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Abstract: Maternal obesity causes metabolic dysfunction in the offspring, including dysbiosis, over-

eating, obesity, and type 2 diabetes. Early-life phases are fundamental for developing subcutaneous 

(SAT) and brown adipose tissues (BAT), handling energy excesses. Imaging of 18F-fluorodeoxyglu-

cose by positron emission tomography (PET) and radiodensity by computerized tomography (CT) 

allows assessing adipose tissue (AT) whitening and browning in vivo and the underlying metabolic 

efficiency. Our aim was to examine these in vivo traits in SAT and BAT concerning gut microbiota 

composition in 1- and 6-month-old mice born to normal (NDoff) and high-fat diet-fed dams 

(HFDoff), accounting for body weight responses. We found low radiodensity (high lipids) in 

HFDoff SAT at 1 month, relating to an increased abundance of Dorea genus in the caecum and acti-

vation of the fatty acid biosynthetic pathway. Instead, low BAT radiodensity and glucose uptake 

were seen in adult HFDoff. Glucose was shifted in favor of BAT at 1 month and SAT at 6 months. 

In adults, unclassified Enterococcaceae and Rikenellaceae, and Bacillus genera were negatively related 

to BAT, whereas unclassified Clostridiales genera were related to SAT metabolism. Stratification of 

HFDoff based on weight-response, namely maternal induced obesity (MIO-HFDoff) or obesity-re-

sistant (MIOR-HFDoff), showed sex dimorphism. Both subgroups were hyperphagic, but only 

obese mice had hyper-leptinemia and hyper-resistinemia, together with BAT dysfunction, whereas 

non-obese HFDoff had hyperglycemia and SAT hypermetabolism. In the caecum, unclassified 

Rikenellaceae (10-fold enrichment in MIO-HFDoff) and Clostridiales genera (4-fold deficiency in 

MIOR-HFDoff) were important discriminators of these two phenotypes. In conclusion, SAT whit-

ening is an early abnormality in the offspring of HFD dams. In adult life, maternal HFD and the 

induced excessive food intake translates into a dimorphic phenotype involving SAT, BAT, and mi-

crobiota distinctively, reflecting maternal diet*sex interaction. This helps explain inter-individual 

variability in fetal programming and the higher rates of type 2 diabetes observed in adult women 

born to obese mothers, supporting personalized risk assessment, prevention, and treatment. 

Keywords: fetal programming; maternal high-fat diet; adipose tissue; glucose uptake; radiodensity; 

positron emission tomography; microbiota; adipokines 

 

1. Introduction 

The obesity epidemic is a global threat to health lacking effective treatment. The 

growing prevalence of obesity and its metabolic complications in children indicates that 

prevention should be started in very early life phases. Unhealthy obesity is characterized 
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by limited subcutaneous adipose tissue (SAT) substrate storage capacity and the whiten-

ing of brown adipose tissue (BAT) at the expense of glucose and fatty acid clearance and 

energy consumption by, e.g., glucose oxidation and non-shivering thermogenesis [1–4]. 

Early life factors are fundamental in the development of AT affecting metabolic 

health throughout the course of life. Among them, maternal overweight during gestation 

and lactation, mostly due to a high-fat diet (HFD), has become very common. In rodents, 

it impairs fetal brown adipogenesis and myogenesis and promotes white adiposity and 

metabolic complications [5,6]. In humans, maternal obesity and a high caloric dietary pat-

tern predict obesity and type 2 diabetes in the offspring [7,8]. Accredited mechanisms in-

clude the transfer of maternal circulating or breastmilk glucose and free fatty acids to the 

fetus and neonate, promoting hyperinsulinemia and adipogenesis [9]. In addition, the in-

fluence of maternal diet on gut microbiota development in the offspring is an emerging 

modifiable factor, potentially controlling adiposity and energy metabolism from early life. 

The number of studies addressing the gut microbiota-SAT/BAT axis in maternal obe-

sity is limited but supportive. In humans, maternal HFD or obesity seems to influence 

fetal and children’s microbiota [10,11]. Children born to mothers taking antibiotics during 

gestation have higher BMI, fat mass, and waist circumference than children of untreated 

mothers [12–14]. Notably, the impact of early life antibiotics on adiposity remains after 

treatment, even though the microbiota recovers, highlighting that AT alterations in the 

critical time window can have long-term effects [15]. Breastmilk composition is also af-

fected by maternal weight and has been postulated to modify AT development via gut 

microbiota [16–19]. 

Large gaps in knowledge encompass the effects of maternal HFD on AT brown-

ing/whitening from early to adult life and the identification of the gut bacteria involved. 

Sexual dimorphism was shown to affect BAT whitening in male mice born to HFD dams 

and AT transcriptomics, but in that study, all groups were exposed to post-natal HFD [20]. 

Moreover, the current knowledge is built on measurements of AT mass or ex vivo gene 

expression, lacking translation into functional in vivo effects, namely tissue-specific sub-

strate metabolism, underlying storage capacity, and thermogenesis. Metabolic imaging by 

positron emission, computerized tomography (PET-CT), is the gold standard for the sim-

ultaneous in vivo quantification of AT glucose uptake (GU) and whitening/browning. 

High versus low CT radiodensity and GU have been validated to reflect histological and 

molecular evidence of AT browning (small multilocular cytoplasmic lipid droplets with 

mitochondria richness and respective gene expression) versus whitening (larger unilocu-

lar lipid depots with lipogenic gene profiles) [21-26]. 

The novelty and aim of this study was to examine in vivo GU and radiodensity in 

SAT and BAT concerning gut microbiota in young and adult mice born to normal and 

HFD dams. Individual responses to maternal HFD were investigated to dissect the direct 

from the indirect (post-natal obesity mediated) effects in adults. We expected progressive 

whitening of BAT and SAT and impairment in GU from early age to adulthood, and con-

jectured that a restricted panel of bacteria could partially explain age-specific AT func-

tional characteristics. 

2. Results 

2.1. Metabolic Characteristics 

In 1-month-old offspring born to HFD dams (HFDoff) (Table 1), SAT was character-

ized by a significant three-fold reduction in radiodensity and a tendency towards low GU 

as compared to offspring born to ND dams (NDoff). BAT did not show any group differ-

ence. Thus, the BAT/SAT metabolic rate ratio increased by 70% in HFDoff, suggesting a 

relative imbalance in GU in favor of BAT at this young age. In 6-month-old HFDoff (Fig-

ure 1), radiodensity and fractional glucose extraction were severely reduced in BAT com-

pared to age-matched NDoff. Consequently, the BAT/SAT metabolic rate ratio was im-

paired by 70% in adult HFDoff. The estimated mass of whole-body SAT was 28% greater 
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in HFDoff (p = 0.0008), leading to a significant two-fold elevation in whole-depot GU com-

pared to NDoff (p = 0.038). 

 

 

Figure 1. Phenotype of mice born to HFD or ND dams, including BAT and SAT lipid content (A), 

given by negative values in CT radiodensity, glucose metabolism (B–D) by PET imaging, features 

of whole-body SAT (E,F), and the metabolic balance between BAT and SAT (G), in early and adult 

life. The sample images in D shows interscapular BAT 18FDG levels (Bq/mL) in transaxial, coronal, 

and sagittal views, in two representative cases (HFDoff: fractional extraction rate constant = 0.003 

mL/min, GU = 2.4 µmol/min * 100 mL; NDoff: fractional extraction rate constant = 0.013 mL/min, 

GU = 9.4 µmol/min * 100 mL). * p < 0.05 vs. age-matched NDoff group. NDoff = offspring born to 

ND dams; HFDoff = offspring born to HFD dams. 

Considering that interindividual health responses to maternal HFD can vary, and to 

dissect the direct from the indirect (post-natal obesity mediated) effects on adult HFDoff, 

we separated mice that developed maternally induced obesity (MIO-HFDoff, n = 4, body 

weight 42.8 ± 0.3 g, p < 0.0001 vs. NDoff) from those who were more resistant (MIOR-

HFDoff, n = 5), i.e., those whose adulthood body weight fell in the normal range (29.6 ± 

1.1 vs. 27.8 ± 1.5 g, n.s. vs. NDoff, p < 0.0001 vs. MIO-HFDoff). This revealed that only 

MIO-HFDoff were characterized by significantly low BAT radiodensity and low BAT GU. 

In contrast, MIOR-HFDoff had normal BAT values compared to ND but higher SAT GU 
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(Figure 2). Leptin and resistin were also elevated only in MIO-HFDoff compared to MIOR-

HFDoff and NDoff. Conversely, hyperglycemia was present only in MIOR-HFDoff and 

not in MIO-HFDoff. Considering that the MIO-HFDoff phenotype seemed related to the 

male sex, we repeated the analysis in sex*maternal subgroups, obtaining similar results 

(Table 1), i.e., maternal HFD affected male and female offspring differently, inducing obe-

sity and low BAT GU in males, and hyperglycemia and high SAT GU in females. In addi-

tion, hypertriglyceridemia was associated with the male sex in adults, whereas hypergly-

cemia, low body weight, and SAT mass were already seen in females at weaning. In 1-

month old offspring, SAT radiodensity was negatively related to plasma resistin levels (r 

= −0.56, p = 0.020). In 6 months-old mice, BAT and SAT radiodensities and BAT glucose 

extraction rates were negatively related to circulating resistin, leptin and/or triglyceride 

levels (BAT radiodensity vs. resistin r = −0.50, p = 0.03, leptin r = −0.68, p = 0.001, triglycer-

ides r = −0.49, p = 0.052; SAT radiodensity vs. resistin r = −0.54, p = 0.020, leptin r = −0.72, p 

= 0.0007; BAT glucose extraction vs. resistin r = −0.48, p = 0.038, triglycerides r = −0.48, p = 

0.059). 

 

 

Figure 2. Phenotype of mice born to HFD or ND dams. The group of offspring born to HFD dams 

(HFDoff) is stratified according to the presence or absence of adulthood obesity (MIO, MIOR). Food 

intake, body weight, and metabolic and adipokine profiles are shown in AC; BAT and SAT lipid 



Metabolites 2022, 12, x FOR PEER REVIEW 5 of 15 
 

 

content and glucose metabolism are given in DE, and microbiota signatures are displayed in F. * p 

< 0.05 vs. age-matched NDoff group. MIO-HFDoff = offspring born to HFD dams with maternally 

induced obesity; MIOR-HFDoff = offspring born to HFD dams but resistant to maternally induced 

obesity; uncl. = unclassified. 

Table 1. Metabolic profile and imaging data stratified by offspring sex, showing similarities of MIO 

vs. male and MIOR vs. female groups, as explained in the legend of Figure 3. 

 

1 month old 6 months old 

Female NDoff HFDoff NDoff HFDoff 

Body weight (g) 17 ± 1 13 ± 1 ^ 26 ± 2 27 ± 0 

SAT mass (g) 0.26 ± 0.02 0.19 ± 0.01 ^ 0.51 ± 0.04 0.54 ± 0.00 

F-Glycemia (mmol/L) 6.3 ± 0.2 8.5 ± 1.2 * 5.3 ± 0.3 10.5 ± 0.3 * 

Scan glycemia (mmol/L) 4.6 ± 0.6 6.7 ± 1.2 5.6 ± 0.9 14.5 ± 3.2 * 

Triglycerides (mmol/L) 0.794 ± 0.004 0.805 ± 0.015 0.790 ± 0.000 1.123 ± 0.333 

SAT CT (HU) −34 ± 48 −94 ± 8 −2.2 ± 31 −19 ± 3 

BAT CT (HU) −56 ± 22 −78 ± 31 61 ± 20 −22 ± 43 ^ 

SAT GU (µmol/min*100 g) 1.9±0.7 1.7±0.3 2.1±0.3 5.1 ± 2.0 * 

Whole SAT GU (µmol/min) 0.005 ± 0.002 0.003 ± 0.002 0.011 ± 0.002 0.027 ± 0.011 * 

BAT GU (µmol/min*100 g) 2.0 ± 1.0 3.5 ± 0.8 4.9 ± 1.0 6.4 ± 2.2 

BAT/SAT GU 1.0 ± 1.8 2.1 ± 0.4 2.6 ± 0.3 1.3 ± 0.1* 

Male NDoff HFDoff NDoff HFDoff 

Body weight (g) 18 ± 0 19 ± 2 31 ± 1 38 ± 2 * 

SAT mass (g) 0.27 ± 0.01 0.29 ± 0.02 0.63 ± 0.02 0.76 ± 0.05 * 

F-glycemia (mmol(L) 8.3 ± 0.6 7.8 ± 0.4 6.4 ± 0.7 7.2 ± 0.8 

Scan glycemia (mmol/L) 7.7 ± 0.9 8.1 ± 0.7 7.2 ± 1.0 7.7 ± 1.1 

Triglycerides (mmol/L) 0.819 ± 0.028 0.931 ± 0.141 0.790 ± 0.000 1.155 ± 0.101 * 

SAT CT (HU) −30 ± 21 −81 ± 13 −51 ± 53 −31 ± 23 

BAT CT (HU) −46 ± 28 −74 ± 26 −39 ± 27 −53 ± 23 

SAT GU (µmol/min*100 g) 5.0 ± 1.3 2.3 ± 0.4 ^ 2.5 ± 1.0 2.9 ± 0.8 

Whole SAT GU (µmol/min) 0.014 ± 0.004 0.007 ± 0.001 0.015 ± 0.006 0.021 ± 0.005 

BAT GU (µmol/min*100 g) 5.8 ± 1.5 4.3 ± 1.4 6.6 ± 2.4 2.4 ± 0.5 * 
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BAT/SAT GU 1.2 ± 0.1 1.8 ± 0.5 3.8 ± 1.3 1.1 ± 0.3 * 

  *ANOVA; ^T-test. Values are means ± SEM. F=fasting; HU=radiodensity in Hounsfield Units 

*p<0.05, ^p=0.06 vs age-matched NDoff 

 

2.2. Relationship with Microbiota and Metabolic Pathways 

Univariate and FDR-adjusted associations between imaging parameters and micro-

biota composition or KEGG-derived metabolic pathways were examined (Tables 2 and 3). 

Most correlations were found in the caecum, linking AT glucose extraction and GU with 

taxa belonging to Bacilli, Clostridia (Firmicutes phylum), or Bacteroidia (Bacteroidetes phy-

lum) classes. 

 

Table 2. Relationships linking imaging data and microbiota. 

Parameter Level Bacteria taxa R p p FDR-corr Mean Abund 

CAECUM: Age 1 month   

SAT GE Genus Dorea −0.7 0.0006 0.023 1.01 

CAECUM: Age 6 months   

BAT GE Order Bacillales −0.67 0.0024 0.038 2.97 

  Family Enterococcaceae −0.78 0.0001 0.005 1.55 

  Family Bacillaceae −0.72 0.0008 0.013 1.53 

  Family Streptococcaceae −0.63 0.0054 0.042 0.03 

  Family Peptostreptococcaceae 0.62 0.0061 0.042 2.02 

  Family Aerococcaceae −0.62 0.0066 0.042 0.42 

  Genus Unclassified.Enterococcaceae −0.79 0.0001 0.004 1.54 

  Genus Bacillus −0.72 0.0008 0.020 1.53 

BAT GU Family Enterococcaceae −0.77 0.0002 0.006 1.55 

  Family Streptococcaceae −0.66 0.0027 0.041 0.03 

  Family Staphylococcaceae −0.64 0.0039 0.041 0.98 

  Genus Unclassified.Enterococcaceae −0.79 0.0001 0.004 1.54 

BAT/SAT GU Phylum Proteobacteria −0.67 0.0034 0.024 3.42 

  Family Rikenellaceae −0.73 0.0009 0.014 0.20 

  Family Unclassified.Clostridiales 0.71 0.0014 0.015 16.01 

  Genus Bacillus −0.79 0.0002 0.009 1.53 

  Genus Unclassified.Rikenellaceae −0.73 0.0009 0.021 0.20 

  Genus Unclassified.Clostridiales 0.71 0.0014 0.022 16.01 

Whole SAT GU Family Ruminococcaceae −0.8 0.0001 0.004 6.67 

  Family Peptococcaceae −0.72 0.0011 0.013 0.38 

  Family Christensenellaceae −0.72 0.0012 0.013 0.14 

  Family Unclassified.Clostridiales −0.69 0.0021 0.017 16.01 
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  Family Dehalobacteriaceae −0.64 0.0054 0.035 0.07 

  Genus rc44 −0.72 0.0011 0.017 0.38 

  Genus Unclassified.Christensenellaceae −0.72 0.0012 0.017 0.14 

  Genus Unclassified.Ruminococcaceae −0.71 0.0013 0.017 3.85 

  Genus Coprococcus −0.71 0.0015 0.017 0.62 

  Genus Anaerotruncus −0.7 0.0018 0.017 0.02 

  Genus Unclassified.Clostridiales −0.69 0.0021 0.017 16.01 

  Genus Oscillospira −0.65 0.0044 0.030 2.01 

  Genus Dehalobacterium −0.64 0.0054 0.032 0.07 

  Genus Unclassified.Erysipelotrichaceae −0.61 0.0093 0.050 1.14 

Spearman rank correlations. GE: fractional glucose extraction; GU: glucose uptake. 

 

 

Table 3. Relationships linking imaging data and metabolic pathways. 

Parameter Pathway R p p FDR-corr 

CAECUM: Age 1 month 

SAT CT Inositol.phosphate.metabolism 0.84 1.59 × 10−5 0.003 

  Replication.recombination.and.repair.proteins −0.78 1.49 × 10−4 0.009 

  Tetracycline.biosynthesis −0.77 1.74 × 10−4 0.009 

  Fatty.acid.biosynthesis −0.77 1.75 × 10−4 0.009 

  Chromosome −0.71 1.06 × 10−3 0.045 

SAT GE Nitrotoluene.degradation −0.82 3.42 × 10−5 0.007 

CAECUM: Age 6 months 

BAT/SAT GU Bacterial.secretion.system −0.8 0.0001 0.024 

Whole SAT GU beta.Lactam.resistance 0.78 0.0002 0.023 

  Flagellar.assembly −0.77 0.0003 0.023 

  Transcription.related.proteins 0.77 0.0003 0.023 

  Bacterial.chemotaxis −0.75 0.0005 0.026 

  Bacterial.motility.proteins −0.74 0.0006 0.026 

  Chaperones.and.folding.catalysts 0.74 0.0007 0.026 

  Sulfur.relay.system 0.71 0.0013 0.039 

  Flavone.and.flavonol.biosynthesis −0.70 0.0018 0.048 

  Bacterial.secretion.system 0.69 0.0021 0.050 

Spearman rank correlations. GE: fractional glucose extraction; GU: glucose uptake. The table shows 

FDR-significant metabolic pathways in cecum microbiota, subtending the phenotypic parameters 

in the first column. The most straightforward pathways in the context of AT and glucose metabolism 

are commented on in the text, e.g., higher fatty acid biosynthesis is consistent with a lower CT radi-

odensity, indicative of greater lipid content in SAT, and the bacterial secretion system is involved in 

nutrition and metabolic disorders, and here relates positively with SAT and negatively with BAT 



Metabolites 2022, 12, x FOR PEER REVIEW 8 of 15 
 

 

metabolism. The sulfur relay system is also often connected to metabolic features. The other path-

ways showing significant correlations are less straightforwardly interpretable but are provided for 

completeness and hypothesis generation. 

At 1 month of age, the relative abundance of the Dorea genus in the caecum was 

strongly and inversely related to SAT fractional glucose extraction; a lower SAT radioden-

sity at 1 month was predicted by higher fatty acid biosynthesis pathway in the caecum 

microbiota. In adults, at the genus level, unclassified Enterococcaceae and Bacillus genera 

were negatively related to BAT GU and/or glucose extraction, and unclassified Rikenel-

laceae and Bacillus genera were negative, whereas unclassified Clostridiales genera were 

positively related to the BAT/SAT GU ratio. Whole-body SAT GU was negatively related 

to rc44, unclassified members of Christensenellaceae, Ruminococcaceae, Erysipelotrichaceae, 

and Clostridiales, as well as to Coprococcus, Anaerotruncus, Oscillospira, and Dehalobacte-

riumgenera. The caecum bacterial secretion system pathway was negatively related to the 

BAT/SAT GU ratio and positively associated with whole-body SAT GU in adults. Among 

the above caecum bacteria, we observed a 10-fold enrichment in unclassified Rikenellaceae 

genera in MIO-HFDoff, and a 4-fold deficiency in unclassified Clostridiales in MIOR-

HFDoff (Figure 2F). 

3. Discussion 

Novelties of this study were characterizing in vivo functional SAT and BAT metabo-

lism and investigating their relationships with the gut microbiota in young and adult off-

spring of HFD mothers. In particular, weaning is the period of life with the most intensive 

microbiota transformation, whereas the adult stage is the period manifesting health con-

sequences of maternal obesity. Notably, not all mice react to maternal obesity similarly, 

and we observed important differences between offspring developing or not developing 

obesity as a consequence of maternal HFD*sex interaction. 

The first important finding of this study concerns the time course of AT abnormalities 

seen in the offspring of HFD dams. Our results indicate that SAT is first affected, and 

undergo marked whitening, providing the in vivo counterproof of the histological evi-

dence of adipocyte hypertrophy in another study [27]. These early abnormalities were 

dependent on fat exposure in utero and during lactation through maternal HFD. They 

were not dependent on body weight or the metabolic profile, subsequent to this and the 

previous study [27]. Our findings suggest that the gut microbiota may be one mediator of 

these early SAT findings. The higher relative abundance of the Dorea genus (Firmicutes 

phylum, Clostridia class) and activation of the microbiota fatty acid biosynthetic pathway 

(FABP) in the caecum were predictors of the low SAT glucose extraction (Dorea) and low 

radiodensity (FABP) observed in HFDoff at 1 month. This causal interpretation is sup-

ported by the notion that HFD exposure increases Dorea genus abundance in mice, and 

this genus is a confirmed biomarker of human adiposity [28–30]. In addition, the activa-

tion of the fatty acid synthetic pathway establishes a coherent mechanistic link with low 

radiodensity, which reflects lipid storage and adipocyte size in AT. In turn, SAT radioden-

sity was inversely predictive of circulating resistin levels already at 1 month, which may 

imprint the subsequent increase in adult HFDoff, implying early seeding of persistent SAT 

endocrine dysfunction. The 70% elevation in the BAT/SAT ratio indicates that the relative 

proportion of glucose flowing into ATs is shifted towards BAT in HFDoff. This may con-

tribute to maintaining normal fasting substrate levels in this early life phase. Previous ex 

vivo tissue analyses of BAT have shown an increase in triglyceride content, white AT 

markers, and reduced mitochondriogenesis in fetuses born to HFD dams [5]. In vivo, we 

found a mild tendency towards BAT whitening at weaning, and a significant decline in 

BAT radiodensity and glucose extraction in adult HFDoff. The loss of metabolic BAT ac-

tivity in our adult HFDoff is consistent with the evidence of reduced thermogenesis in 

adult mice born to obese dams [16]. Altogether, this suggests that BAT at 1 month of age 

reacts to compensate for SAT dysmetabolism, and the progressive overweight starting 
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after weaning until adulthood results in a fully dysfunctional BAT and severe suppression 

of the BAT/SAT GU ratio, with a two-fold elevation in whole-depot SAT GU. The latter is 

the product of tissue glucose extraction, plasma glucose levels, and whole-body SAT 

mass, thereby summing up the contribution of the main health consequences of maternal 

HFD, namely adiposity and high glycemia. 

To distinguish the role of maternally induced obesity from non-obesity-mediated ef-

fects, we stratified HFDoff based on their weight response to maternal HFD, noting that 

approximately half of the offspring became frankly obese (MIO-HFDoff), with the remain-

ing half falling in the NDoff weight range (MIOR-HFDoff). The salient finding was that 

only obese mice showed a five-fold reduction in BAT radiodensity and a three-fold decline 

in BAT GU, together with an increase in resistin levels. In contrast, these defects were not 

seen in MIOR-HFDoff. Instead, this group showed an elevation in SAT GU, which was 

driven by hyperglycemia, whereas MIO-HFDoff were normoglycemic. We further discov-

ered that MIO-HFDoff were males, and that similar dimorphisms in BAT, SAT, body 

weight, and glycemic responses were seen in gender comparisons. These observations 

demonstrate that maternal HFD impairs SAT metabolism and glucose tolerance in fe-

males, independent of offspring obesity. Instead, the impacts on BAT depend on mater-

nally induced obesity in males and confer some degree of protection against hyperglyce-

mia. Food intake was highest in MIO-HFDoff, and was significantly higher in MIOR-

HFDoff compared to NDoff from 3 to 6 months of age. High food intake, with normal BAT 

metabolism, normal body weight, and high SAT radiodensity in MIOR-HFDoff, suggests 

a limited AT capacity to store energy excesses, which has been related to insulin resistance 

and deficient glucose-sinking efficacy in humans [2]. 

BAT whitening and low SAT/VAT mass in male offspring with gender-dependent 

AT transcriptomics were observed in mice exposed to HFD during uterine and post-natal 

life until adulthood [20]. In that study, male offspring exposed to HFD post-weaning 

(whether born to HFD or ND mothers) developed hyperglycemia. Female offspring 

seemed metabolically protected, which is at variance with human studies showing that 

women born to obese mothers are more prone than men to develop type 2 diabetes during 

adult life [8]. Our study extends this previous knowledge, showing that hyperglycemia 

occurs only in females born to HFD mothers if a normal diet is administered after wean-

ing. This suggests a gender-diversified response to the match [20] or mismatch between 

in utero and post-weaning diets, in which a match of HFD results in detrimental outcomes 

in males, whereas females compensate with SAT expansion [20]. Conversely, mismatch 

(HFD before and normal diet after weaning in our current study) prevents SAT storage 

capacity in females and generates glucose overloading. 

Food intake is an energy source and an important modulator of the gut microbiota. 

Notably, BAT outcomes were significantly related to microbiota composition in adults. 

More specifically, very strong (FDR-adjusted) associations were found between BAT 

dysmetabolism and relative abundance of Bacillus, Unclassified Enterococcaceae, Unclassi-

fied Rikenellaceae (negative), and Unclassified Clostridiales genera (positive) in the caecum. 

We have previously shown that caecum overabundance of Unclassified Rikenellaceae and 

depletion of Unclassified Clostridiales genera were biomarkers of adult mice born to HFD 

dams. Likewise, the elevation in whole-body SAT GU observed in adult HFDoff was 

tightly related (FDR-adjusted) with the depletion in rc44, Anaerotruncus, and Unclassified 

Clostridiales genera, which were hallmarks of adult mice born to HFD dams. So, these bac-

terial profiles connect maternal HFD with AT outcomes in adult mice. One important ob-

servation was that maternal HFD induced a different pattern in these bacteria in obesity-

prone MIO-HFDoff and obesity-resistant hyperglycemic MIOR-HFDoff. Compared to 

NDoff, the abundance of Unclassified Rikenellaceae bacteria was 10 folds higher in MIO-

HFDoff and normal in MIOR-HFDoff, whereas MIOR-HFDoff showed a 4-fold reduction 

in Unclassified Clostridiales levels. Notably, treatment with Clostridiaceae was shown to di-

rectly up-regulate lipid transport and synthesis genes both in vivo and in vitro, suggesting 

that the deficiency of these bacteria was involved in the inability of (food-derived) energy 
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excess storage seen in ATs in our MIOR-HFDoff [31]. In KEGG pathway analysis, only the 

bacteria secretion system was associated with BAT and SAT outcomes after FDR adjust-

ment in our study. Interestingly, this system regulates nutrient acquisition and is overex-

pressed in relation to metabolic diseases, such as type 2 diabetes [32]. 

The main limitation of the study is the limited sample size of HFDoff subgrouping, 

but we felt it is important to show the remarkable differences observed between MIO vs. 

MIOR subgroups, contributing to explaining the inter-individually diverse response to 

early-life exposures to maternal HFD and the gut microbiota. Moreover, the maternal 

sample was not powered to establish if the proneness towards MIO vs. MIOR phenotypes 

may prevail in mothers with given characteristics, though we noted that in some cases the 

same mother gave birth to both phenotypes. This remains an important question to be 

addressed in future studies. Our data do not provide a mechanistic explanation for the 

evidence that females and males were more prone to develop one or the other phenotype; 

gender dimorphic health responses are commonly also noted in humans born to obese 

mothers [8], but the underlying cause remains to be established. Our data implicate a pos-

sible effect of the microbiota to hamper SAT expansion, resulting in hyperglycemia, as we 

know that the microbiota is sex-related [33]. 

We conclude that early life HFD exposure causes SAT whitening, reducing substrate 

utilization, redirecting glucose towards BAT, and the overabundance of the caecum Dorea 

genus may mediate these findings. BAT whitening and dysmetabolism become the major 

targets of maternal HFD in later life, shifting substrates towards SAT and promoting SAT 

expansion. One important novel finding was that maternal HFD, leading to greater food 

intake in adult offspring, resulted in a dichotomic response, translating into either (1) a 

lean-hyperglycemic phenotype, characterized by Clostridiales members depletion, SAT 

glucose overexposure with limited SAT and BAT storage capacity, prevalent in females, 

or (2) an obese-normoglycemic phenotype, with Rikenellaceae enrichment, SAT expansion, 

and BAT whitening, prevailing in males. From a clinical standpoint, once verified in hu-

mans, our results (a) highlight the importance of monitoring the offspring of HFD moth-

ers, even if (or especially if) the offspring do not develop obesity, given the potential risk 

of adulthood diabetes, (b) show that proneness to obesity or diabetes overlaps with sex, 

though the two associations are conceptually distinct, and were kept as separate, and (c) 

suggest the possibility of microbiota-based prevention to be proven in ad-hoc cause-effect 

studies. Our data interpretation is recapitulated in Figure 3. Via the above dysfunctional 

loops, both ATs contribute interactively to setting the stage for adulthood metabolic dis-

ease and explaining the frequently reported inter-individual variability and the risk of 

type 2 diabetes in women born to obese mothers. Capturing the interaction between food 

intake, gut microbiota, and metabolic responses may support risk-assessment and person-

alized treatment. 
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Figure 3. Diagram of features underlying the distinct phenotypes in early- and adult-life, as both 

induced by maternal HFD exposure during pregnancy and lactation. The top section refers to the 

weaning age of the offspring when obesity or hyperglycemia have not developed, though differ-

ences between sexes suggest early phenotypic seeding. The bottom section highlights distinct pat-

terns of fat and microbiota development that relate to different complications in later life, consistent 

with the human situation, in which maternal obesity leads to greater odds-ratios of obesity or dia-

betes [8], but many offspring remain normal weight or non-diabetic. Sex was analyzed to point out 

that a majority of individuals developing obesity in response to maternal HFD were males and the 

ones developing hyperglycemia were mostly females. In humans, we know that women born to 

obese mothers are more prone than men to develop diabetes in later life [8]. Though obesity/diabetes 

proneness and sex seem to overlap largely in our results, the two analyses are conceptually inde-

pendent and shown separately until mechanisms are clarified. 

4. Materials and Methods 

4.1. Animal Model and Study Design 

The study design and methods have been previously described [35]. In brief, we stud-

ied 38 offspring born to B6129SF2/J dams (stock no:101045, The Jackson Laboratory, Bar 

Harbor, Maine), exposed to a normal diet (ND 11% kcals from fat, n = 5), or a high-fat diet 

(HFD 58% kcals from fat, n = 4) for 3 months before mating, through gestation and lacta-

tion. After weaning, offspring were fed ND. 

Animals were housed under standard conditions (22 °C, 12-h light/dark cycles), with 

ad libitum access to food and water. Offspring were imaged with PET-CT at the time of 

weaning (1 month of age, n = 19, NDoff/HFDoff n = 11/8) or adulthood (6 months of age, 

n = 19, NDoff/HFDoff n = 10/9). 

After imaging, offspring were euthanized by anesthetic overdose. Blood samples 

were collected to determine circulating triglyceride and adipokine levels. Also, gut con-

tents from the colon and caecum were collected to measure microbiota composition, as 

previously described [35,36]. 

4.2. PET-CT Imaging 
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Acquisition. Imaging of 18FDG was performed under fasting conditions (PET-CT 

IRIS, Inviscan SAS, Strasbourg, France) and isofluorane anaesthesia (IsoFlo®, Abbott La-

boratories, IL, USA), as previously described [34,35]. Briefly, after CT scanning, 18FDG 

was injected intraperitoneally, followed by a 60-min whole-body dynamic PET scan, and 

glycemia was measured in tail blood by a glucometer (OneTouch, Johnson&Johnson Med-

ical SpA, Pomezia, Italy). 

Processing. PET data were corrected for dead time, random coincidences, and radio-

active decay and reconstructed by a 3D-Ordered Subset Expectation Maximization (3D-

OSEM) algorithm. CT images were corrected for beam hardening and ring artifacts, re-

constructed with cone-beam filtered back-projection (FBP), and calibrated in Hounsfield 

units (HU). PET and CT images were fused, and regions of interest were manually drawn 

on PET-CT images in correspondence of lower abdominal SAT and interscapular BAT 

using the AMIDE Medical Image Data Examiner 1.0.4 (http://amide.sourceforge.net/). Tis-

sue radiodensity HU and tissue time activity curves were obtained from CT and PET im-

ages, respectively. The steady-phase of these curves was normalized to the integrated 

blood activity from injection to steady-phase, representing the fractional glucose extrac-

tion (GE), and multiplied by glycemia to obtain GU [36]. Then, GU per unit of tissue mass 

was multiplied by the whole mass of SAT by using published CT-based estimations of 

1.5% (young mice) and 2.0% (adult mice) of body weight, as validated by others [37]. 

4.3. Biochemical Analyses 

Blood samples were collected at the end of the imaging procedures to determine cir-

culating markers levels. Triglyceride levels were determined by a bench clinical chemistry 

analyzer (Reflovet® Plus, a scil animal care company S.r.l., Treviglio, Italy). Leptin and 

resistin levels were measured by Luminex® xMAP® technology (Merck-Millipore Corp., 

Boston, MA, USA). They have been previously reported [34,35] and were only used here 

to examine associations with AT metabolism. 

4.4. Gut Bacteria 16SrRNA Gene Sequencing 

Sample processing. The microbiome was analyzed in ceacum and colon content, as pre-

viously reported [34,35]. Briefly, after DNA purification (MasterPure Complete 

DNA&RNA Purification Kit (Epicentre, Illumina, San Diego, WI, USA), and normaliza-

tion to 10 ng/L (Qubit® 2.0 Fluorometer, Life Technology, Carlsbad, CA, USA), the V3–

V4 region of the 16S rRNA gene was amplified by PCR using Illumina adapter overhang 

nucleotide sequences according to Illumina protocols. The multiplexing step was per-

formed using a Nextera XT Index Kit (Illumina, San Diego, CA, USA). A Bioanalyzer DNA 

1000 chip (Agilent Technologies, Santa Clara, CA, USA) was used to check the PCR prod-

uct. Libraries were sequenced using a 2 x 300 bp paired-end run (MiSeq Reagent kit v3) 

on a MiSeq-Illumina platform (FISABIO sequencing service, Valencia, Spain) according to 

the manufacturer’s instructions (Illumina). R1 and R2 from sequencing were joined using 

fastq-join from the ea-tools suite (http://code.google.com/p/ea-utils). 

Data analysis. Data were obtained using an ad-hoc pipeline written in an R Statistics 

environment, and data processing was performed by a QIIME pipeline (version 1.9.0). 

Chimeric sequences and sequences that could not be aligned were removed. The clustered 

sequences were utilized to construct OTUs tables (97% identity), the taxonomical assign-

ment was based on the Greengenes database v13.8, and microbial relative abundances 

with Total Sum Scaling (TSS) normalization at phylum, family, and genus levels were ob-

tained. Sequences not taxonomically classified or belonging to cyanobacteria and chloro-

plasts (representing ingested plant material) were removed. The microbiota functionality 

was predicted using the PICRUSt 1.0.0, and the Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) was used to explore microbiota function [38]. 

4.5. Statistical Analyses 
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Results are presented as mean ± sem. Metabolic and imaging data between age-

matched groups were compared by analysis of variance, and standard regression analyses 

were used to evaluate associations. Wilcoxon-rank test was used to compare specific mi-

crobial taxa between groups. Spearman’s Rho correlation analysis was used to explore 

univariate associations between bacteria taxa relative abundances and imaging parame-

ters. FDR correction was applied in multiple comparisons/associations analyses, and p 

values ≤ 0.05 were considered statistically significant. 

Author Contributions: Conceptualization, supervision, resources, P.I.; funding acquisition, P.I., 

M.C.C.; formal analysis, P.I., M.A.G., M.C.C.; investigation, data curation, D.P., M.T., M.A.G., P.I.; 

writing—original draft preparation, P.I. All authors have read and agreed to the published version 

of the manuscript. 

Funding: P.I. acknowledges the support of the FP7-HEALTH-DORIAN project (Developmental or-

igins of Healthy and Unhealthy Ageing: the Role of Maternal Obesity, European Commission GA 

#278603) and CNR Flagship Project InterOmics (Italian Ministry of Education, University and Re-

search), as well as the JPI-HDHL-INTIMIC GUTMOM Project (ERA-NET H2020 Co-fund, project 

no. INTIMIC-085, Italian Ministry of Education, University and Research Decree no. 946/2019). 

M.C.C. would like to acknowledge the support of H2020-ERC Starting grant MAMI (ref. 639226) 

Institutional Review Board Statement: The study was conducted before the Italian Decree 26/2014, 

implementing Directive 2010/63/EU, and was therefore in accordance with the D.L.116/92 imple-

mentation of EEC directive 609/86 regarding the protection of animals used for experimental and 

other scientific purposes. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author, as they have not yet been uploaded to a public database. 

Acknowledgments: We acknowledge continuing technical support by the Animal Care staff. 

Conflicts of Interest: The authors declare no conflict of interest in relation to this work. The funders 

had no role in the design of the study, in the collection, analyses, or interpretation of data, in the 

writing of the manuscript, or in the decision to publish the results. 

References 

1. Vidal-Puig, A. Adipose tissue expandability, lipotoxicity and the metabolic syndrome. Endocrinol. Nutr. 2013, 60 (Suppl. 1), 39–

43. 

2. Virtanen, K.A.; Iozzo, P.; Hällsten, K.; Huupponen, R.; Parkkola, R.; Janatuinen, T.; Lönnqvist, F.; Viljanen, T.; Rönnemaa, T.; 

Lönnroth, P.; et al. Increased fat mass compensates for insulin resistance in abdominal obesity and type 2 diabetes: A positron-

emitting tomography study. Diabetes 2005, 54, 2720–2726. 

3. Iozzo, P. Viewpoints on the way to the consensus session: Where does insulin resistance start? The adipose tissue. Diabetes Care 

2009, 32 (Suppl. 2), S168–S173. 

4. Dadson, P.; Hannukainen, J.C.; Din, M.U.; Lahesmaa, M.; Kalliokoski, K.K.; Iozzo, P.; Pihlajamäki, J.; Karlsson, H.K.; Parkkola, 

R.; Salminen, P.; et al. Brown adipose tissue lipid metabolism in morbid obesity: Effect of bariatric surgery-induced weight loss. 

Diabetes Obes. Metab. 2018, 20, 1280–1288. 

5. Wang, H.; Chen, Y.; Mao, X.; Du, M. Maternal Obesity Impairs Fetal Mitochondriogenesis and Brown Adipose Tissue Develop-

ment Partially via Upregulation of MiR-204-5p. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 2706–2715. 

6. Raipuria, M.; Bahari, H.; Morris, M. Effects of Maternal Diet and Exercise during Pregnancy on Glucose Metabolism in Skeletal 

Muscle and Fat of Weanling Rats. PLoS ONE 2015, 10, e0120980. 

7. Li, C.; Goran, M.; Kaur, H.; Nollen, N.; Ahluwalia, J. Developmental Trajectories of Overweight During Childhood: Role of 

Early Life Factors. Obesity 2007, 15, 760–771. 

8. Eriksson, J.G.; Sandboge, S.; Salonen, M.K.; Kajantie, E.; Osmond, C. Long-term consequences of maternal overweight in preg-

nancy on offspring later health: Findings from the Helsinki Birth Cohort Study. Ann. Med. 2014, 46, 434–438. 

9. Orsso, C.E.; Colin-Ramirez, E.; Field, C.J.; Madsen, K.L.; Prado, C.M.; Haqq, A.M. Adipose Tissue Development and Expansion 

from the Womb to Adolescence: An Overview. Nutrients 2020, 12, 2735. 

10. Chu, D.M.; Antony, K.M.; Ma, J. The Early Infant Gut Microbiome Varies in Association with a Maternal High-Fat Diet. Genome 

Med. 2016, 8, 77. 



Metabolites 2022, 12, x FOR PEER REVIEW 14 of 15 
 

 

11. Guzzardi, M.A.; Ederveen, T.H.A.; Rizzo, F.; Weisz, A.; Collado, M.C.; Muratori, F.; Gross, G.; Alkema, W.; Iozzo, P. Maternal 

pre-pregnancy overweight and neonatal gut bacterial colonization are associated with cognitive development and gut microbi-

ota composition in pre-school-age offspring. Brain Behav. Immun. 2022, 100, 311–320. 

12. Cassidy-Bushrow, A.E.; Burmeister, C.; Havstad, S.; Levin, A.M.; Lynch, S.V.; Ownby, D.R.; Rundle, A.G.; Woodcroft, K.J.; 

Zoratti, E.M.; Johnson, C.C.; et al. Prenatal Antimicrobial Use and Early-Childhood Body Mass Index. Int. J. Obes. 2018, 42, 1–7. 

13. Mueller, N.T.; Whyatt, R.; Hoepner, L.; Oberfield, S.; Dominguez-Bello, M.G.; Widen, E.M.; Hassoun, A.; Perera, F.; Rundle, A. 

Prenatal Exposure to Antibiotics, Cesarean Section and Risk of Childhood Obesity. Int. J. Obes. 2015, 39, 665–670. 

14. Cho, I.; Yamanishi, S.; Cox, L.; Methe, B.A.; Zavadil, J.; Li, K.; Gao, Z.; Mahana, D.; Raju, K.; Teitler, I.; et al. Antibiotics in early 

life alter the murine colonic microbiome and adiposity. Nature 2012, 488, 621–626. 

15. Cox, L.M.; Yamanishi, S.; Sohn, J.; Alekseyenko, A.V.; Leung, J.M.; Cho, I.; Kim, S.G.; Li, H.; Gao, Z.; Mahana, D. et al. Altering 

the intestinal microbiota during a critical developmental window has lasting metabolic consequences. Cell 2014, 158, 705–721. 

16. Liang, X.; Yang, Q.; Zhang, L.; Maricelli, J.W.; Rodgers, B.D.; Zhu, M.J.; Du, M. Maternal high-fat diet during lactation impairs 

thermogenic function of brown adipose tissue in offspring mice. Sci. Rep. 2016, 6, 34345. 

17. Iozzo, P.; Sanguinetti, E. Early Dietary Patterns and Microbiota Development: Still a Way to Go from Descriptive Interactions 

to Health-Relevant Solutions. Front. Nutr. 2018, 5, 5. 

18. Yu, H.; Dilbaz, S.; Coßmann, J.; Hoang, A.C.; Diedrich, V.; Herwig, A.; Harauma, A.; Hoshi, Y.; Moriguchi, T.; Landgraf, K.; et 

al. Breast Milk Alkylglycerols Sustain Beige Adipocytes through Adipose Tissue Macrophages. J. Clin. Investig. 2019, 129, 2485–

2499. 

19. van den Elsen, L.W.J.; Verhasselt, V. Human Milk Drives the Intimate Interplay Between Gut Immunity and Adipose Tissue for 

Healthy Growth. Front. Immunol. 2021, 12, 645415. 

20. Savva, C.; Helguero, L.A.; González-Granillo, M.; Melo, T.; Couto, D.; Buyandelger, B.; Gustafsson, S.; Liu, J.; Domingues, M.R.; 

Li, X.; et al. Maternal high-fat diet programs white and brown adipose tissue lipidome and transcriptome in offspring in a sex- 

and tissue-dependent manner in mice. Int. J. Obes. 2022, 46, 831–842. 

21. Baba, S.; Jacene, H.A.; Engles, J.M.; Honda, H.; Wahl, R.L. CT Hounsfield units of brown adipose tissue increase with activation: 

Preclinical and clinical studies. J. Nucl. Med. 2010, 51, 246–250. 

22. U Din, M.; Raiko, J.; Saari, T.; Saunavaara, V.; Kudomi, N.; Solin, O.; Parkkola, R.; Nuutila, P.; Virtanen, K.A. Human Brown Fat 

Radiodensity Indicates Underlying Tissue Composition and Systemic Metabolic Health. J. Clin. Endocrinol. Metab. 2017, 102, 

2258–2267. 

23. Torriani, M.; Oliveira, A.L.; Azevedo, D.C.; Bredella, M.A.; Yu, E.W. Effects of roux-en-Y gastric bypass surgery on visceral and 

subcutaneous fat density by computed tomography. Obes. Surg. 2015, 25, 381–385. 

24. Rosenquist, K.J.; Pedley, A.; Massaro, J.M.; Therkelsen, K.E.; Murabito, J.M.; Hoffmann, U.; Fox, C.S. Visceral and subcutaneous 

fat quality and cardiometabolic risk. JACC Cardiovasc. Imag. 2013, 6, 762–771. 

25. Hu, H.H.; Chung, S.A.; Nayak, K.S.; Jackson, H.A.; Gilsanz, V. Differential computed tomographic attenuation of metabolically 

active and inactive adipose tissues: Preliminary findings. J. Comput. Assist. Tomogr. 2011, 35, 65e71. 

26. Iozzo, P. Metabolic imaging in obesity: Underlying mechanisms and consequences in the whole body. Ann. NY Acad. Sci. 2015, 

1353, 21–40. 

27. Summerfield, M.; Zhou, Y.; Zhou, T.; Wu, C.; Alpini, G.; Zhang, K.K.; Xie, L. A long-term maternal diet transition from high-fat 

diet to normal fat diet during pre-pregnancy avoids adipose tissue inflammation in next generation. PLoS ONE 2018, 13, 

e0209053. 

28. Guo, S.; Zhao, H.; Ma, Z.; Zhang, S.; Li, M.; Zheng, Z.; Ren, X.; Ho, C.T.; Bai, N. Anti-Obesity and Gut Microbiota Modulation 

Effect of Secoiridoid-Enriched Extract from Fraxinus mandshurica Seeds on High-Fat Diet-Fed Mice. Molecules 2020, 25, 4001. 

29. Karvonen, A.M.; Sordillo, J.E.; Gold, D.R.; Bacharier, L.B.; O’Connor, G.T.; Zeiger, R.S.; Beigelman, A.; Weiss, S.T.; Litonjua, 

A.A. Gut microbiota and overweight in 3-year old children. Int. J. Obes. 2019, 43, 713–723. 

30. Companys, J.; Gosalbes, M.J.; Pla-Pagà, L.; Calderón-Pérez, L.; Llauradó, E.; Pedret, A.; Valls, R.M.; Jiménez-Hernández, N.; 

Sandoval-Ramirez, B.A.; Del Bas, J.M.; et al. Gut Microbiota Profile and Its Association with Clinical Variables and Dietary 

Intake in Overweight/Obese and Lean Subjects: A Cross-Sectional Study. Nutrients 2021, 13, 2032. 

31. Martinez-Guryn, K.; Hubert, N.; Frazier, K.; Urlass, S.; Musch, M.W.; Ojeda, P.; Pierre, J.F.; Miyoshi, J.; Sontag, T.J.; Cham, C.M.; 

et al. Small Intestine Microbiota Regulate Host Digestive and Absorptive Adaptive Responses to Dietary Lipids. Cell Host Mi-

crobe 2018, 23, 458–469.e5. 

32. Xing, Z.; Zhang, Y.; Li, M.; Guo, C.; Mi, S. RBUD: A New Functional Potential Analysis Approach for Whole Microbial Genome 

Shotgun Sequencing. Microorganisms 2020, 8, 1563. 

33. Valeri, F.; Endres, K. How biological sex of the host shapes its gut microbiota. Front. Neuroendocrinol. 2021, 61, 100912. 

34. Sanguinetti, E.; Guzzardi, M.A.; Tripodi, M.; Panetta, D.; Selma-Royo, M.; Zega, A.; Telleschi, M.; Collado, M.C.; Iozzo, P. Mi-

crobiota signatures relating to reduced memory and exploratory behaviour in the offspring of overweight mothers in a murine 

model. Sci. Rep. 2019, 9, 12609. 

35. Guzzardi, M.A.; La Rosa, F.; Campani, D.; Cacciato Insilla, A.; De Sena, V.; Panetta, D.; Brunetto, M.R.; Bonino, F.; Collado, 

M.C.; Iozzo, P. Maturation of the Visceral (Gut-Adipose-Liver) Network in Response to the Weaning Reaction versus Adult 

Age and Impact of Maternal High-Fat Diet. Nutrients 2021, 13, 3438. 



Metabolites 2022, 12, x FOR PEER REVIEW 15 of 15 
 

 

36. Guzzardi, M.A.; Guiducci, L.; Campani, D.; La Rosa, F.; Cacciato Insilla, F.; Bartoli, A.; Cabiati, M.; De Sena, V.; Del Ry, S.; 

Burchielli, S.; et al. Leptin resistance before and after obesity: Evidence that tissue glucose uptake underlies adipocyte enlarge-

ment and liver steatosis/steatohepatitis in Zucker rats from early-life stages. Int. J. Obes. 2022, 46, 50–58. 

37. Tekus, E.; Miko, A.; Furedi, N.; Rostas, I.; Tenk, J.; Kiss, T.; Szitter, I.; Balasko, M.; Helyes, Z.; Wilhelm, M.; et al. Body fat of rats 

of different age groups and nutritional states: Assessment by micro-CT and skinfold thickness. J. Appl. Physiol. (1985) 2018, 124, 

268–275. 

38. Langille, M.G.I.; Zaneveld, J.; Caporaso, J.G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.; Burkepile, D.E.; Thurber, 

R.L.V.; Knight, R.; et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences Nat. 

Biotechnol. 2013, 31, 814–821. 


