8.35). We used funnel plot asymmetry to detect any publication bias in the meta-analysis,
and Egger’s regression test to measure funnel plot asymmetry (Supplementary Fig. S7). In general, visual inspec-
tion of funnel plots indicated little to moderate asymmetry, with an intercept of Egger’s regression significantly
different from zero. This finding suggests that publication bias cannot be completely excluded as a confounder of
our meta-analysis. It remains possible that small studies yielding inconclusive results have not been published.
No evidence of publication bias was found in two data subsets: HDL-c subset in extended dataset and SBP subset
in main dataset.

Discussion

We conducted a meta-analysis of the effect of maternal HFD on offspring’s phenotypic characteristics of the MetS.
Results indicate that a maternal HFD around gestation appears to have a detrimental effect on the studied out-
comes, relative to the control group. Maternal HFD resulted in increased body fat, body weight, leptin, glucose,
insulin, triglycerides levels and SBP in young adult offspring.

We found no general effect of maternal HFD on HDL-c. The simplest explanation of the limited evidence
for changes in HDL-c in the offspring of nutritionally challenged mothers is that such an effect is too small to be
statistically detectable with the current sample (21 and 14 data points in extended and main datasets, respectively,
although with a acceptable sample size of 316 animals). Few authors have evaluated HDL-c concentrations. Of
course it could also happen that early-life programming of offspring HDL-c levels via maternal nutrition does
not occur in rats. A third possible explanation is that offspring may not show some of the effects of maternal
nutritional programming at some point after offspring had access to a standard diet. Optimal nutritional condi-
tions could potentially reverse the effects of the maternal HFD*2. However this hypothesis remains to be explored
because in our meta-analysis no effect on HDL-c was detected in the prepubertal/pubertal group (2 datasets, data
not shown)?. Finally, dyslipidemia is central to the diagnosis of the MetS, however it should be mentioned that
the rat is not ideal as a model of human dyslipidemia because of the different lipid metabolism, and in general the
rat is resistant to the development of atherosclerosis®.

We observed significant medium to high heterogeneity across all of our data, except in SBP data subset in
both extended and main datasets, and in leptin subset in main dataset (Table 1). Heterogeneity suggests that only
under some specific conditions, maternal nutrition may negatively influence offspring body fat, body weight, glu-
cose, insulin and triglycerides levels. Anyway, a random effects-analysis was performed, in which heterogeneity
is no longer an issue. Heterogeneity can be partly attributable to some of the moderators included in our study.
To further explore heterogeneity that may be associated with differences in strain, offspring traits (sex and age)
and experimental design (i.e. lard-based diet type and timing of manipulation), we performed sub-group analysis
(Fig. 9 and Supplementary Fig. S5). None of the categorical variables clearly explained the observed variation
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Model Study name ‘Subgroup within study OQutcome Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error limit limit p-Value

Burgueiio AL 2013 lard glucose 0230 0587 0922 1.381 0695715618
Burguefio AL 2013 b lard glucose 0743 0667 2,049 0564 0.265078896
Srinivasan M 2006 b lard glucose 0819 0.401 -0.143 1.780 0095309158
Tamashiro KL 2009 a lard glucose 0.143 0646 1124 1.410 0.824770762
White CL, Morrison CD 2009 a lard glucose 0326 0429 0515 1.167 0447624268
White CL, Morrison CD 2009 b lard glucose 0204 0.428 0634 1.041 0634005452
Lecoutre § 2016 @ lard glucose -0.188 0354 -0.882 0.506 0595686184
Lecoutre $ 2016 b lard glucose 0842 0369 -1.565 0.119 0022437013
Desai M 2014 b lard glucose 2.880 0714 1.481 4218 0.000054437
Desai M 2014 d lard glucose 2155 0629 0923 3.387 0.000607813
Desai M 2014 f lard glucose 3.123 0745 1,663 4582 0.000027584
Desai M 2014 h lard glucose 23882 0714 1.483 4.282 0.000053981
Desai M 2015 lard glucose 2193 0731 0761 3625 0002680273
Khan IY 2003 a lard glucose 0434 0584 -0.710 1579 0457058278
Khan IY 2003 b lard glucose 0.006 0578 -1.037 1.228 0868620133
Khan IY 2003 ¢ lard glucose 0824 0659 -0.468 2115 0211216734
Khan IY 2003 d lard glucose 2169 0728 0743 3595 0.002869113
Khan IY 2005 a lard glucose 1.907 0696 0542 3271 0.006173196
Khan IY 2005 b lard glucose 0.760 0598 -0.411 1932 0203384432
Khan IY 2005 d lard glucose 0.095 0578 -1.038 1227 0870002790
Khan IY 2005 lard glucose -0.124 0578 -1.257 1.009 0.829960771
Khan IY 2004 a lard glucose 1.764 0630 0530 2.999 0.005098487
Khan IY 2004 b lard glucose 0753 0576 0376 1.881 0191010223
Eleftheriades M 2014 lard glucose 0504 0380 -1.338 0.150 0.117725271
Vega CC 2015 a lard glucose 0057 0500 0923 1.037 0.909403230
Vega CC 2015 b lard glucose 0.127 0501 -0.854 1.108 0.799628239
Zambrano E 2010 lard glucose 1778 0747 0314 3242 0.017319383
Page KC 2009 lard glucose 0731 0422 -0.095 1558 0.082918121
Howie GJ 2009 a lard glucose 0.133 0378 -0.608 0.875 0724556651
Howie GJ 2009 b lard glucose 0256 0367 0975 0.462 0.484339200
Howie GJ 2009 ¢ lard glucose 0.105 0378 0636 0.846 0781476186
Howie GJ 2009 d lard glucose 0513 0371 -1.240 0215 0.167006397
Smith T 2014 lard glucose 0297 0450 -0584 1178 0509111386
Pereira TJ 2015 a lard glucose 0204 0579 -1.339 0.930 0724415032
Pereira TJ 2015 b lard glucose 0368 0582 -1.509 0773 0527261311
Latouche C 2014 lard glucose 0.409 0652 -0.869 1686 0530919348
Yang KF 2012 lard glucose 0713 0.461 -0.191 1617 0122188118
Hanafi MY 2016 ¢ lard glucose 1122 0.481 0179 2,065 0.019655976
Hanafi MY 2016 ¢ lard glucose 0609 0.457 0288 1506 0.183057448
Mazzucco MB 2016 butter glucose -0.808 0600 -1.985 0.369 0.178349874
Mazzucco MB 2016 b butter glucose 0344 0582 0.796 1484 0553987959
Kozak R 2000 margarine glucose 0115 0.409 0916 0685 0.777679487
Couvreur 02011 a paim il glucose 0.439 0313 0173 1.052 0.159979804
Couvreur 0 2011 b paim ol glucose 0620 0306 0020 1219 0.042783816
Férézou-Viala J 2007 a paim oil glucose 0833 0445 -0.038 1.705 0060838526
Férézou-Viala J 2007 b paim ol glucose -0.086 0427 0922 0.750 0.839819567
Chen H 2012 hydrogenated vegetable oil, canola oil glucose 0629 0418 -0.190 1449 0.132430250
Rjia $ 2013 hydrogenated vegetable oil, canola oil glucose 1310 0.481 0367 2254 0006493087
Chen H 2014 hydrogenated vegetable i, canoa oil glucose 0217 0579 0918 1352 0.708081271
Hou M 2015 NA glucose 0212 0501 0771 1195 0672286216
Fired 0377 0069 0242 0511 0.000000039
Random 0.491 0.114 0267 0714 0.000016587

Figure 4. Forest Plot for Glucose, extended dataset.

among studies, except for rat strain and type of lard-based diet in specific subsets. Due to the unbalanced nature
of sample sizes in our data subsets, we could not perform all of the planned subgroup analysis.

Overall, according to subgroup analyses, the differences in the experimental protocols used in the included
studies had some detectable influence on body mass, plasma glucose and triglycerides levels. First, we observed
strain -specific effects on these data subsets (Fig. 9 and Supplementary Fig. S5). Maternal HFD appeared not to
affect body weight (extended dataset), plasma glucose (both datasets) or triglycerides levels (both datasets) in
Wistar offspring. Thus, strain can influence the conclusions of different studies. Otherwise, it is still possible that
effects were too small to be reliably detected.

On the other hand, the existence of sex specific differences in animal models of developmental programming
is well described in currently available literature. The molecular and phenotypic outcomes of adverse in utero
conditions are often more prominent in male than female offspring, although there is short regard given to the
basis for this observation in most studies*>. We have previously hypothesized that the metabolic programming
effect of maternal HFD is sex specific?®. Disparities in the sex specific genome and epigenome, the influence of sex
hormones, and differences in placental function are important factors in this regard®”?%. Recently, some studies
have reported a gender-specific regulation of the expression of genes involved in varying metabolic pathways
in response to a HFD or a cafeteria diet?-*1. A proteomic study have identified numerous proteins showing sex
dimorphism in skeletal muscle in response to HFD feeding®’. The lower tendency to undergo MetS in response
to HFD in female rats may be related to lower reliance on lipid as an energy fuel, lower lipogenesis, as well as
increased mitochondrial oxidative capacity®.

Differences between the sexes appear both morphologically and in the transcriptome at a very early time in
mammalian development. Apart from innate differences between the sexes, male and female fetuses may adapt
differently to early-life nutritional conditions. Several studies reported sex specific differences in the placenta
during fetal life. Mao J. et al. have examined the impact of diet (very-high-fat, low-fat and chow diets) and fetal
sex on placental gene expression in mice and interestingly found that each diet provides a distinctive signature of
sexually dimorphic genes®. Maternal diet might also influence imprinted gene expression and epigenetic DNA
methylation in male and female foetuses. The placentae of foetuses from mothers fed a HFD during pregnancy
displays changes in both the expression of selected imprinted genes from different clusters, and in DNA methyl-
ation, with these changes differing between sexes®.

We found a sex-specific effect of the maternal nourishment on body weight- extended data subset (Fig. 9) and
on glucose- main data subset (Supplementary Fig. S5) when data from male and female offspring were analyzed
separately. We additionally ran a meta-regression with gender as predictor variable to estimate the impact of sex
on effect size. Given that values of 1 for males and 2 for females were arbitrarily assigned, a negative slope would
indicate a larger effect size in males. Specifically, we observed negative slopes in 3 outcomes: body fat, body weight
and HDL-c (Supplementary Fig. S6), and no variation for sex in the other data subsets. A comparative microarray
analysis in soleus muscle between male and female rats revealed 35 differentially expressed transcripts in response
to HFD?!. It has been suggested that lower weight gain in HFD female rats is, at least in part, associated with lower
expression of genes involved in glycolysis and higher expression of genes involved in fatty acid oxidation®!.
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Model Study name Subgroup within study Outcome Statistics for each study $td diff in means and 95% CI
Std diff Standard Lower Upper
in means error limit. limit p-Value
Burguefio AL 2013 a lard insuiin 0234 0587 0918 1385 0690654632
Burguefio AL 2013 b lard insulin -1.075 0.689 2425 0.275 0.118594042 —
Srinivasan M 2006 a lard insulin 2740 0.594 1576 3.903 0.000003930 —_—
Srinivasan M 2006 b lard insulin 2501 0639 1338 3844 0,000050586 —_——
Tamashiro KL 2009 a lard insulin 1.041 0.686 -0.304 2.385 0.129377034 -
Lecoutre § 2016 a lard insuiin 0724 0365 0009 1439 0047225013
Lecoutre S 2016 b lard insulin -0.037 0.354 -0.730 0.656 0917011254
Ambrosetti V 2016 a lard insulin 1.401 0573 0278 2523 0.014441305 —_—
Desai M 2014 b lard insulin 5779 1.137 3.550 8.008 0.000000376 —
Desai M 2014 d lard insulin 8273 1.546 5244 11.302 0.000000087
Desai M 2014 f lard insulin 3625 0813 2032 5218 0.000008200 —
Desai M 2014 h lard insulin 1112 0.537 0.059 2.165 0.038469245 —a—
Desai M 2015 lard insuin 7.081 155 4030 10132 0,000005378
‘Walker CD 2008 a lard insulin -1.429 0373 -2.160 -0.697 0.000130528 ——
Khan IY 2003 a lard insulin -0.559 0589 1712 0595 0.342347219 ——t—
Khan IY 2003 b lard insulin 0634 0592 -0525 1.794 0.283636773 —_——
Khan IY 2003 ¢ lard insulin 0.692 0651 -0.584 1.968 0.287819144 — —.—
Khan IY 2003 d lard insulin 0635 0592 -0.525 1795 0.283262794 — _._
Khan IY 2005 ¢ lard insulin 1515 0.463 0.608 2423 0.001068152 — .
Khan IY 2005 f lard insulin 1484 0483 0537 2.431 0002126362 ——
Khan IY 2004 a lard insulin 0.896 0.561 -0.203 1.995 0.110137161 ——f—
Khan IY 2004 b lard insulin 1.265 0609 0.071 2459 0.037773471 —
Vega CC 2015a lard insulin 0.790 0519 -0.228 1.807 0.128203483 -——
Vega CC 2015 b lard insulin 1.147 0540 0.090 2205 0.033481818 el
Zambrano E 2010 lard insulin 2,055 0.782 0523 3588 0.008563162 _._
Page KC 2009 lard insulin 0.165 0.409 -0.636 0.967 0.686167850 —
Howie GJ 2009 a lard insuin 1446 0410 0643 2250 0,000420840 ——1
Howie GJ 2009 b lard insulin 1.475 0412 0.668 2282 0.000342344 ——
Howie GJ 2009 ¢ lard insulin 0.930 0384 0176 1.683 0.015566555 —n—
Howie GJ 2009 d lard insulin 0.983 0.387 0225 1741 0.010989182 ——
Smith T 2014 lard insulin 1.858 0535 0.809 2.907 0.000515571 ——
Pereira TJ 2015 a lard insulin 4398 1.067 2306 6.490 0.000037830 —_—
Pereira TJ 2015 b lard insulin 0.609 0591 -0.549 1.766 0.302797972 ———
Tsoulis MW 2016 lard insuin 1570 0600 0394 2745 0,008889319 —_—
Latouche C 2014 lard insulin 1.324 0710 -0.068 2715 0.062343217 ——
Yang KF 2012 lard insuiin 0131 0448 0747 1.008 0770518603
Hanafi MY 2016 ¢ lard insulin 2.000 0548 0.926 3.074 0.000260730 —.—
Hanafi MY 2016 d lard insulin 0632 0.458 -0.266 1531 0.167546277
Kozak R 2000 margarine insuiin 0058 0.408 0742 0858 0887343089
Adamu HA 2016 corn oil, cream milk insulin 4.707 1121 2510 6.904 0.000026795 —
Couvreur 0 2011 a paim oil insuiin 0385 0312 0,99 0226 0216838450
Couvreur 0 2011 b palm oil insulin 0314 0.301 -0.275 0.903 0.295963344
Férézou-Viala J 2007 a paim oil insulin 0313 0.429 -0.528 1.154 0.465567270
Férézou-Viala J 2007 b palm oil insulin -0.152 0.427 -0.989 0.685 0.721868058
Heligren L1 2014 paim oil insulin 0.450 0510 -0.550 1.450 0.378059718
Dyrskog SE 2005 a coconut oil insulin 0.207 0.409 -0.59% 1.009 0.613660185
Dyrskog SE 2005 b coconut oil insulin 0.429 0413 -0.380 1239 0.298341033
Chen H 2012 hydrogenated vegetable oil, canola oil insuin 0723 0421 0.103 1549 0086275570
Rajia S 2013 hydrogenated vegetable oil, canola oil insulin -0.333 0.440 -1.196 0529 0.448651789
Chen H2014 hydrogenated vegetable oil, canola oil insuiin 0,090 0578 1223 1.042 0875707981
Zaborska KE 2016 NA insulin 1.075 0.450 0.194 1.956 0.016757040 ——
Hou M 2015 NA insulin 0171 0501 0811 1153 0732920109
Fixed 0.686 0.069 0552 0.821 0.000000000 ‘
Random 0.989 0.153 0.689 1.290 0.000000000
-4.00 -2.00 0.00 2.00 4.00
control HFD

Figure 5. Forest Plot for Insulin, extended dataset.

In terms of sexual dimorphism in animal models of developmental programming, phenotypic differences
exist not only at the outcome level (eg. the difference reported here in body weight), but also at the molecular
level. It is possible that even the same phenotype may be a consequence of different molecular mechanisms in
males and females.

Timing of the maternal nutritional insult is another important factor to take into consideration. Subgroup
analyses revealed that the effect of maternal HFD was unequivocally significant with a perinatal intervention
including suckling period. But alternatively, in studies where maternal HFD was applied only during gestation,
maternal effects were not significant on body weight (extended and main dataset), plasma glucose (extended and
main dataset) and triglycerides levels (main dataset). This may be either because the effects were too small to be
detected, and/or because we have insufficient data to detect the impact. This may also be because some outcomes
are indeed affected by the duration of the manipulation. It is important to emphasize that this finding is in accord-
ance with a previous meta-analysis where exposure to a maternal obesogenic diet that extended into the suckling
period was more influential for programming of the offspring’s adult body weight than the exposure during ges-
tation only*. Evidence in rats from cross-fostering studies in models of fat feeding and other models of postnatal
overfeeding clearly shows that the suckling period is critical for developmental programming”’.

The nutritional composition of the breast milk is likely to be affected by the pre-existing maternal obesity,
the diet during pregnancy and the diet during lactation. It seems clear that alterations in milk composition, pup
ingestive behavior and maternal care during lactation may contribute to the long-term metabolic changes induced
by the maternal HDF, however this parameters are not frequently addressed. HFD fed to rats during pregnancy
and lactation increases milk lipid concentration®-**. More specifically, HFD changes the fatty acid composition
by increasing the long-chain fatty acid content at the expense of medium-chain fatty acids*'. Furthermore, feed-
ing a cafeteria diet only during the suckling period also increases the fat, the energy and the long-chain fatty acid
content in the milk of obese rats*>.

As mentioned in results section, the effect of prenatal HFD depended also on the time at which dam diet
manipulation had started in mothers who received HFD during gestation and lactation. Owing to differences in
the duration of the high-fat dietary regimen, the maternal intrauterine environment may be differently affected,
and consequently the severity of the metabolic abnormalities in the progeny would be different. Longer durations
of maternal HFD contributed to the higher insulinemia, but to lower glycemia, in the experimental offspring
relative to the control offspring. The direction of the effect on blood glucose was in opposition to that predicted.
We predicted that offspring of mothers experiencing longer exposure to HFD should be “programmed” to have
an overall worse phenotype. Long-term HFD regimen better represents the present dietary habits of humans in
Western societies®>. However there is little research on this specific issue. Howie GJ and colleagues** have shown
that lifetime consumption of a HFD appears to have similar influences on offspring phenotype compared to HFD
consumption restricted to pregnancy and lactation alone*!. Anyway, the effect of diet duration on glycemic con-
trol deserves further study.
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Model Study name Subgroup within study Qutcome Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper

in means error limit fimit p-Value

Burguefio AL 2013 a lard HDL-¢ -0.913 0615 -2.118 0.201 0.137158210

Burgueiio AL 2013 b lard HDL-c -0.853 0673 2173 0.466 0204870285

Knan IY 2003 a lard HDL-¢c 0778 0599 -1.951 0396 0194070132

Khan IY 2003 b lard HDL-c -2.083 0717 -3.489 -0.678 0003668155

Knhan IY 2003 ¢ lard HDL-c -0.444 0640 1699 0810 0.487550438

Knan IY 2003 d lard HDL-¢c 2500 0771 -4.010 -0.990 0001176866

Knan IY 2005 a lard HDL-c 0672 0503 -0.491 1.836 0257184281

Khan 1Y 2005 b lard HDL-c 0139 0578 1271 0994 0810582788

Knhan IY 2005 d lard HDL-c 0500 0586 0649 1.649 0393768635

Knan IY 2005 e lard HDL-c 0.430 0584 0715 1.574 0.462023786

Knan IY 2004 a lard HDL-¢c 0240 0536 03812 1.291 0655181166

Khan 1Y 2004 b lard HDL-c 023 0558 1330 0858 0672364534

Eleftheriades M 2014 lard HDL-c 0324 0374 -1.057 0410 0386962186

Smith T 2014 lard HDL-c 1478 0505 0.489 2.468 0003391223

Gray C, Reynolds CM 2015 lard HDL-c 0.000 0577 1132 1.432 1.000000000

Reynolds CM 2015 lard HDL-c 0833 0602 0346 2013 0.166195169

Ghosh P 2001 lard HDL-c -1.666 0519 2684 0649 0001325413

Hanafi MY 2016 ¢ lard HDL-c 0320 0.450 1203 0562 0476409632

Hanafi MY 2016 d lard HDL-c -0.895 0.469 1815 0024 0056287816

Dong YM 2011 a coconut oil HDL-c 0.151 0.448 -0.727 1.029 0736171416

Dong YM 2011 b soybean oil HDL-c -0.059 0.447 0935 03818 0895555281

Fixed 0237 0118 -0.468 -0.007 0043771469
Random 0277 0.189 0647 0092 0.141561956

4.00

Figure 6. Forest Plot for HDL-c, extended dataset.

The influence of protein content was also analyzed by meta-regression. As discussed previously, the fat com-
ponent usually replaces carbohydrate and/or protein in experimental diets leading to an unbalanced diet compo-
sition with respect to macronutrients, especially protein (Supplementary Fig. S2), which might confound the fat
effect. Indeed, the protein-to-non protein ratio is significantly decreased in custom-made and chow-based diets
with respect to commercial diets (ANOVA p < 1.10-5, data not shown) showing a that those diets have greater
nutritional imbalance. Lagisz M. et al.* in their previous meta-analysis found that decreased offspring body
weight was more likely when maternal obesogenic diet contained low ratios of protein®. We found similar results.
Indeed, increased effect sizes with increasing levels of protein-to-non protein ratios are also seen for leptin, insu-
lin and triglycerides levels.

Finally, in our study we have also focused on other two moderator variables considered to be of biological sig-
nificance: maternal weight and birthweight. An interesting fact to consider is that none of these two factors were
dependent of energy from fat and protein-to-non protein ratio in experimental diet (ANOVA, data not shown). It
has been previously described in a narrative review of data from eleven studies that poor glycemic control in male
offspring exposed to perinatal HED appears to be independent of maternal obesity and birthweight'?. For the pur-
pose of this meta-analysis we collected data on whether body weight of experimental dams was reported as signif-
icantly increased or not in comparison to control dams during gestation. This data represents in some studies not
only the gestational weight gain but also pre-conceptional weight gain. Interestingly, the effects of maternal HFD
on glycemia and triglyceridemia appear to be dependent on maternal obesity (Fig. 9 and Supplementary Fig. S5).
Then, in mothers who did not present high body weight, no effects on offspring glucose and triglycerides were
observed. This could also be attributed to the minority of our data coming from studies where dams had normal
weight: augmented body weight was presented in 68% dams. Increases in body size, body fat, leptin, insulin and
SBP levels occurred in offspring of dams with elevated body weight but also in dams with normal weight. As both
obesity and maternal weight gain are commonly induced by feeding dams an obesogenic diet during gestation,
it is hard to isolate the effects of maternal gestational weight gain, maternal obesity and maternal diet per se.
Therefore, any observable outcomes in offspring may be a result of the diet, maternal obesity, or an interaction
between the two. Furthermore, a deeper understanding behind the causal factors associated with maternal obe-
sity, such as hyperglycemia, hyperinsulinemia, and hyperleptinemia, would be of valuable help™°.

Epidemiological studies and animal models have linked birthweight to risk of adult obesity and MetS, includ-
ing insulin resistance. Deviations from “optimal” in utero growth, be it from limited or excess nutrition, increase
the relative risk of MetS in adulthood®. The association between birthweight and obesity was reviewed elsewhere®.
Maternal HFD has been reported to have variable effects on birthweight. In our meta-analysis, leptinemia and
insulinemia were increased regardless of birthweight (Fig. 9 and Supplementary Fig. S5). When analyzing the
extended dataset we identified three outcomes not affected by the maternal diet in low birthweight experimental
offspring: body weight, blood glucose and plasma triglycerides (Fig. 9); although this lack of effect was observed
only on glucose levels in main dataset (Supplementary Fig. S5). Interestingly, the effects on body fat and glycemia
were not observed in the subgroup of large babies; and we have no concluding data on the effect of maternal
HEFD on triglycerides and HDL-c when birthweight is increased. Again, conclusions should be taken with cau-
tion because these results may be subjected to effects too small to be reliably detected, or to insufficient data to
uncover an effect. The number of effect sizes in extended dataset range from 5 to 13 in low-birthweight subgroup
and from 0 to 5 in high-birthweight subgroup. These data also show that in general there are no alterations of the
birthweight in this model, which it is in accordance to a previous review on maternal HFD'?. This fact establishes
further evidence of in utero programming since adult offspring still consistently exhibit metabolic abnormalities.

Through conducting this review, results enable us to provide preliminary recommendations for future research
in the field of developmental programming of the MetS. Firstly, in order to obtain optimal and reproducible ben-
efits, animal fat is more effective than vegetable oils. More specifically, lard based diets (rich in saturated fatty
acids) with fat energy content between 40 and 60% are recommended. Within this range, only plasma glucose
concentrations appeared to be sensitive to the level of fat content in maternal diet. Secondly, optimizing macronu-
trient balance in the maternal diet is very important. Differences across studies in protein amounts available to the
dams could potentially explain some of the contradictory experimental results®. As long as the protein difference

SCIENTIFICREPORTS|7:5086 | DOI:10.1038/s41598-017-05344-7 11


http://S2
http://S5
http://S5
http://S5

www.nature.com/scientificreports/

Model Study name Subgroup within study Qutcome Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error limit limit p-Value
Burgueiio AL 2013 a lard triglycerides -1.014 0621 2232 0203 0.102411528 e
Burgueiio AL 2013 b lard triglycerides 0530 0656 0757 1816 0.419660062
Sinivasan M 2006 b lard triglycerides 1,699 0550 0621 2777 0.002004998
Lecoutre S 2016 a lard triglycerides 0269 0355 -0.427 0966 0448054093
Lecoutre S 2016 b lard triglycerides -0.260 0355 0956 0436 0463661525
Seet EL 2015 lard triglycerides 1.358 0640 0103 2613 0.033964220 —l—t—
Desai M 2014 b lard triglycerides 1.224 0545 0.156 2291 0024699935 —a—t
Desai M 2014 d lard triglycerides. 3.046 0735 1.606 4.486 0.000033938 —
Desai M 2014 f lard triglycerides 1.219 0544 0.152 2286 0.025202720 —a—
Desai M 2014 h lard triglycerides 1.461 0563 0.358 2565 0.009411711 ——t—
Desai M 2015 lard triglycerides 1641 0668 0333 2950 0013937027 —_——
Koukkou E 1998 lard triglycerides 1.185 0580 0.049 2321 0040891851 o
Knhan IY 2003 a lard triglycerides -0.161 0578 1205 0972 0780395467
Khan IY 2003 b lard triglycerides 0417 0584 1560 0727 0475238177
Khan IY 2003 ¢ lard triglycerides 1.035 0673 0285 2355 0124330790 -
Knan IY 2003 d lard triglycerides 1.287 0634 0.044 2530 0042485542 —
Khan IY 2005 a lard triglycerides 0776 0509 0398 1949 0195175331
Khan IY 2005 b lard triglycerides 0.167 0578 0967 1300 0773212583
Knan IY 2005 d lard triglycerides 0325 0581 0814 1464 0576440317
Khan IY 2005 e lard triglycerides 0.405 0583 0738 1548 0.487683465
Knhan IY 2004 a lard triglycerides -0.769 0554 -1.855 0316 0.164936375
Khan IY 2004 b lard triglycerides 0195 0558 0808 1288 0726269396
Eleftheriades M 2014 lard triglycerides 0.195 0372 0535 0925 0601432110
Vega CC 2015 a lard triglycerides 3327 0772 1.814 4840 0000016332 +—
Vega CC 2015 b lard triglycerides 0749 0517 0265 1763 0147462244
Zhang X 2011 lard triglycerides 1.381 0511 0379 2383 0006905082 1
Gray C, Reynolds CM 2015 lard triglycerides 1.248 0631 0011 2484 0048034033 —
Reynolds CM 2015 lard triglycerides 1.262 0632 0023 2501 0045000565 —
Yang KF 2012 lard triglycerides 0085 0.447 0792 0962 0848942767
Ghosh P 2001 lard triglycerides 0993 0474 0.064 1921 0036248754 ——
Hanafi MY 2016 ¢ lard triglycerides 2500 0508 1.337 3680 0.000027071 o .
Hanafi MY 2016 d lard triglycerides 0.421 0452 -0.466 1307 0.352232003
Mazzucco MB 2016 a butier triglycerides 0115 0578 1248 1017 0.841609300
Mazzucco MB 2016 b butter triglycerides -0.181 0579 1315 0953 0753855264
Couvreur 0 2011 a paim ol triglycerides 0590 0316 -1.200 0028 0061346645
Couvreur 0 2011 b paim oil triglycerides 0524 0304 1119 0072 0084818233
Férézou-Viala J 2007 a paim ol triglycerides -0.034 0.426 0870 0801 0935887864
Férézou-Viala J 2007 b palm oil triglycerides 0.081 0.427 -0.755 0918 0848518937
Dong YM 2011 a coconut oil triglycerides 0958 0472 1883 0032 0042498838
Dong YM 2011 b soybean oil triglycerides 0371 0.451 1255 0513 0411277245
Chen H 2012 hydrogenated vegetable oil, canola oil triglycerides 1913 0.493 0947 2879 0000103643 —_——
Rajia S 2013 hydrogenated vegetable o, canola oil  triglycerides 1.263 0.467 0347 2178 0006850826 L
Chen H 2014 hydrogenated vegetable o, canola oil  triglycerides 0757 0598 1928 0415 0205440139
Hou M 2015 NA triglycerides -0.463 0507 -1.456 0530 0361067154
Fixed 0384 0076 0236 0533 0.000000413 *
Random 0542 0.142 0263 0820 0000137932 &
-4.00 200 000 200 4.00
control HFD

Figure 7. Forest Plot for Triglycerides, extended dataset.

Model Study name ‘Subgroup within study Qutcome Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error limit limit p-Value
Guberman C 2013 a lard sBP 1.354 0640 0.099 2608 0.034442250
Guberman C 2013 b lard sBP 1.526 0656 0240 2812 0.020022603
Desai M 2014 a lard SBP 1.321 0552 0239 2402 0.016681515
Desai M 2014 ¢ lard SBP 1.728 0586 0580 2877 0.003181084
Desai M 2014 e lard sBP 1.181 0542 0.119 2244 0.029229088
Desai M 2014 g lard sBP 2384 0654 1103 3666  0.000266318
Khan IY 2003 ¢ lard sBP 1.414 0707 0.028 2799 0.045574105
Khan IY 2003 d lard sBP 1.464 0650 0.190 2738 0.024353050
Khan IY 2005 b lard SBP 1.491 0604 0306 2675  0.013623071
Khan IY 2005 & lard SBP 1513 0631 0277 2748 0.016432339
Khan IY 2004 b lard SBP 1.491 0604 0306 2675 0.013623071
Gray C, Reynolds CM 2015 lard sBP 1571 0660 0277 2866  0.017367718
Rajia § 2013 hydrogenated vegetable oil, canola oil SBP 0113 0.437 -0.744 0970 0795872974
Gray C, Vickens MH 2015 NA sBP 0774 0.464 0134 1683 0.004923453
Fixed 1.258 0.156 0953 1563 0.000000000 >
Random 1.258 0.156 0953 1563 0.000000000 3
-4.00 2.00 000 2.00 400
control HFD

Figure 8. Forest Plot for Systolic Blood Pressure, extended dataset.

between control and experimental diets remains below 10%, there would not be much variation in the pheno-
type, with one exception: lower protein content is associated with lower insulin concentration in offspring. Third,
lactation is a critical period for programming offspring metabolism later in life. Lagisz M and colleges®® have
previously provided review-generated evidence of the importance of the timing of diet manipulation®. Antenatal
intervention alone can contribute to contradictory results. On the other hand, the beginning of the intervention
would not be an important variable except for two outcomes, insulinemia and glycemia. Fourth, maternal obesity
might be a key factor determining the extent of maternal effects on offspring phenotypes. Finally, we suggest
studying the response of both sexes to maternal dietary interventions, and where possible, effects should be inves-
tigated in a sex-specific manner. We strongly discourage reporting outcomes of mixed-sex groups.

Some aspects of our meta-analysis deserve discussion. Despite extensive searches, some of our findings are
based on a limited number of rats and strains of rats and, thus, our conclusions are not necessarily transferable to
other laboratory rodents or mammals.

We found evidence for publication bias in our data sets that warrants further investigation of the factors influ-
encing offspring phenotypes in later life. However, given the levels of quantified heterogeneity within our data sets
and the described methodological differences in experimental designs, we believe funnel plot asymmetry may
be ascribed to between-study variation, but we cannot disregard publication bias favoring significant results. It is
strongly recommended the publication of good quality papers even with negative results.

Maternal HFD studies seem even more likely to be confounded by the details of experimental set-ups.
Experimental designs varied widely among the studies included in our dataset. Moreover, in the present
meta-analysis we did not take into account the physical form of the diet (powder, pellet, liquid), nor the methods
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Figure 9. Subgroup analyses for extended dataset. Horizontal lines represent the 95% ClIs for the data. The
summarized effects (D) are considered statistically significant when their 95% CIs do not cross zero. We used
arandom-effect model (filled circles) whether heterogeneity was observed, while the fixed-effect model was
applied in the absence of heterogeneity (filled squares). Included moderators for the extended data set are: strain
(Sprague Dawley, Wistar), sex (male, female), offspring age at testing (young adult), maternal age (young adult),
intervention timing [perinatal (gestation and lactation) vs. restricted to gestation period], maternal body weight
(increased, not increased), birthweight (decreased, increased, not different), and main fat source (animal,
vegetal, mixed; extended dataset). Subgroup analyses for HDL-c extended dataset is available in Supplementary
Fig. S4. Subgroup analysis of subsets where heterogeneity was not significant was not performed (SBP subset).
Abbreviations: n: number of data points, SD: Sprague Dawley, YA: Young Adult, GES: gestation period only,
GES + LAC: gestation and suckling periods.

of determination of the outcomes. Varied assessment tools were implemented in the determination of body fat
and blood pressure. For example, adiposity was assessed by markedly different methods such as calorimetry,
bioimpedance, nuclear magnetic resonance, and dual x-ray absorptiometry (8/37 studies), or alternatively was
estimated as fat pad weight (24/37 studies). We do not expect publication bias to exist strictly in these data sets
because most of the included articles were not originally designed to investigate the effect of maternal HFD on the
phenotypes that are here studied as primary outcome. Researchers usually are specially concerned with testing of
hypotheses rather than with rigorous animal model generation. In line with this, the quality of the included stud-
ies was scored as acceptable in 49 of 68 cases, with 63.0% of the included studies reporting randomization of the
animals (Supplementary Table S3). Many papers on animal experiments are incomplete in reporting the neces-
sary details*>*%. The quality of animal experimental work could be improved by standardized animal models, and
therefore the reliability of its findings. Standardization in future studies may provide a good platform with which
to evaluate the effects of maternal HFD and will help to reduce potentially confounding effects for among-study
comparisons. Furthermore, today the 3Rs (Replacement, Reduction and Refinement) are increasingly seen as a
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Figure 10. PRISMA flow chart summarizing study selection processes.

framework for conducting high quality science. Improved experimental design would minimize the number of
animals used per experiment or study.

In summary, this systematic review suggests transgenerational metabolic effects of maternal HFD in rat oft-
spring. We infer that maternal HFD can drive to MetS in offspring by increasing body fat, body weight, and the
levels of leptin, by also increasing plasma glucose, insulin, triglycerides concentrations, with the concomitant
raise in blood pressure. These findings generally support the fetal origins hypothesis.

Methods

Search strategy. Systematic literature search was performed following guidelines outlined in PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement. We searched for published
studies on Pubmed database and additionally obtained the citations of relevant articles by reviewing the refer-
ences of retrieved studies and review articles. The literature search was done on articles published up to 30 June,
2016. Key MeSH terms used in the search strategy include: high fat, high-fat, lard-fed, fat-rich, mothers, maternal,
pregnancy, gestation, rat and offspring. See Supplementary Table S4 for complete search strategy. Searches were
restricted to studies on rats that were published in English. After screening of titles and abstracts, two reviewers
independently examined full text articles. Disagreements were resolved in consensus discussions.

Inclusion and Exclusion Criteria. Retrieved articles were screened to identify experimental studies on rats
where dams were subjected to a HFD around gestation time and phenotypes were measured in offspring older
than 30 days of life. One of the following eight phenotypes should have been reported in offspring: body fat, body
weight, leptin, glucose, insulin, HDL-c, triglycerides or SBP. We further screened articles using the following
inclusion criteria: (1) the study used healthy wild-type laboratory rats: Wistar, Sprague Dawley or Long Evans
(obese, diabetic or hypertensive rats were excluded); (2) experimental dams were fed HFD before and/or during
whole or any part of pregnancy and a control group was available where dams were fed standard diet; (3) dams
and offspring were only subjected to nutritional manipulation (no surgery, drugs, stress, exercise and so on used);
and (4) offspring of both control and HFD-fed dams received control diet after maternal dietary intervention.
Experiments include a control group of dams on a standard diet consisting in standard chow or any custom-made
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or home-made diet with normal fat content. HFD consisted of commercial HFD, custom-made or chow-based
HED; based on animal or vegetable fats. Additional exclusion criteria were applied: (1) dams or offspring were
subjected to preference tests; (2) parenteral nutrition or any other than natural feeding (force-feeding by gavage);
(3) repeated administration of vehicle (although one injection with saline was allowed); (4) normolipidemic diets
and comparisons of groups fed diets differing only in qualitative changes in fat content; (5) cafeteria diets or junk
food diets (chow or HFD supplemented with obesogenic food items), or other specific diets based on e.g. diet
supplements; and (6) animals fed the HFD and also provided with water containing fructose. We excluded the so
called cafeteria diets or junk food diets because, in general, it is not easy to quantify the exact ratios of macronu-
trients eaten by the animals.

Data Collection. Two review authors independently collected data on study characteristics, quality and
results using a standardized data collection form. The detailed technical description of the coding of extracted
data and parameters are presented in Supplementary Table S5. Differences were solved by mutual agreement,
if needed. We extracted the mean, standard deviation (SD) and sample size for the control and experimental
groups for each outcome. Studies that reported results as mean and standard error, and number of animals per
group, were also used for meta-analysis. When data were provided in 2D bar plots instead of in a table or text,
we extracted the values using WebPlotDigitizer Version 3.10. Data from XY plots were not extracted. We also
gathered information on several moderator variables to explain potential heterogeneity in the data: rat strain, off-
spring sex, age at testing, maternal diet composition (macronutrient composition and caloric density), litter size,
timing and duration of maternal dietary manipulation, maternal age at mating or conception, maternal weight
during gestation, and birthweight. Finally, information on author’s names, publication year and journal, male
genitor diet, maternal food availability, methods of measurement, and any other potentially relevant information,
was also recorded. In studies with multiple experimental and control groups, we only extracted data for the pairs
of experimental and control groups that matched our inclusion criteria. When outcomes were measured at sev-
eral time points, we extracted only the last measure of outcome at each different “stage of life” (off_age_stage, see
Supplementary Table S5).

Selection of included studies. The Pubmed search strategy resulted in 380 hits. Reviews and experimental
papers were used to perform further searches resulting in approximately additional 50 records. Literature search
is summarized in the PRISMA diagram presented in Fig. 10. The initial screen was based on the paper’s title,
abstract and occasional whole-text scan and then after in-depth screening, 203 relevant citations remained for
further review. Finally, 68 citations were used in meta-analysis!?-17-19-21,23.26.38,43,44,47-101 The 135 excluded studies
with the reasons for their exclusion are available in Supplementary Table S6.

Assessment of methodological quality. Methodological quality was assessed based on statements of
1) random allocation into treatment and control groups, 2) husbandry conditions, 3) compliance with animal
welfare regulations, and 4) potential conflicts of interests, and whether the study appeared in a peer-reviewed
publication!'®. Each article was assessed independently by two reviewers and scored on a scale from 0 to 5 points.

Data Analysis. Extended data set. 'We performed the analyses independently for the eight outcomes which
were extracted or calculated from the collected data. For each outcome, effect size stands for Cohen’s standard-
ized mean difference (D), which was the difference of means between groups (experimental vs. control) divided
by the common within-group SD. Where a standard error was presented, the value was converted to a standard
deviation. Forest plots were generated to illustrate the study-specific effect sizes along with 95% CI. While the
fixed-effect model was applied in the absence of heterogeneity, in general we used a random-effect model. To test
robustness of the estimates, we performed sensitivity analyses by omitting one study at a time and calculating the
pooled effect size for the remainder of the studies. Meta-regression was used to uncover the potential influence
of moderators. These moderators were: age of offspring at testing, maternal age at mating/conception, starting
time of manipulation, litter size, increase in energy from fat in experimental diet with respect to control diet, and
protein-to-non protein ratio in experimental diet.

Heterogeneity was evaluated with the Q statistic and I-squared statistic. Subgroup analyses were conducted to
examine possible sources of heterogeneity. We ran a separate analysis for each level of rat strain, offspring’s sex,
offspring’s age, maternal age, timing of maternal diet manipulation, maternal weight, and birthweight. Subgroup
analyses were further conducted on extended dataset for the type of fat source in the experimental diet. To check
for publication bias we used the Egger’s test and visual inspection of funnel plots for the presence of data distri-
bution asymmetry.

Main data set. 'We created a main data set including only the experiments where lard-based diets were fed to the
dams, where we had reliable information on diet caloric density and macronutrient composition, where energy
from fat were between 40 and 60% energy and the decrease in protein content was up to 10% energy in the exper-
imental diet with respect to the control diet. We excluded those studies with male genitor HFD and restrictions in
maternal food availability. The main data set was processed and analyzed in the same manner as the extended data
set. Further subgroup analyses were conducted for the type of experimental diet in main dataset.

Calculations were performed using the Comprehensive Meta-Analysis computer program (Biostat,
Englewood, NJ, USA). Between groups comparisons of energy from fat and protein-to-non protein ratio were
performed by using ANOVA (CSS/Statistica program package, StatSoft V 6.0, Tulsa, USA). A p-value < 0.05 was
considered to be statistically significant.
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