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ARTICLE INFO ABSTRACT

Keywords: Maternal environment, including nutrition and microbiota, plays a critical role in determining offspring’s risk of
Heme ron chronic diseases such as diabetes later in life. Heme iron requirement is amplified during pregnancy and
Early life nutrition lactation, while excessive dietary heme iron intake, compared to non-heme iron, has shown to trigger acute
Lipoperoxidation idati in th lting f . Idehvde f Lo . . ith microbi h

Red meat oxidative stress in the gut resulting from reactive aldehyde formation in conjunction with microbiota reshape.

Given the immaturity of the antioxidant defense system in early life, we investigated the extent to which a
maternal diet enriched with heme iron may have a lasting impact on gut homeostasis and glucose metabolism in
60-day-old C3H/HeN mice offspring.

As hypothesized, the form of iron added to the maternal diet differentially governed the offspring’s microbiota
establishment despite identical fecal iron status in the offspring. Importantly, despite female offspring was un-
affected, oxidative stress markers were however higher in the gut of male offspring from heme enriched-fed
mothers, and were accompanied by increases in fecal lipocalin-2, intestinal para-cellular permeability and
TNF-a expression. In addition, male mice displayed blood glucose intolerance resulting from impaired insulin
secretion following oral glucose challenge. Using an integrated approach including an aldehydomic analysis, this
male-specific phenotype was further characterized and revealed close covariations between unidentified putative
reactive aldehydes and bacterial communities belonging to Bacteroidales and Lachnospirales orders.

Our work highlights how the form of dietary iron in the maternal diet can dictate the oxidative status in gut
offspring in a sex-dependent manner, and how a gut microbiota-driven oxidative challenge in early life can be
associated with gut barrier defects and glucose metabolism disorders that may be predictive of diabetes
development.

Gut barrier
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1. Introduction

Iron is a crucial mineral for numerous physiological processes during
all stages of life, but its requirement is particularly critical during pe-
riods of rapid development, i.e. pregnancy and early infancy, for facili-
tating maternal blood volume expansion and ensuring adequate fetal
iron stores [1,2]. However, due to its highly reactive nature, intracel-
lular iron in excess has been shown to generate reactive oxygen species
(ROS) [3,4]. Among them, highly reactive hydroxyl radicals by reacting

notably with lipids can yield lipid peroxyl radicals that can further give
rise to secondary lipoperoxidation products such as reactive aldehydes,
among which malondialehyde (MDA) or 4-hydroxy-2-nonenal (4-HNE).
Such iron-dependent ROS generation leading to increased oxidative
stress have been shown to exert cytotoxicity resulting in cellular damage
[5]. As such, tightly regulated mechanisms at both the systemic and
cellular levels coordinate the uptake, recycling, transport and storage of
iron to maintain balanced systemic iron levels and prevent related
oxidative status and adverse health outcomes in adults [4,6]. However,
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in neonates, such iron regulation and antioxidant system defense would
be immature [7,8].

Iron absorption in the gut lumen is mainly dependent on physio-
logical requirements, but also dependent of its quantity and especially of
its bioavailability in the diet [9]. Uptake of dietary iron is typically
obtained from several forms: non-heme, heme and lactoferrin. For ne-
onates, iron in breast milk is bound mainly to lactoferrin and is highly
bioavailable [10]. As compared to the non-heme iron form, heme iron is
the most bioavailable source of iron and is readily absorbed from
animal-based diets, and particularly from red meat [11].

Similarly to the dual and versatile nature of iron, meat products
provide on the one hand a highly nutritional value, but excessive con-
sumption on the other hand promotes the development of non-
communicable diseases such as cancer or diabetes and comorbidities
such as cardiovascular diseases [12-14]. Even if several red meat con-
stituents, as well as cooking and processing practices, or associated
lifestyle contribute to enhanced risk for these chronic diseases, the
relative contribution of heme iron appears to be central [15,16]: on the
basis of cohort studies and nutritional studies in rodent, meat-induced
promotion of colorectal cancer has shown to be at least in part
explained by its heme iron content and especially its ability to catalyze
lipoperoxidation of dietary polyunsaturated fatty acids in the gut lumen
[17-19]. In the same way, results from epidemiological and intervention
studies confirm that heme iron from red and processed meat, but not
non-heme iron, is positively associated with an increased risk for dia-
betes [11,20-22]. Oxidative stress is known to participate in the
development, progression and complications of diabetes [23]. Interest-
ingly, increased concentration of thiobarbituric acid reactive substances
(TBARS) both in plasma from diabetic patients [24] and in intestine of
diabetic rats [25] have also been reported, suggesting the involvement
of lipoperoxidation processes. In parallel, serum 4-HNE measurements
in diabetic patients have also shown to be positively correlated with the
progression of diabetes [26].

To meet the demand of iron during pregnancy, higher intake of iron-
rich foods, especially red meat, are supposed to limit iron deficiency and
related adverse maternal and birth/neonatal outcomes [1]. Prospective
cohort studies as well as meta-analyses reported however that an
excessive consumption of sources of heme iron, especially from red and
processed meat, are significantly associated with pregnancy complica-
tions and higher risk of gestational diabetes [27-31]. Development of
gestational diabetes has been associated with adverse birth and neonatal
outcomes such as pre-eclampsia, prematurity or low body weight, but
the long-term outcomes resulting from a maternal heme-enriched diet
on the offspring remain largely unexplored.

Maternal diet during fetal and post-natal development is one of the
key factors from the maternal environment that can determine both the
immediate and future health of the offspring, by exerting a sustained
influence on growth, metabolic phenotype, gut barrier maturation and
gut microbiota establishment [32-35]. While epigenetic processes has
been evoked to explain the concept that chronic diseases in adulthood
may originate in early life [36], other hypotheses related to microbiota
have emerged [37]: gut microbiota diversity depletion over generations
in response to the “western pattern diet”, as well as disruption within
successive stages governing order of establishment of key bacterial early
colonizers in response to neonatal environment have been reported
[38-40].

In this context, we have previously shown that, at nutritional dose
and in comparison to non-heme iron, short term exposure to dietary
heme iron at adulthood resulted in alteration of the main components of
the gut barrier, including microbiome through lipoperoxidation associ-
ated pathways [41]. Since we observed that Escherichia coli, a
well-known maternally transmitted bacteria belonging to the first col-
onizers after birth, strongly covariated with luminal heme-induced lip-
operoxidation products [41], we hypothesized whether a disruption of
maternal gut homeostasis induced by heme-enriched diet during the
perinatal period, may persistently impact (i) gut microbiota
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establishment, (ii) neoformation of lipid peroxidation-derived reactive
aldehydes, (iii) gut barrier and (iv) glucose metabolism in mice
offspring.

2. Materials and methods
2.1. Experimental diets

A purified powder-based AIN-76A diet was optimized to maintain
iron bioavailability (calcium level limited to 0.09%) while taking care to
meet pregnancy requirements in terms of protein and amino-acids (UE
1298, Sciences de I’Animal & de I’Aliment, INRAE). In order to prepare
frozen portions that were daily distributed into cage feeders and thus,
limit diet lipid peroxidation, the powdered form was further trans-
formed into jellied mass cut into cubes by incorporating porcine gelatin
(8%, Louis Francois) and completed with oil (5% safflower oil, Fischer
scientific) and 1,4 pmol iron/g diet (0,094% hemine or 0,0036% ferric
citrate, Sigma) before storage under vacuum at —20 °C.

2.2. Ethical approval

All experiments protocols were approved by the Animal Care Use
Committee (Comité d’Ethique Pharmacologie-Toxicologie-Occitanie
Toulouse, registered as n°86 at the Ministry of Research) under the
authorization number [#12915-2018010514411433], and conducted
in accordance with the European Union guidelines.

2.3. Experimental design

The experimental scheme is presented in Fig. 1A. Nulliparous female
C3H/HeN mice were purchased at 8 weeks from Janvier Labs (Le Genest
St Isle). Mice were kept at a constant temperature 22 °C on a 12-h light-
dark cycle, and fed their experimental diet ad libitum daily just before
their active period. During the 7 days of acclimatization and mating
period with male C3H/HeN mice, mice were fed experimental Control
diet supplemented with ferric citrate (inorganic iron). Female mice were
mated by housing 3 females and 2 males per cage for 5 days, after which
males were removed whereas females were randomly assigned to one of
the 2 experimental groups until the pups were weaned: Control group
(inorganic iron enriched diet) and Maternal Heme group (Heme iron-
enriched maternal diet during pregnancy and lactation period). Group
size was anticipated to generate a minimum of 5 pregnant females per
group, and experimentation was repeated twice in order to minimize
mother- and cage-specific divergence. A third independent experimen-
tation devoted to repeating oral glucose tolerance tests and measuring
insulin was performed. Pregnant females were housed individually five
days before parturition. To avoid litter effect and resulting bias on body
weight gain and oxidative status [42], litters were homogenized to 5-6
pups within the first 3 post-natal days (PND), while taking care to pre-
serve male and female representation within each litter. Litter sizes less
than 4 were excluded from the study. Weaning was performed at PND21,
siblings were sex matched. From this stage, mice offspring were all fed
the Control diet until PND60. Throughout the experiment, body weight
was weekly monitored. Fecal samples stored at —80 °C were collected in
FO (pregnant and non-pregnant females) at PND0O5, PND15 and PND21
and in F1 (offspring) at PND21 and PND60.

One week before final plasma and tissue collection, 24-h fecal pellets
and urine samples were collected for some mice under each metabolic
cage to both quantify fecal and urinary biomarkers or perform fecal
aldehydomic workflow [43].

2.4. High-throughput 16S rRNA gene amplicon analysis
Snap-frozen fecal samples and resulting purified genomic DNA were

processed as described previously [41]. Briefly, fecal microbial DNA was
purified on columns after mechanical lysis and hypervariable V3-V4



A. Mazenc et al.

60 gost-natal days

Redox Biology 53 (2022) 102333

Fig. 1. In vivo effects of maternal heme iron
exposure during gestation and lactation on the
offspring. (A) Experimental design. Diet of females
during gestation and lactation was enriched with
Ferric citrate iron (Control) or Heme iron (Maternal
Heme). After weaning, offspring were all fed the
Control diet until the end of the experiment at post-
natal day 60 (PND). At PND60 after maternal expo-
sure to heme iron, measurement of (B) body weight

I L1 Control (n = 25-30) and (C) fecal heme (n = 10-15). Values

| @ Maternal Heme are presented as means + S.E.M. Two-way ANOVA

and Siddk’s multiple comparison test: Fgey ****p <
0.0001.
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regions of the 16S rRNA gene were amplified using a two-step PCR. The
resulting purified amplicon libraries were loaded onto the Illumina
Miseq cartridge. The quality of the run and the lack of contamination
were checked internally at each step in the sequencing facility (Get-P-
laGe) and valid raw sequences were further processed using the FROGS
pipeline (Galaxy Version 3.2.3) [44]. Each pair-end valid denoised se-
quences were filtered, merged and clustered with the swarm fastidious
option using a maximum aggregation distance of 1 [45]. Once putative
chimera were detected (vsearch) and removed, only clusters (i) whose
abundance represented at least 0,005% of all sequences, (ii) presents in
at least 5 times in a minimum of 5% of total samples with a prevalence
threshold of 5% of all samples, were retained, yielding to 512 final
clusters. The samples with fewer than 10,000 final valid sequences were
removed from the statistical analysis. Clusters were affiliated to Oper-
ational Taxonomic Units (OTUs) using the silva 138.1_16S reference
database and a taxonomic multi-affiliation procedure (Blast+with equal
multi-hits that were manually verified and corrected if necessary). OTUs
were agglomerated to examine differential abundances in response to
maternal diet at the OTU and the family rank.

Community profiles (including a and B diversity) and differentially
significant features were further analyzed using the R packages Phyloseq
(v1.34.0) and DESeq2 (v1.30.1) respectively. Within sample community
richness was assessed by the Chao-1 index and examined by two-way
ANOVA analysis. Divergence of microbiota composition between sam-
ples was explored using the Unifrac distance matrices, visualized using
multidimensional scaling (MDS) and assessed statistically using
permutational multivariate analysis of variance (Adonis test with 9999
permutations).

Differences in relative abundances between groups were computed
using the R’ DESeq2 package (v1.30.1) with LRT or Wald method ac-
cording to the experimental factor design. Testings were corrected for
false discovery rate (FDR) by Benjamini-Hochberg method, and adjusted
p values less than 0.01 were considered statistically significant.

2.5. Fecal and urinary biomarkers

Fecal waters were prepared as previously described with 1 ml of
distilled water and 50 pl of BHT in ethanol (butylated hydroxytoluene)
for 0.5g of frozen feces [46]. Feces were grinded using Fast-Prep (MP
Biomedicals) during 3 cycles of 30s at 6 m. s~} with 1min breaks. After
centrifugation for 20 min at 5.500g, supernatant was collected and kept

Female

at —20 °C until use.

Fecal heme was detected using a commercial kit (Sigma) according
to the manufacturers protocol. Briefly, 96 wells flat plates (Greiner)
were used to incubate fecal water sample and heme Calibrator (corre-
sponding to 62.5 pM heme) with heme Reagent during 5 min. Absor-
bance measurement was perform (400 nm) using a microplate reader
(Spark® Tecan Trading AG).

Fecal thiobarbituric reactive susbtances (TBARS) were measured
according to Ohkawa et al. [47]. Briefly, 10 pl of fecal water were
diluted in 90 pl of distilled water. A standard was performed with 1,1,3,
3-tetramethoxypropane at 0 pM-1000 pM (TMOP). Sample and stan-
dard were incubated 1h at 95°c with 190 pl of 2-thiobarbituric acid
replace by 190 pl of acetic acid (10%) for blank. The amount of TBARS
was determined by measure of the absorbance at 532 nm.

The urinary DHN-MA (1,4-dihydroxynonene mercapturic acid) assay
was performed using a competitive enzyme immunoassay as previously
described [48].

2.6. Profiling of fecal reactive aldehydes through liquid chromatography-
mass spectrometry

Free reactive aldehydes in fecal supernatants were stabilized and
selectively labelled using a bromine atom according to Chevolleau et al.
[43]. Briefly, derivatized aldehydes were selectively detected on the
basis of their 7°Br/3!Br isotopic pattern through high performance liquid
chromatography coupled to with high resolution mass spectrometry
(HPLC-HRMS). Identification experiments were then realized via tan-
dem mass spectrometry (MS/MS) using the iron trap mass analyzer of
the LTQ-Orbitrap XL mass spectrometer.

Features corresponding to brominated compounds were extracted
(XCMS software) and structural characterization of potential aldehydes
was carried out by processing MS" spectra using Xcalibur QualBrowser
(Thermo Scientific). In order to target discriminating potential aldehyde
ions, both multivariate unsupervised principal component analysis
(PCA) and supervised partial least squared discriminant analysis (PLS-
DA) were used.

2.7. Oral glucose tolerance tests (OGTTs) and plasma analysis

OGTTs were performed in mice 6 h-fasted during day light on three
independent experiments. Oral gavage was performed with glucose (2
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mg glucose per g of bodyweight). Blood glucose levels were monitored
from the blood of tail vein with a glucose meter (Accu-Chek® Performa)
at —30, 0, 15, 30, 60, 90 and 120 min post-oral gavage. For plasma
insulin measurement, blood samples from additional mice were
collected from tail vein at 30 min after oral glucose gavage or obtained
from cardiac puncture following mice euthanasia.

Plasma was prepared by centrifugation (1500g, 15 min, 4 °C) and
stored at —80 °C until use. Insulin and GLP-1 were quantified using
commercial ELISA kits (Merck Millipore).

2.8. Gut barrier analysis

2.8.1. Intestinal permeability in ussing chambers

Intestinal permeability measurement was performed as previously
described [49]. Following mice euthanasia, jejunal fragments were
immediately mounted in Ussing chambers (Physiologic Instruments)
and incubated 2 h with Kreb’s solution (Sigma) constantly oxygenated
with carbogen (95% O3, 5% CO3) in presence of both Fluorescein So-
dium Salt (FSS 376 Da, Sigma) and Horse Radish Peroxidase (HRP 4
kDA; Sigma) in the mucosal compartment. Gut integrity was continu-
ously checked through electro-physiological measurements and elec-
trical resistance was monitored (R, Q.cmz). After 2h of incubation, the
serosal compartment was sampled to follow the epithelial paracellular
passage of FSS by measuring the fluorescence intensity (485nm/525
nm) using a microplate reader (Spark®). Epithelial permeability to HRP
was determined by ELISA as previously described [49].

2.8.2. Genes expression

Total RNAs were extracted from jejunal frozen tissue using the
Rneasy plus Mini kit (Qiagen) according to the manufacturer’s in-
structions. Quantity and quality of extracted RNA samples were moni-
tored using Nanodrop (Nanodrop™ 1000) and Bioanalyzer (Agilent)
respectively. RNAs were reverse transcribed using enzyme IScript
reverse transcription supermix (Biorad). The 384-well plates were
completed by an Agilent Bravo Automated Liquid Handling Platform
(Agilent Technologies, Santa Clara, CA, USA). All wells contain 5 pl of
mix: 2.5 pl of ONEGreen® FAST qPCR Supermix (Ozyme), 1.5 pl of each
primer set, and 1 pl of cDNA sample. Amplification was performed using
a ViiA7 Real-Time PCR System (Applied Biosystems). Primers sequences
and thermocycling conditions are listed in Supplemental Table 1. Raw
data that passed quality control were normalized to HPRT1 mRNA levels
and analyzed with LinRegPCR (version 2015.3).

2.8.3. Lipocalin-2 and TNF-a ELISA

Fecal lipocalin-2 and jejunal TNF-a concentrations were measured
using commercial mouse Quantikine ELISA kits (R&D Systems), from
homogenized feces and jejunal fragment suspended respectively in PBS
Buffer 10% and in RIPA buffer (0.5% deoxycholate, 0.1% SDS and 1%
Igepal in TBS) containing complete anti protease cocktail (Sigma). Fecal
and jejunal protein concentrations was measured using BCA uptima kit
(Interchim, Montlucon, France) and used to normalize assays.

2.9. Multi-omics analyses

Correlation structure between omics data sets was explored using the
R package mixOmics DIABLO framework (Data Integration Analysis for
Biomarker discovery using Latent cOmponents, v6.15.45) [50,51]. This
integrative multivariate method is able to maximize correlations be-
tween different data-types and perform discriminant analysis with the
aim of identifying a signature specific to the male offspring maternally
exposed to heme iron. Only mice for whom both physiological traits
(metadata without data associated with glucose challenge test), 16S
rRNA gene amplicon data and aldehydomics data were available at
PND60, were included in this framework (12 females Control, 10 fe-
males Maternal Heme, 11 males Control, 10 males Maternal Heme).
Prior to fitting multi-block DIABLO model, 16S rRNA gene amplicon and
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aldehydomics datasets were preprocessed according to the mixMC
framework and log-ratio transformed respectively [52], and indepen-
dent PLS-DAs were built. A total of 10 physiological traits, 512 taxa and
1135 putative aldehydes were retained for analysis after data
pre-processing.

2.10. Statistical analyses

GraphPad Prism version 9.2 was used for all remaining analyses
displayed in graphs. Results are expressed as mean + S.E.M unless
otherwise stated. N refers to the number of mice per group used for in
each experiment. The significance of differences between experimental
groups was determined by two-way analysis of variance (ANOVA, 2
factors: iron, sex and their interaction were tested) with Siddk’s multiple
comparisons pos-test unless otherwise stated. For kinetics, a three-way
Repeated Measures-ANOVA matching by time was performed (3 fac-
tors: iron, sex and time) with Sidak’s multiple comparisons pos-test.
Two-side analyses were used throughout, and a p value < 0.05 was
considered significant.

3. Results
3.1. Impact of dietary iron form in maternal diet on offspring weight gain

During gestation and lactation, female mice were fed a modified
semi-purified diet balanced either with ferric citrate (Control) or heme
(Maternal Heme) as dietary iron source. At birth, the offspring sex ratio
was not influenced by the iron form in the maternal diet during gestation
(0.58 + 0.04 males/litter from heme-fed mothers vs 0.58 & 0.04 males/
litter from mothers fed the Control diet, p > 0.05). At weaning, maternal
heme exposure was discontinued and the offspring were all fed the
Control diet until post-natal-day 60 (PND60, Fig. 1A). As expected,
offspring female mice weighed less than males at PND60 (Fsex, P <
0.001, Fig. 1B), but their respective post-natal growth and final body
weights were not affected by maternal exposure to heme iron as
compared to non-heme iron (Fi;on, p > 0.05 at PND60, Fig. 1A, Fig. STA).
Early exposure to maternal dietary heme iron did not change basal
detection of luminal heme iron in offspring at PND60 relative to the
Control group (Fig. 1C).

3.2. Heme and non-heme iron in maternal diet differentially shape the
fecal microbiota

Fecal microbiota analysis by sequencing the V3-V4 region of the 16S
rRNA gene amplicon revealed that both the structure and the compo-
sition of microbiota was differentially affected according to the iron
form added to the maternal diet.

Microbiota richness at PND60, as indicated by the Chao-1 index
(Fig. 2A), was indeed affected by both the maternal diet (Fj;on, p < 0.05),
and the sex (Fsex, p < 0.05), revealing a more pronounced decrease in
Operational Taxonomic Unit (OTUs) richness in males exposed to
maternal heme enriched diet compared to females or Control males.
Considering the importance of maternal microbiota inheritance during
gut colonization stage, richness within fecal microbiota of adult female
mice fed the heme-enriched diet (lactating or not, Supplemental Fig. 1B)
and offspring at weaning stage (Supplemental Fig. 1C) was assessed. We
showed that, even if lactation progressively enhanced richness whatever
the diet (Fstage, p < 0.0001), heme-enriched diet was associated with a
reduced Chao-1-index in the FO generation (Fion, p = 0.05) that was
passed on only to males in the F1 generation.

Ordination based on UniFrac distances between samples at PND60
(Fig. 2B) revealed the existence of distinct bacterial communities that
clustered mainly according to the maternal diet (Fj;,,<0.0001) but also
differentially according to the sex (Fsex<<0.0001, Firon xsex = 0.019). This
clustering of B-diversity based on the iron form added to the maternal
diet probably stems from microbiota disruption observed early in the
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Fig. 2. Effect of maternal exposure to heme iron as compared to non-heme iron on the fecal microbiota at PND60. The bacterial community diversity structure,
distribution and composition of fecal microbiota was determined by 16S rRNA gene amplicon Illumina Miseq sequencing, at the OTU and family level (n = 16-20):
(A) Richness (a-diversity) measured by Chao-1 index (ANOVA Fj;on, = 0.035, Fsex = 0.0215) (B) UniFrac Non-metric Multidimensional Scaling (NMDS) ordination plot
representing structural changes between diets (p-diversity, MANOVA Fi;0,<0.0001, Fgex<0.0001, Firon x sex = 0.019) (C) Family Distribution; *p adj<0.05 using
Differential abundance analysis (DESeq2) at the family level (D) Heatmap of OTUs significantly affected by the maternal diet; **p adj<0.01 using Differential
abundance analysis (DESeq2) at the OTU level. Supplemental and related analyses, plots and taxonomic affiliations are presented in Supplemental Fig. 1,2 and

Tables 2,3 OTU, Operational Taxonomic Unit; PND, post-natal day.

offspring (Supplemental Fig. 1C) and started initially in mothers (Sup-
plemental Fig. 1B), as revealed by the relative abundance profile of
affected OTUs (padj<0.05, Maternal Heme vs Control), which appeared
to share similarities between mothers and their respective offspring at
PND21 (Supplemental Fig. 1D and Table 2).

Regarding the microbiota composition at the family level of offspring
from heme-enriched-fed mothers as compared to Control group at
PND60 (Fig. 2C), 7 of the 28 families detected were significantly altered
in response to the maternal diet (padj<0.05).

Among them, Bacteroidaceae was overabundant, whereas the Eu-
bacterium coprostanoligenes group, Lactobacillaceae, Prevotellaceae, Rike-
nellaceae and Ruminococcaceae were underrepresented in mice early
exposed to maternal heme diet compared to Control diet (Supplemental
Fig. 2A). Changes in relative abundances for some of them in response to
maternal diet were however more pronounced in males than in females
(Bacteroidaceae, Lactobacillaceae, and Ruminococcaceae) whereas a
divergent behavior of Staphylococcaceae relative abundances across sex
was observed (less abundant in male and more in female). Deseq2
analysis at the OTU level allowed us to sort differentially abundant taxa
at PND60 (a total of 88 out of 512 with padj<0.01, Fig. 2D, Supple-
mental Fig. 2B and Table 3), revealing the main driver effect of maternal
diet on microbiota over the sex effect. By tracing the relative abundance
of these selected significantly affected OTUs at earlier times (Supple-
mental Fig. 2C), we observed that they were not really impacted by the
diet in mothers or offspring at PND21 (most of them were specific to the
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PND60 period, Supplemental Fig. 2D), suggesting that the bacterial
profile associated with maternal heme-enriched diet at adulthood does
not come directly from the maternal or post-natal microbiota imprint.

3.3. Maternal heme iron intake promotes luminal lipoperoxidation in
male offspring

Although the levels of fecal heme detected were equivalent (Fig. 1C),
a slight induction of heme oxygenase 1 expression was noticed in jejunal
tissues of males early exposed to the maternal heme-enriched diet
compared with the other groups (Fig. 3A), signing an oxidative insult.
This male-specific induction was accompanied by higher lip-
operoxidation activity, as evidenced by fecal TBARS levels representing
the luminal side (Firon<0.05, Firon x sex<0.01, padjmale iron<<0.01,
Fig. 3B), and by substantial augmentation of 1,4-dihydroxynonene
mercapturic acid (DHN-MA) levels detected in urines (padjmale iron =
0.085 males Maternal Heme vs Control, Fig. 3C).

Unlike males, none of these biomarkers was changed in female
offspring. Furthermore, measurements of TBARS in male mice tran-
siently exposed to heme-enriched diet during adulthood (Supplemental
Fig. 3A) showed that heme-induced lipoperoxidation was completely
normalized 30 days after discontinuation of heme exposure (Supple-
mental Fig. 3B), suggesting that maternal heme iron exposure during the
perinatal period triggers specific neoformation of lipoperoxidation
products in male offspring.

Fig. 3. Dietary maternal heme iron exposure during
perinatal period influences lipoperoxidation status in
gut offspring in a sex-dependent manner. Measure-
ments at PND60 of (A) Expression of heme oxygenase
1 gene (HO-1 also known as Heat-Shock Protein-32)
in jejunal tissues (n = 8-10), (B) TBARS in fecal
waters (Firon = 0.047, Firon x sex = 0.009, n = 10-12),
(C) Urinary DHN-MA (n = 10-12). Values are pre-
sented as means + S.E.M. Two-way ANOVA and
Siddk’s multiple comparison test: **p < 0.01. DHN-
MA, 1,4-dihydroxynonene mercapturic acid; HO-1,
Heme Oxygenase 1; TBARS, Thiobabituric Reactive
Substances.

Male Female
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3.4. Maternal heme iron intake promotes gut barrier impairments in male
offspring

Next, we wished to know whether the neoformation of lip-
operoxidation products in male offspring might lead to gut leakiness. To
this end, jejunal tissues were mounted in Ussing chambers and perme-
ability parameters were compared in offspring at PND60. Interestingly,
male offspring, and not females, from heme-enriched fed mothers dis-
played reduced electrical resistance (R, Firon x sex<<0.05, padjmale
iron<0.05, Fig. 4A), associated with increased paracellular permeability
to Fluorescein Sodium Salt (FSS, Fi;0n<0.01, Firon x sex<0.05, padjmale
iron<0.01, Fig. 4B) compared to Control groups or in comparison to
males that were transiently exposed to heme iron as adults (Supple-
mental Fig. 3C). No difference in transcellular permeability was noticed
(Horse Radish Peroxidase, HRP, Fig. 4C).

In male offspring maternally exposed to heme-enriched diet, para-
cellular permeability defect was associated with both an increase of fecal
inflammatory marker lipocalin-2 (Firon x sex<0.05, padjmale iron <0.05,
Fig. 4D), and an induction of the pro-inflammatory cytokine TNF-a
(gene and protein expression, Fion<0.05, padjmale iron<<0-05 and Fion x
sex = 0.08, padjmale iron = 0.06 respectively, Fig. 4E-F). Unlike males,
none of these biomarkers was changed in female offspring in response to
the maternal exposure to heme iron.

3.5. Glucose tolerance in male offspring exposed to maternal heme iron is
impaired

Having shown that gut barrier function was compromised in male
offspring from heme iron-enriched fed mothers, and that such leaky gut
is often associated with systemic pathological outcomes including
metabolic disorders [53], we next monitored glucose homeostasis in
offspring.

Fasting or not, blood glucose levels as well as plasma insulin and
Glucagon Peptide 1 (GLP-1) levels were not affected by the form of the
iron added in maternal diet (Supplemental Fig. 4). Fifteen min after the
glucose challenge however, male mice from the Maternal Heme group
peaked at 367 mg/dL +15 glucose and showed impaired blood glucose
disposal as compared to male mice in the Control group (286 mg/dL
+13, padj<0.001, Fig. 5A). Calculation of the area under the curve
(AUC) above baseline glucose confirmed occurrence of glucose intoler-
ance in males but not in females (Fi;on<0.05, Fgex<0.0001, Firon x
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sex<0.01, padjmate iron<<0.001, Fig. 5B) or in adult males transiently
exposed to heme iron (Supplemental Fig. 3D). Accordingly, glucose
intolerance observed in males was associated to impaired insulin
secretion 30 min after glucose challenge (unpaired t-test p < 0.01,
Fig. 5C).

3.6. Identification of the fecal reactive aldehyde profile resulting from
maternal dietary exposure to heme iron

Neoformation of lipoperoxidation products detected in feces of male
offspring early exposed to maternal dietary heme iron-enriched diet
(Fig. 3B) led us to continue their characterization using an untargeted
omic approach [43]. To this aim, carbonyl compounds including reac-
tive aldehydes present in fecal waters were selectively derivatized
introducing a bromine atom, whose characteristic isotopic pattern is
detectable using high-performance liquid chromatography coupled to
high resolution mass spectrometry (HPLC-HRMS). Out of 6663 variables
detected, 1135 variables displayed the expected brominated isotopic
pattern. The corresponding PLS-DA score plot showed a main separation
of males from females along the first component whereas separation
according to maternal diet, and especially in males, appeared on the
following components (Supplemental Fig. 5A).

In order to directly target both putative reactive aldehydes and
bacterial taxa specifically associated with the leaky gut phenotype
identified in males from heme iron-enriched fed mothers, a multiblock
supervised model allowing datasets integration was built [50]. In
contrast to aldehydomic data structuration, PLS-DA applied to micro-
biota dataset showed a separation of mice primarily by maternal diet
and then by sex (Supplemental Fig. 5B), but connections between
datasets were clearly found (Supplemental Fig. 5D) and allowed to
capture signatures describing key features relevant to each mice group
(Fig. 6A): One signature outlined the sex-associated features including
mainly putative reactive unidentified aldehydes that were
under-expressed in males and negatively correlated with body weight
(Fig. 6B, Supplemental Table S4). Interestingly, correlations spanning
the 3 block subspaces were primarily related to the phenotype
encountered in males from heme iron-fed mothers (Fig. 6A-B): highest
or lowest values in those males compared to others groups (visualized
outside the circos plot in Fig. 6B), such as lipoperoxidation (TBARS) and
permeability parameters (FSS, R), were strongly interconnected with
numerous carbonyl compounds including reactive aldehydes and

i Il

Fig. 4. Dietary maternal heme iron exposure during
perinatal period influences gut barrier homeostasis in
offspring in a sex-dependent manner. Assessment at
PND60 of intestinal epithelial permeability using
Ussing chambers ex-vivo experiment on jejunal seg-
ments (n = 18-20) through the measurements of: (A)
Electrical resistance (R, Firon x sex<0.05), (B) para-
cellular epithelial permeability to FSS (Fi;0,0<0.01,
Firon x sex<0.05), (C) transcellular epithelial perme-

Male Female

1

ability to HRP. Inflammation status (n = 7-11) was
explored through measurements of (D) fecal
lipocalin-2 (Firon x sex<0.05), (E) jejunal TNF-a gene
(Firon<0.05) and (F) ileal TNF-a concentration.
Values are presented as means + S.E.M. Two-way
ANOVA and Siddk’s multiple comparaison test:
*padj<0.05, **padj<0.01. FSS, Fluorescein Sodium
Salt; HRP, Horse Radish Peroxidase; TNF-a, Tumor
Necrosis Factor alpha.

Male Female
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C Fig. 5. Dietary maternal heme iron exposure during

perinatal period impaired blood glucose tolerance in

Az'o male offspring. Oral glucose tolerance test (OGTT)

g s was performed on 6h fasted mice (n = 18-23) and

= g ’ consisted in the measurements of (A) blood glucose
5 Q . o (mg/dL) from t = —30min to t = 120 min after oral
‘_é’ E glucose gavage (t = 0 min), and the calculation of (B)
%) 05 Area under the Curve (AUC) of blood glucose 0-120
£ min (mg/dL/min). (C) Plasma insulin was determined
0.0 il in blood collected 30 min after oral glucose gavage (n

ale

= 5). Values are presented as means + S.E.M. For
kinetics in A, a three-way RM-ANOVA matching by
time was performed: Fi;on<0.01, Fsex<0.0001, Firon x
sex<0.01, Firon x sex x time<0.001 and S$idak’s multiple
comparison  test:  *padj<0.05, **padj<0.01,
***padj<0.001. In B, a two-way ANOVA was per-
formed: Fi;0n<0.05, Fgex<0.0001, Fiyop x sex<0.01, and
Sidék’s multiple comparison test: ***padj<0.001. In

C, Unpaired t-test with Welch’s correction was used: **p < 0.01. Related analyses and plots are presented in Supplemental Fig. 4.AUC, Area Under the Curve; OGTT,

Oral Glucose Tolerance Test.

bacterial OTUs (Fig. 6B and Table S4). Among the closest features
(Fig. 6C), interconnections between paracellular permeability values
(FSS), 5 bacterial taxa (3 unknown Bacteroides, an unknown Mur-
ibaculaceae and an Lachnospiraceae belonging to A2 group or Lachno-
clostridium) and 8 carbonyl compounds were highlighted (Supplemental
Table S4). Using databases, 2 out of the 3 brominated compounds that
correlated negatively with gut hyperpermeability were putatively an-
notated (namely cervonoyl ethanolamide and nutriacholic acid), but
none of the other 5 candidates that could potentially explain the increase
in fecal TBARS, corresponded to the previously identified lip-
operoxidation products resulting from direct dietary heme iron uptake
[43], suggesting a profile specific to the maternal exposure.

4. Discussion

In adulthood, it is established that dietary heme iron at nutritional
dose catalyzes lipid oxidation, leading to gut luminal production of
reactive aldehydes that have been associated with microbiota reshape
[41,54,55], numerous detrimental alterations on the intestinal barrier
function [41,56-58], including colon cancer promotion [15,17,59] and
more putatively other systemic pathologies, including diabetes [16].
However to date, few studies have investigated the impact on offspring
of maternal dietary heme iron intake during pregnancy and lactation, i.e.
periods during which (i) iron requirement is greatly amplified, (ii) em-
bryo and fetus have immature antioxidant defense system, and (iii)
neonate is highly sensitive to its maternal environment.

Iron deficiency during pregnancy has shown to increase the risk of
adverse birth/neonatal outcomes, including low birth weight, impaired
body weight gain, neonatal iron deficiency and numerous associated
long-term neurobehavioral effects [2,29,60-62]. Interestingly, maternal
iron deficiency has shown however to improve glucose tolerance in
3-month-old rat offspring [63]. In our study, neurobehavioral abnor-
malities were not examined and the form of dietary iron did not alter
offspring birth weight, weight gain or sex ratio, but we provide evidence
that dietary heme iron, unlike non-heme iron, through its lip-
operoxidation potential, drives impaired glucose tolerance in maternally
exposed male offspring. Using an integrated approach, we showed that
this male-dependent phenotype was linked with occurrence of a gut
luminal pro-oxidative environment associated with a combination of
interconnected factors well known to trigger diabetes, and particularly
type 1 diabetes [64,65]: a specific microbiota pattern displayed reduced
richness and close relationships with gut barrier defects in terms of
epithelial permeability and low-grade inflammation.

In line with high concentrations of heme iron, red meat, and espe-
cially processed meat, is positively associated with type 1 and type 2
diabetes [11,13,20]. Although the underlying mechanism is not fully

elucidated, the proposed hypothesis involves oxidative stress-induced
ROS resulting from heme iron-induced lipoperoxidation products that
may promote insulin resistance as well as detrimental activity on
pancreatic beta cells [16]. Interestingly in our study, gut luminal reac-
tive aldehydes detected in the male offspring did not result from higher
concentration of heme iron in fecal content, and differed from these
commonly detected in presence of dietary heme [43], suggesting a
pattern of lipoperoxidation specific to the maternal exposure.

Therefore, this persistent pro-oxidant gut environment observed at
PND60 raises questions about its origin. Gut luminal lipid peroxidation
levels have shown to be influenced by both litter size and body weight
gain during lactation [42] or following lipid overload [66], but litter size
as well as dietary lipids intake were both controlled in our study,
whereas body weight gain was not affected by the iron form added to the
maternal diet. Numerous nutritional experiments conducted in animal
models or human cohort studies ("®"€"ed " Refs. [67-69]) revealed that a
maternal pro-oxidant environment during the perinatal period may
cause direct oxidative damage during development and promote nutri-
tional programming to disease. In our study, only the male offspring
from heme iron-fed mothers presented signs of oxidative insults, but
remarkably, it has been widely observed that female neonates display an
enhanced antioxidant defense system, probably due to estrogen meta-
bolism [70]. Accordingly, the sex-dependent levels of luminal lip-
operoxidation observed at PND60 in response to maternal heme
iron-enriched diet may originate from the poor capacity of males to
cope with oxidative stress during the neonatal period. In parallel, we can
also presume that the heme iron-altered gut microbiota vertically
transferred from mother to neonates may have an intrinsic ability to
generate more specific reactive aldehydes. Indeed, Lee et al. demon-
strated that some microbiota communities were able to limit or
conversely to promote lipoperoxidation [71]. We also previously
showed that depletion of gut microbiota by antibiotics prevents lip-
operoxidation in heme iron-fed adult rats [54], suggesting that reactive
aldehydes originate mainly from gut bacterial communities.

Even if we observed that heme iron-induced dysbiosis was reduced
during lactation in mothers, we still noted that the alterations seen in
offspring microbiota in response to maternal diet, mirrored those seen in
their mothers at weaning stage. However, this heme iron-specific
maternal imprint evolved after weaning and gave way in 60-days-old
offspring, to a new combination of bacterial taxa differentially
affected by the maternal diet. It remains to be determined whether the
offspring microbiota at PND60 results from natural post-weaning tra-
jectories in the maturation of the bacterial assembly based on two
different maternal-inherited microbiota, from microbiota adaptation to
its pro-oxidative gut environment, or from a combination of both.
Interestingly in our study, putative reactive aldehydes produced mainly
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Fig. 6. Identification of bacterial communities and putative reactive aldehydes that most covariated with leaky gut phenotype observed in male offspring from
mothers fed dietary heme iron during perinatal period. Correlations between fecal aldehydomic (1135 variables in green) and fecal microbiota (512 OTUs in orange)
datasets with gut metadata (in blue) available for 43 mice (n = 10-12) were maximized using the DIABLO framework: (A) Clustered image map representing
variables selected in each block to characterize each mice sample. (B) Circos plot depicting the highest correlations (negatives and positives) between each block.
“Expression” levels of each variable according to mice groups were plotted outside the circle. (C) corresponding relevance network with absolute correlations >0.68.
Related analyses, plots and taxonomic affiliations are presented in Supplemental Fig. 5 and Table 4. DIABLO, Data Integration Analysis for Biomarker discovery using
Latent variable approaches for Omics studies; FSS, Fluorescein Sodium Salt; R, Electrical Resistance; OTU, Operational Taxonomic Unit. . (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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by males perinatally exposed to heme, covariated with some OTUs
relative abundance. Among the most positively correlated OTUs, several
belonged to the Bacteroides spp. i.e., a genus found to be vertically
transmitted from mother to neonate, and a persistent colonizer in the
infant gut [72]. Species belonging to Bacteroides require heme iron for
growth, and consistently, they have shown to be well equipped to sur-
vive in an oxidative environment notably by detoxifying intracellularly
peroxides [73]. Similarly to Bacteroides taxa, the unclassified OTU
belonging to Muribaculaceae is described as a murine commensal
genetically equipped to support oxidative stress [74]. Among Firmicutes,
several multi-affiliated OTUs belonging to Lachnospiraceae were also
found to covary with putative reactive aldehydes, but similarly to pre-
vious OTUs mentioned, these taxa are not known in the literature to
directly generate lipoperoxidation products. Nonetheless, they all
belong to communities previously described as being associated to gut
barrier defects, as revealed by our circos plot, and/or predictive of
diabetes development, in line with the observation in this study of
glucose intolerance occurrence in male offspring [75-83].

Dietary intake of heme iron on the one hand [13] and increased
levels of TBARS, lipid hydroperoxides and lipoperoxides in plasma or
urines on the other hand [24,26,84,85], have previously been associated
with the risk of diabetes later in life, whereas the underlying mecha-
nisms explaining these associations, including the generation of lip-
operoxidation endproducts [13,16,84], have not been clearly
demonstrated. Further, aberrant gut microbiota establishment with
reduced diversity has been observed in newly diagnosed diabetic chil-
dren [65,77,79], and most importantly, rescue of the gut barrier
disruption by microbiota manipulation, has been shown to prevent
low-grade intestinal inflammation, and more specifically, to prevent
activation of islet-reactive T cells preceding their migration to the
pancreas in diabetes-prone rats [86], suggesting a direct causal rela-
tionship between leaky gut and autoimmune disease aggravation.

Collectively, our results recapitulate the sequential events described
above, starting in the gut with enhanced luminal lipoperoxidation sus-
tained by an altered microbiota with reduced bacterial richness, and
leading to impaired insulin secretion, as a result of altered epithelial
barrier integrity and associated low-grade inflammation. By containing
this pro-oxidant luminal environment, as observed in female offspring,
this domino effect was not observed, suggesting that some metabolic
disorders at adulthood may be prevented early in life. Both epidemio-
logical and experimental studies in adulthood have shown that natural
and dietary antioxidants, through their ability to limit the luminal for-
mation of heme iron-induced reactive aldehydes, also limited disease
risk without altering the luminal iron bioavailability [17,18]. Maternal
interventions with antioxidant nutrients could be a strategy to meet
nutritional iron requirements while avoiding the associated deleterious
effects.
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