
Intestinal Gluconeogenesis Shapes Gut Microbiota,
Fecal and Urine Metabolome in Mice with Gastric
Bypass Surgery
Justine Vily-Petit 

Université Claude Bernard Lyon 1, Université de Lyon, INSERM UMR-S1213
Aude Barataud 

Université Claude Bernard Lyon 1, Université de Lyon, INSERM UMR-S1213
Carine Zitoun 

Université Claude Bernard Lyon 1, Université de Lyon, INSERM UMR-S1213
Amandine Gautier-Stein 

Université Claude Bernard Lyon 1, Université de Lyon, INSERM UMR-S1213
Matteo Serino  (  matteo.serino@inserm.fr )

IRSD, Université de Toulouse, INSERM, INRAE, ENVT, UPS
Gilles Mithieux 

Université Claude Bernard Lyon 1, Université de Lyon, INSERM UMR-S1213

Research Article

Keywords: gut microbiota dysbiosis, intestinal gluconeogenesis, gastric bypass, fecal and urine
metabolome

Posted Date: October 11th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-892275/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Scienti�c Reports on January 26th, 2022.
See the published version at https://doi.org/10.1038/s41598-022-04902-y.

https://doi.org/10.21203/rs.3.rs-892275/v1
mailto:matteo.serino@inserm.fr
https://doi.org/10.21203/rs.3.rs-892275/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-022-04902-y


 

1 

 

Intestinal Gluconeogenesis Shapes Gut Microbiota, Fecal and Urine Metabolome in 1 

Mice with Gastric Bypass Surgery 2 

Justine Vily-Petit1, Aude Barataud1, Carine Zitoun1,  3 

Amandine Gautier-Stein1, Matteo Serino2*$ & Gilles Mithieux1*$ 4 

1Université Claude Bernard Lyon 1, Université de Lyon, INSERM UMR-S1213, Lyon, France. 5 
2IRSD, Université de Toulouse, INSERM, INRAE, ENVT, UPS, Toulouse, France. 6 

*Corresponding authors: gilles.mithieux@univ-lyon1.fr, Tel : +33 4 78 77 87 88 ; 7 

matteo.serino@inserm.fr; https://orcid.org/0000-0003-4644-8532; Tel: +33 5 62 74 45 25. 8 
$Equal contribution.  9 

Short title: gastric bypass and gut gluconeogenesis 10 

 11 

Word count: abstract: 197; Main text: 4846. 12 

 13 

Competing interests: The authors declare no conflict of interests. 14 

Funding: This study was funded by the Agence Nationale de la Recherche (project 15 

GLUCOFLORAB: ANR11-BSV1-016-01 to G.M.). 16 

Abbreviations used in this paper: ANOVA, analysis of variance; GBP, gastric bypass; HFHS, 17 

high-fat high-sucrose; IGN, intestinal glucose production; iG6PC-KO, intestinal glucose-6-18 

phosphatase catalytic subunit knock-out; Lap, laparotomized; LDA, linear discriminant 19 

analysis; NC, normal chow; PF, pair-fed; SCFAs, short chain fatty acids; T2DM, type 2 diabetes 20 

mellitus; TMA, trimethylamine; WT, wild-type. 21 

 22 

Data Availability: The microbiota datasets generated and analysed in the current study are 23 

available in the Sequence Read Archive (SRA) repository 24 

(https://submit.ncbi.nlm.nih.gov/subs/sra/) with the assigned identifier PRJNA595458. All 25 

metabolomics data are within the manuscript. 26 

 27 

Keywords: gut microbiota dysbiosis; intestinal gluconeogenesis; gastric bypass; fecal and 28 

urine metabolome 29 

 30 

 31 

 32 

 33 

mailto:gilles.mithieux@univ-lyon1.fr
mailto:matteo.serino@inserm.fr
https://orcid.org/0000-0003-4644-8532
https://submit.ncbi.nlm.nih.gov/subs/sra/


 

2 

 

Abstract 34 

Background&Aims: Intestinal gluconeogenesis (IGN), gastric bypass (GBP) and gut 35 

microbiota positively regulate glucose homeostasis and diet-induced dysmetabolism. GBP 36 

modulates gut microbiota but whether IGN intensity could shape it has not been investigated. 37 

Methods: To this aim, we studied gut microbiota and microbiome in wild-type and IGN-38 

deficient mice which underwent GBP and were fed on either a normal chow (NC) or a high-39 

fat/high-sucrose (HFHS) diet. We also studied fecal and urine metabolome in NC-fed mice. 40 

Results: IGN and GBP had a peculiar effect on both gut microbiota and microbiome, on NC 41 

and HFHS diet. IGN inactivation induced Deltaproteobacteria on NC and higher 42 

Proteobacteria such as Helicobacter on HFHS diet. GBP induced higher Firmicutes and 43 

Proteobacteria on NC-fed WT mice and Firmicutes, Bacteroidetes and Proteobacteria on 44 

HFHS-fed WT mice. The combined effect of IGN inactivation and GBP induced higher 45 

Actinobacteria on NC and higher Enterococcaceae and Enterobacteriaceae on HFHS diet. A 46 

reduction was observed in short-chain fatty acids in fecal (by GBP) and in both fecal and urine 47 

(by IGN inactivation) metabolome.  48 

Conclusions: IGN and GBP, alone and in combination, shape gut microbiota and microbiome 49 

on NC- and HFHS-fed mice, together with a change in fecal and urine metabolome. 50 

 51 

Introduction 52 

The worldwide rise in the prevalence of obesity is associated with increased incidence 53 

of various metabolic disorders. In this context, bariatric surgeries have emerged as the most 54 

effective therapies to treat obesity and one of its comorbidities such as type 2 diabetes mellitus 55 

(T2DM) [1, 2]. The Roux-en-Y gastric bypass (GBP) procedure is one of the most performed 56 

and efficient bariatric surgeries. After GBP, patients exhibit reduced food intake and a 57 
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considerable and long-term weight loss of up to 30% [2, 3]. Improvement or even remission of 58 

T2DM is observed in 80% of patients [4, 5]. However, the improvements in glycemic control 59 

cannot be exclusively correlated to weight loss. Indeed, many type 2 diabetic patients stop their 60 

medication within days after surgery, before any significant body weight loss occurred [6]. 61 

Thus, a better understanding of mechanisms underlying metabolic improvements initiated by 62 

GBP has been the matter of huge efforts by the scientific community over the last decades. 63 

Given the role of gut microbiota in metabolic diseases, it has been often suggested that a 64 

modification in gut microbiota composition could have a role in the metabolic benefits 65 

associated with GBP [7]. 66 

Among other mechanisms proposed to account for metabolic benefits of GBP, one relates to 67 

the activation of intestinal gluconeogenesis (IGN), documented by several groups [8-11]. An 68 

increased IGN was proven to induce beneficial effects on glucose homeostasis and energy 69 

metabolism at the hypothalamic level [12-14]. Glucose deriving from IGN is released into the 70 

portal vein and sensed by a portal glucose sensor, which initiates a gut-liver-brain circuit 71 

inducing satiety, increased hepatic insulin sensitivity and decreased hepatic glucose production 72 

[14]. In fact, IGN is increased and hepatic glucose production decreased in two models of GBP, 73 

i.e. duodenal-jejunal GBP in rats [8, 9, 11] and enterogastroanastomosis in mice [10]. IGN has 74 

been recenlty documented to be activated after GBP in humans [15, 16]. Moreover, the 75 

metabolic outcomes of GBP in obese patients were suggested to be all improved as IGN is high 76 

at the time of surgery [17]. It is noteworthy that, independently of GBP, IGN is markedly 77 

activated by short chain fatty acids (SCFAs), i.e. propionate and butyrate that are gut microbial 78 

products derived from fermentation of dietary fibers [12]. Hence, the activation of IGN by 79 

SCFAs allowed us to explain the anti-obesity and anti-diabetic effects of dietary fibers, the 80 

latters being comparable to the metabolic benefits of GBP surgery [12]. SCFAs are also a 81 

crucial factor of bacterial cross-feeding, which may influence the growth or decay of specific 82 
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bacterial species [18]. It is noteworthy that the changes in cecal SCFAs content and composition 83 

induced by fiber-enriched diet are modulated acccording to the presence or absence of IGN 84 

[12]. Thus, it was a first question of this study to know whether IGN inactivation per se might 85 

shape gut microbiota then influencing SCFAs production. We addressed this question using 86 

IGN-deficient mice (knocked-out for the catalytic subunit of glucose-6-phosphatase 87 

specifically in the intestine (iG6PC-KO)) compared to wild-type (WT) mice. 88 

 The second question was to know whether a shift in gut microbiota to SCFAs-89 

producing bacteria could account for metabolic benefits associated with GBP. To address this 90 

question, both WT and iG6PC-KO mice underwent GBP. Laparotomized (Lap) mice served as 91 

control group for GBP. To analyse how a shift in gut microbiota might affect host metabolites, 92 

we performed a fecal and urine metabolome analysis on normal chow (NC)-fed mice. Finally, 93 

since the type of food profoundly alters gut microbiota composition [19], we studied both WT 94 

and iG6PC-KO mice that underwent GBP and were fed either a NC or a high-fat high-sucrose 95 

(HFHS) diet.  96 

 97 

Results 98 

Effects of intestinal gluconeogenesis inactivation on gut microbiota and microbiome in 99 

normal chow and high-fat high-sucrose fed mice. 100 

Please note first that throughout the manuscript the term microbiota refers to ecological 101 

structure (relative abundance in %) of gut microbes, whereas the term microbiome refers to 102 

microbial inferred functions. 103 

We assessed the effect of IGN inactivation on both gut microbiota and microbiome in 104 

NC-fed mice (these mice underwent a laparotomy (identified as “Lap” group) to serve as control 105 

for mice that underwent GBP). On a NC, iG6PC-KO mice had higher relative abundance of 106 
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bacteria from phylum Proteobacteria, such as Desulfovibrio, and from phylum Bacteroidetes, 107 

such as Odoribacter, Alistipes, Rikenella as well as bacteria from phylum Firmicutes such as 108 

Candidatus Arthromitus, compared to WT mice (Figure 1A). The overall diversity of gut 109 

microbiota of NC-fed iG6PC-KO was significantly different from that of WT mice, mostly 110 

based on Chao-1 index (Fig.1B) as confirmed by comparison of overall microbial profiles 111 

(Fig.1C). In addition, the microbiome of NC-fed iG6PC-KO exhibited an imputed functional 112 

increase of nitrogen metabolism (Fig.1D). 113 

Then, we studied the impact of IGN inactivation on gut microbiota and microbiome of 114 

both WT and iG6PC-KO mice fed a high-fat/high-sucrose (HFHS) diet. The major change was 115 

the higher abundance of genus Helicobacter (Proteobacteria phylum) in the gut microbiota of 116 

HFHS-fed iG6PC-KO mice compared to WT mice (Fig.1E). The overall diversity of gut 117 

microbiota of HFHS-fed iG6PC-KO was significantly different from that of WT mice, mostly 118 

based on Chao-1 index (Fig.1F) as confirmed by comparison of overall microbial profiles 119 

(Fig.1G). In addition, the microbiome of HFHS-fed iG6PC-KO showed two higher bacterial 120 

motility-related inferred functions (Fig.1H). Altogether, these data indicate that IGN 121 

inactivation affects gut microbiota composition and functions regardless of diet. 122 

 123 

Intestinal gluconeogenesis inactivation reduces acetate in fecal and urine 124 

metabolome. 125 

 Since IGN inactivation affects gut microbiota composition and functions on both NC- 126 

and HFHS-feeding, as reported above, and to avoid masking effects of HFHS diet on iG6PC-127 

KO genotype [20], we evaluated the impact of IGN inactivation on both fecal and urine 128 

metabolome in NC-fed mice only. The overall fecal metabolome profile of iG6PC-KO mice 129 

was different from that of WT mice (Fig.2A), due to a reduction in acetate (Fig.2B) and 130 
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trimethylamine (TMA) and its precursor choline (Fig.2C). Other changes were observed in 131 

fecal sugars, amino acids and esters and other metabolites, without a significant impact on the 132 

overall profile (Suppl.Fig.1). The overall urine metabolome profile was not significantly 133 

affected by IGN inactivation though SCFAs, esters and other metabolites showed different 134 

profiles from those of WT mice (Fig.3). TMA and its precursors together with urine volume 135 

out of 48h did not significantly vary (Suppl.Fig.2A,B). These data were associated with an 136 

increased food intake over 48h (Suppl.Fig.2C) with no significant effect on body weight 137 

(Suppl.Fig.2D). Altogether, these data indicate that IGN inactivation affects both fecal and 138 

urine metabolome. 139 

 140 

Effects of gastric bypass on gut microbiota, microbiome, fecal and urine 141 

metabolome in normal chow fed mice. 142 

GBP is one of the most promising and effective treatments for severe obesity, also 143 

inducing a huge amelioration of T2DM. To understand the impact of GBP on gut microbiota, 144 

we analysed both gut microbiota and microbiome in NC- and HFHS-fed WT mice after GBP 145 

surgery. GBP was previously reported not to change food intake on NC [21, 22], thus, there 146 

was no rationale to study a pair-fed (PF) group. On NC, GBP induced a shift of gut microbiota 147 

towards Firmicutes and Deltaproteobacteria (Fig.4A) compared to control mice that underwent 148 

laparotomy. This change was not associated with a different overall diversity (Fig.4B), but with 149 

a divergent, though not significantly, overall gut microbiota profile (Fig.4C) and with a 150 

different microbiome (Fig.4D).  151 

GBP induced a significant change in overall fecal metabolome (Fig.5A), due to 152 

increased fecal glucose (Fig.5B), reduced fecal acetate (Fig.5C), a general reduction in fecal 153 

amino acids (Fig.5D) and a change in several esters (Fig.5E) with no significant change in 154 
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TMA and its precursors (Suppl.Fig.3A). By contrast, GBP slightly affected urine metabolome 155 

(Suppl.Fig.3B-F) with no change in urine volume over 24 and 48 hours (Suppl.Fig.3G). 156 

 157 

Gastric bypass modifies gut microbiota and microbiome in high-fat high-sucrose 158 

fed mice. 159 

GBP was reported to decrease food intake during HFHS feeding [23, 24]. Thus, to avoid 160 

the impact of decreased food intake on gut microbiota, we set up a group of pair-fed (PF) WT 161 

mice (HFHS_WT_Lap_PF mice) that underwent laparotomy and received the same amount of 162 

food as GBP mice. During HFHS feeding, we observed that GBP in WT mice induced a shift 163 

towards Proteobacteria, compared to both WT-Lap and WT-Lap-PF mice (Fig.6A). The 164 

overall diversity was significantly highly different, based on Chao-1 and Fisher-alpha indices 165 

(Fig.6B) as well as the general gut microbial profile (Fig.6C). GBP also induced a change in 166 

many inferred microbial functions related to chemicals metabolism (Fig.6D) with an overall 167 

microbiome profile significantly different from that of control mice not PF (Fig.6E). This 168 

evidence suggests that on a HFHS diet, gut microbiome would be more modulated by the 169 

amount of food ingested, than by GBP. 170 

 171 

Combined effect of GBP and IGN inactivation on gut microbiota, microbiome, fecal and 172 

urine metabolome in normal chow fed mice. 173 

 Next, we evaluated the combined effect of GBP and IGN inactivation on gut microbiota, 174 

microbiome, fecal and urine metabolome during NC. iG6PC-KO mice that underwent GBP 175 

showed higher abundance of Proteobacteria and Actinobacteria, compared to Lap iG6PC-KO 176 

mice (Fig.7A). None of the diversity indices was significantly changed (Fig.7B), though the 177 
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overall gut microbiota profiles were significantly dissimilar (Fig.7C) and the microbiome 178 

showed significant changes (Fig.7D). Note that iG6PC-KO did not affect neither food intake 179 

nor body weight (Suppl.Fig.4). These data indicate that GBP may counteract IGN inactivation-180 

induced change in gut microbiota. 181 

It is noteworthy that in iG6PC-KO mice GBP did not significantly change fecal 182 

metabolome (Suppl.Fig.5) and slightly changed urine metabolome (Fig.8A,B and 183 

Suppl.Fig.6). 184 

When combining gut microbiota and fecal metabolome from all NC-fed mice (Fig.9A) 185 

we identified some correlations: i) genus Lactobacillus strongly and positively correlated with 186 

leucine (Fig.9B) and 5-aminovalerate (Fig.9C); ii) family Lachnospiraceae was negatively 187 

correlated with acetate (Fig.9D) and iii) family Ruminococcaceae was negatively correlated 188 

with glucose (Fig.9E). However, these bacteria were not specifically enriched in a given group 189 

of NC-fed mice (Fig.9F), suggesting fecal metabolites composition is more related to overall 190 

NC-fed microbiota than to a specific group of mice. 191 

When combining gut microbiota and urine metabolome from all NC-fed mice (Fig.10A) 192 

we found family Muribaculaceae negatively correlated with 2-hydroxybutyrate (Fig.10B), 193 

positively correlated with benzoate (Fig.10C) and negatively correlated with glycine (Fig.10D). 194 

Again, these bacteria were not specifically enriched in a given group of NC-fed mice (Fig.9F), 195 

suggesting urine metabolites composition is more related to overall NC-fed microbiota than to 196 

a specific group of mice. 197 

We did not identify any cluster of parameters from gut microbiota, microbiome and 198 

fecal metabolites (Suppl.Fig.7A). By contrast, the genus Lactobacillus was significantly and 199 

positively correlated with microbial pathway related to transcription proteins and urine 200 

succinate (Suppl.Fig.7B-D). 201 
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Combined effect of GBP and IGN inactivation on gut microbiota and microbiome in 202 

HFHS-fed mice. 203 

On HFHS, iG6PC-KO mice that underwent GBP showed higher relative abundance of 204 

bacteria from family Enterococcaceae and from order Enterobacteriales, compared to both 205 

laparotomized iG6PC-KO mice and PF laparotomized iG6PC-KO mice (Fig.11A). The overall 206 

diversity, mostly based on Chao-1 and Fisher-alpha indices, as well as the general gut 207 

microbiota profile of iG6PC-KO mice that underwent GBP were significantly different from 208 

the other groups of mice (Fig.11B-C). Microbial inferred functions related to amino acid 209 

metabolism were also significantly enriched (Fig.11D), though the general microbiome profile 210 

was not significantly divergent (Fig.11E), compared to the other groups of mice. All these data 211 

showed that GBP in iG6PC-KO mice is able to modulate gut microbiota and microbiome during 212 

both NC and HFHS diets. 213 

 214 

GBP induces specific changes in gut microbiota and microbiome of NC- and 215 

HFHS-fed WT mice. 216 

To specifically determine the role of diet in relation to WT genotype, we compared gut 217 

microbiota and microbiome of all of the WT mice fed either a NC or a HFHS diet in this work. 218 

All groups of mice displayed at least a specific microbial taxon (Suppl.Fig.8A). In detail, on 219 

NC, the phyla Bacteroidetes and Actinobacteria had a higher abundance in laparotomized mice, 220 

while bacteria from order Lactobacilalles showed a higher abundance in GBP mice. On HFHS 221 

diet, the phylum Proteobacteria together with bacteria from genus Bacteroides had a higher 222 

abundance in GBP mice, whereas laparotomized mice had a higher abundance of Firmicutes 223 

and PF laparotomized HFHS-fed mice had a higher abundance of family Rikenellaceae and 224 

genus Bilophila. The overall diversity of gut microbiota of all groups of mice was highly and 225 
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significantly divergent, mostly based on Chao-1 and, to a lesser extent, to Fisher-alpha indices 226 

(Suppl.Fig.8B). The overall profile of gut microbiota of all groups of mice was also 227 

significantly diverse, with NC-fed laparotomized mice being the most divergent group 228 

compared to HFHS-fed mice (Suppl.Fig.8C). Consistently, all groups of WT mice displayed 229 

microbial inferred functions enriched by GBP and diet (Suppl.Fig.8D). The profile of gut 230 

microbiome of all groups of mice was also significantly diverse, with HFHS-fed GBP mice 231 

being the most diverse group when compared to HFHS-fed mice (Suppl.Fig.8E). 232 

Then, by generating a matrix with all bacterial taxa and functions from WT mice 233 

(Suppl.Fig.9A) we identified four bacterial taxa which were highly, significantly and positively 234 

correlated with four bacterial functions (Suppl.Fig.9B-E). In detail, bacteria from 235 

Desulfovibrionaceae family correlated to indole alkaloid biosynthesis (Suppl.Fig.9B) and were 236 

those whose abundance was higher in HFHS-fed GBP WT mice (Fig.6A). Overall, these data 237 

highlight correlations among microbial taxa and inferred microbial functions which are 238 

associated to GBP in both NC and HFHS-fed WT mice. 239 

 240 

GBP induces specific changes in gut microbiota and microbiome of NC- and 241 

HFHS-fed iG6PC-KO mice. 242 

To specifically determine the role of diet in relation to iG6PC-KO genotype, we 243 

compared the gut microbiota and microbiome of all of the iG6PC-KO mice fed either a NC or 244 

a HFHS diet in this work. All groups of mice displayed specific taxa of gut microbiota 245 

(Suppl.Fig.10A). In detail, on a NC, the class of Bacilli had a higher abundance in 246 

laparotomized iG6PC-KO mice whereas the gut microbiota of GBP iG6PC-KO mice showed 247 

higher abundance of phyla Proteobacteria, Bacteroidetes and Actinobacteria. On a HFHS 248 

feeding, bacteria from order Enterobacteriales and genus Roseburia showed a higher 249 
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abundance in GBP iG6PC-KO mice; genus Anaerovorax had a higher abundance in 250 

laparotomized iG6PC-KO mice whereas the gut microbiota of PF iG6PC-KO mice was 251 

characterized by a higher abundance of bacteria from Christensenellaceae family and genus 252 

Alistipes. The overall diversity of gut microbiota of all of the groups of mice was highly and 253 

significantly different, based on both Chao-1 and Fisher-alpha indices (Suppl.Fig.10B). The 254 

overall profile of gut microbiota of all groups of mice was significantly diverse, with a more 255 

pronounced diet effect (Suppl.Fig.10C), compared to WT mice (Suppl.Fig.10C). These data 256 

suggest a synergic effect by GBP and diet on gut microbiota in iG6PC-KO mice. Regarding gut 257 

microbiome, all groups of iG6PC-KO mice displayed specific microbial inferred functions 258 

enriched by GBP and diet (Suppl.Fig.10D) and a significantly diverse overall profile 259 

(Suppl.Fig.10E). 260 

Then, we generated a matrix with all bacterial taxa and functions to identify clusters 261 

between these two types of parameters (Suppl.Fig.11A). We identified two bacterial taxa 262 

highly, significantly and positively correlated with two bacterial functions (Suppl.Fig.11B,C). 263 

As observed in WT mice, bacteria from Desulfovibrionaceae family (Suppl.Fig.11B) 264 

correlated to indole alkaloid biosynthesis. Overall, these data highlight correlations among 265 

microbial taxa and inferred microbial functions that are associated with GBP in both NC and 266 

HFHS-fed iG6PC-KO mice. Moreover, diet appears to dominate over GBP effect. 267 

Finally, it is noteworthy that the comparative analysis of both gut microbiota 268 

(Suppl.Fig.12) and microbiome (Suppl.Fig.13) could identify at least a specific microbial 269 

taxon and microbial inferred functions in each of the ten groups of mice in this study. Only the 270 

gut microbiota of HFHS-fed iG6PC-KO GBP mice did not significantly vary compared to all 271 

the other groups of mice (since it does not appear in Suppl.Fig.12) whereas its microbiome 272 

showed specific inferred functions Suppl.Fig.13. Overall, these data show that GBP induces 273 
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highly specific changes in both gut microbiota and microbiome in both WT and iG6PC-KO 274 

mice, regardless of diet. 275 

 276 

Discussion 277 

 In this study, we evaluated separately and combinedly the effects of both IGN 278 

inactivation and GBP on gut microbiota and microbiome in NC- and HFHS-fed mice. Our data 279 

highlight that both IGN and GBP have the capacity to modulate gut microbiota and microbiome 280 

regardless of the two diets. We hypothesized that IGN inactivation might change the content of 281 

SCFAs in the lumen, leading to a modification in bacterial cross-feeding and a final shaping of 282 

gut microbiota. Consistent with our hypothesis, we found a reduction in fecal acetate, which is 283 

the major SCFA produced. In accordance with our data, IGN inactivation in HFHS-fed mice 284 

supplemented with fructooligosaccharides also decreased cecal acetate content without 285 

measurable changes in propionate and butyrate [13]. We also showed that IGN inactivation on 286 

NC induced a dysbiosis with higher relative abundance of bacteria belonging to major phyla 287 

such as Firmicutes, Proteobacteria and Bacteroidetes.  288 

In line with our previous report, during HFHS-feeding, mice with IGN inactivation 289 

displayed higher abundance of Firmicutes, which is in line with our previous report [12]. 290 

HFHS-fed mice with IGN inactivation also had a higher abundance of Proteobacteria such as 291 

Helicobacter, which was not observed during HFHS feeding or IGN inactivation alone. This 292 

evidence may suggest a detrimental effect of the suppression of IGN on gut microbial 293 

community. In fact, during NC feeding, WT mice compared to iG6PC-KO mice had higher 294 

abundance of genus Parabacteroides, shown to alleviate obesity and metabolic alterations in 295 

both ob/ob and HFD-fed mice, by activating IGN via the production of succinate [25]. 296 

Additionally, once combined with a nutritional challenge such as a HFHS diet, IGN inactivation 297 
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may be deleterious for the host via the subsequent increase of pathogens such as Helicobacter 298 

[26, 27]. This interpretation is corroborated by the higher bacterial motility-related inferred 299 

functions observed in the gut microbiome of HFHS-fed iG6PC-KO mice, the efficacy of 300 

bacterial motility being a distinguishing trait of pathogens [28].  301 

GBP induced higher Firmicutes and Proteobacteria on NC (limited sample size due to 302 

complexity of GBP surgery may have underpowered the experimental comparison between 303 

NC_WT_Lap and NC_WT_GBP groups) and higher Firmicutes, Bacteroidetes and 304 

Proteobacteria on HFHS diet. Firmicutes are major producers of SCFAs such as butyrate. 305 

Therefore, a shift in gut microbiota towards SCFAs-producing bacteria could account, at least 306 

in part, for the metabolic benefits of GBP, since SCFAs induce multiple metabolic benefits for 307 

the host [29] including the activation of IGN [12-14]. We did not observe changes in fecal 308 

butyrate content regardless of genotype, GBP or diet in our study. Indeed, changes in the 309 

amount of propionate and butyrate are more difficult to highlight in feces since they are mainly 310 

absorbed by colonocytes [30, 31]. A similarity between the shift in gut microbiota induced by 311 

IGN inactivation and GBP was observed at the level of phyla (Firmicutes, Bacteroidetes and 312 

Proteobacteria). However, at sublevels such as family, genus and species the two shifts showed 313 

some differences, underlining the impact of both IGN inactivation and GBP on NC and HFHS. 314 

More importantly, IGN but not GBP induced changes in urine acetate levels. Butyrate 315 

is the preferred energy substrate for colonocytes, while propionate and acetate cross gut barrier 316 

to reach the portal vein. Most of propionate is metabolized by the liver but not acetate. As a 317 

result, acetate is the most abundant SCFA in the systemic circulation whereas only small 318 

amounts of butyrate and propionate could be found in periphery [32]. Microbiota shaping by 319 

IGN inactivation might thus control systemic acetate plasma levels and consequently negatively 320 

impact on host metabolism. Overall, the detrimental effects deriving from IGN inactivation 321 
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agree with the previous observation that SCFAs activate IGN [29] thus leading to huge 322 

metabolic benefits. 323 

It is noteworthy that GBP counteracted changes induced by IGN inactivation on gut 324 

microbiota and microbiome during both NC and HFHS diet. On one hand, we observed that 325 

NC-fed iG6PC-KO mice that underwent GBP had higher Bifidobacteria at the taxonomic levels 326 

of order, family and genus. Bifidobacteria are known probiotics [33], therefore the combination 327 

of GBP and IGN inactivation during NC feeding appears to benefit the host by shifting gut 328 

microbiota towards an enrichment in beneficial microbes. By contrast, on a HFHS feeding, the 329 

combination of GBP and IGN inactivation appears to disadvantage the host, by shifting gut 330 

microbiota towards an enrichment in detrimental microbes, such as those from genus 331 

Escherichia_Shigella, which are known Enterobacteria pathogens [34]. During HFHS feeding, 332 

GBP induced a significant decrease in Fisher and Chao-1 diversity indices in both WT and 333 

iG6PC-KO mice. These indices are related to rare microbial taxa, suggesting that this reduction 334 

is not affecting the overall gut microbiota diversity. 335 

The family Desulfovibrionaceae was significantly and positively correlated with the 336 

indole alkaloid biosynthesis microbial pathway, when combining microbiota and microbiome 337 

in both all WT and iG6PC-KO mice in this study. A vast body of publications points out the 338 

role of indole as a microbial metabolite responsible for many regulatory effects on host 339 

functions, such as inflammation and gut barrier [29]. The Desulfovibrionaceae family showed 340 

a higher relative abundance in the gut microbiota of both NC- and HFHS-fed WT mice that 341 

underwent GBP. This evidence appears in keeping with te benefits of GBP on the detrimental 342 

changes induced on gut microbiota either by IGN inactivation on NC or by a HFHS diet. 343 

However, the relative abundance of Desulfovibrionaceae family was also higher in gut 344 

microbiota of NC-fed iG6PC-KO mice. This evidence suggests that the presence of 345 
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Desulfovibrionaceae family may be necessary but not sufficient to explain alone the beneficial 346 

effects of GBP to the host. Rather, the overall GBP-modified gut microbiota would account for 347 

these positive effects.  348 

 When considering the impact on gut microbiota of both IGN inactivation and GBP 349 

during NC and HFHS feeding, the most striking result is the fact that every group of mice, 350 

regardless of genotype and diet, had at least a specific taxon and/or an inferred microbial 351 

function. This evidence underlines deep modifications induced by IGN inactivation and GBP 352 

on gut microbiota. By showing that GBP may also counteract, at least in part, IGN inactivation-353 

induced gut microbiota dysbiosis, our study also provides a new rationale susceptible to account 354 

for metabolic benefits of GBP. Finally, inactivation of IGN reduces the intestinal capacity to 355 

metabolize specific bacterial metabolites such as SCFAs, changing both ecological structure 356 

and functions of gut microbiota. 357 

 358 

Materials and Methods 359 

Animal models 360 

All experiments were performed according to the principles and guidelines established by the 361 

European Convention for the Protection of Laboratory Animals. Protocols were approved by 362 

our regional animal care committee (C2EA-55, Université Lyon 1, Lyon) and by the Ministry 363 

of Higher Education and Research (Agreement project number: Apafis#11929-364 

2017102421331413 v1). Male C57Bl/6J wild-type mice (WT) were purchased from Charles 365 

River Laboratories at 4 weeks of age. Male iG6PC-KO mice, with an intestine-specific 366 

disruption of the catalytic subunit (G6pc1) of glucose-6 phosphatase, the key enzyme in 367 

endogenous glucose production, were generated as described previously [35]. Briefly, 7-8-wk-368 

old iG6PC-KO mice received a daily 100 µL injection of Tamoxifen (10 mg/mL, Sigma) on 5 369 
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consecutive days. WT mice did not receive tamoxifen as they will undergo major surgery and 370 

a HFHS diet for 20 weeks (see below). In fact, the putative metabolic effect of tamoxifen in 371 

adult mice decreases sharply after 5 weeks, thus its effect will likely be dominated by nutritional 372 

and/or surgical cues [36, 37].   373 

All mice were housed in the animal facility of Lyon 1 University under controlled temperature 374 

(22 ± 2°C) and lighting (12 h light/dark cycle with light at 7 a.m.) with free access to food and 375 

water. 376 

To induce obesity, 4-weeks old WT and iG6PC-KO mice were placed on high-fat/high-sucrose 377 

(HFHS) diet for 20 weeks prior to surgery. HFHS diet, consisting of 36.1% fat, 35% 378 

carbohydrates (50% maltodextrine + 50% sucrose) and 19.8% proteins, was produced by the 379 

Unité de Préparation des Aliments Expérimentaux (UE SAAJ INRAE, Jouy-en-Josas, France). 380 

For experiments in lean animals, WT and iG6PC-KO mice were maintained on standard diet 381 

(SAFE A04, Augis, France) and surgery was performed at 24-weeks old. All animals were 382 

maintained on their respective diet after surgery.  383 

The duodenal-jejunal bypass surgery (GBP) was performed as previously described in 24-weeks 384 

old mice [38]. For each genotype (WT and iG6PC-KO), GBP (duodenal-jejunal)-operated mice 385 

and sham-operated mice groups were constituted at the day of surgery; sham operation 386 

consisting in a laparotomy [38]. Since GBP mice fed a HFHS diet ate less during the first ten 387 

days after the operation, experiments on HFHS fed mice involved a third group of sham-388 

operated PF mice (sham-PF) mice [38]. 389 

Twenty-five days after surgery, mice were fasted for 6 hours and next killed by cervical 390 

dislocation. The caecum content was sampled and immediately frozen at -80°C for further 391 

analyses. All groups co-housed almost 6 months (20 weeks plus 25 days) since the beginning 392 

of the diet, which equilibrates gut microbiota of mice before any intervention [39]. Mice were 393 
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randomly associated to control or any other treatment (HF/HS and/or surgery) group. Given the 394 

murine models used in this work, researchers were aware of the group allocation during all the 395 

study. ARRIVE guidelines were followed. 396 

 397 

Taxonomic and predicted functional analysis of gut microbiota. 398 

Total DNA was extracted from caecum content at VAIOMER SAS 399 

(https://www.vaiomer.com/, Toulouse, France). The 16S bacterial DNA V3-V4 regions were 400 

targeted by using Vaiomer universal 16S primers and analysed by MiSeq kit V3 50,000 raw 401 

read pairs per sample, which was experimentally determined to be the number of reads to have 402 

exhaustive coverage of the community profiles present in high diversity samples. The 403 

cladograms in Figures 1A,1E,4A,6A,7A,11A,Suppl.Fig.8A,9F,Suppl.Fig.10A as well as 404 

LDA scores in Figures 1D,1H,4D,6D,7D,11D,Suppl.Fig.8D, Suppl.Fig.10D and 405 

Suppl.Fig.12-13 were drawn using the Huttenhower Galaxy web application 406 

(https://huttenhower.sph.harvard.edu/galaxy) via the LEfSe algorithm [40]. Briefly, P values 407 

were calculated based on an alpha value for the factorial Kruskal-Wallis test among classes an 408 

alpha value for the pairwise Wilcoxon test between subclasses (both set at 0.05 or 0.01 as 409 

reported in figures) and a threshold on the logarithmic LDA score for discriminative features, 410 

set to 2.0 or as reported in figure legends. Diversity indices were calculated using the software 411 

PAST 4 (Hammer, Ø., Harper, D.A.T., and P. D. Ryan, 2001. PAST: Paleontological Statistics 412 

Software Package for Education and Data Analysis. Palaeontologia Electronica 4(1): 9pp). The 413 

predictive functional analysis (gut microbiome) of gut microbiota was performed via PICRUSt 414 

[41]. Original sources of method description as already published [42-44]. 415 

 416 

 417 

https://www.vaiomer.com/
https://huttenhower.sph.harvard.edu/galaxy
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Metabolomic analysis 418 

Sample preparation. Fecal samples (100 mg) were homogenized using the FastPrep-24 (MP 419 

Biomedicals, Irvine, CA, USA) homogenizer in 0.5 ml of phosphate buffer (0.2 M, pH=7) 420 

prepared in deuterium oxide (D2O) and containing 1 mM trimethylsilylpropionic acid (TSP). 421 

Samples were left on ice for 1 min and homogenized again. Samples were then centrifuged 422 

(10000g, 10 min, 4°C) and supernatants were collected. The remaining pellet was further 423 

extracted as described above. Supernatants obtained from two runs of extraction were combined 424 

and centrifuged at 10000g for 10 min at 4° C. A total of 600 µL of supernatant was transferred 425 

into 5 mm NMR tubes. As for urines, they were collected over 48h on metabolic cages. Prior 426 

to analysis, urine samples were thawed at room temperature. Then, 200 µL of phosphate buffer 427 

(0.2 M, pH=7) prepared in D2O and containing 1 mM TSP was added to 500 µL of urine sample. 428 

The mixture was vortexed, centrifuged (5500g, 15 min, 4°C), and 600 µL of supernatant were 429 

transferred to a 5 mm NMR tube. 430 

1H NMR acquisition. 1H NMR spectra were obtained at 300 K, on a Bruker Avance III HD 600 431 

MHz NMR spectrometer (Bruker Biospin, Rheinstetten, Germany) operating at 600.13 MHz 432 

for proton frequency using an inverse detection 5 mm 1H-13C-15N-31P cryoprobe. 1H NMR 433 

spectra of urine samples were acquired using the « noesypr1d » (Bruker Library) pulse sequence 434 

with water suppression during the relaxation delay (5 s) and mixing time (100 ms). A total of 435 

256 transients were collected into 65536 data points using a spectral width of 20 ppm and an 436 

acquisition time of 2.7 s. 1H NMR spectra of fecal samples were acquired using the Carr-437 

Purcell-Meiboom-Gill (CPMG) spin echo pulse sequence with presaturation, with a total spin-438 

echo delay of 320 ms to attenuate broad signals from macromolecules. A total of 256 transients 439 

were collected into 65536 data points using a spectral width of 20 ppm, a relaxation delay of          440 

5 s and an acquisition time of 2.7 s. Prior to Fourier transformation, an exponential line 441 
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broadening function of 0.3 Hz was applied to the Free Induction Decays (FID). All NMR 442 

spectra were phase- and baseline-corrected and referenced to the chemical shift of TSP (0 ppm) 443 

using Topspin (V3.2, Bruker Biospin, Germany). Original sources of method description as 444 

already published [42-44]. 445 

 446 

Statistical analysis. 447 

Data for diversity indices and metabolome analyses are presented as mean ± SD. Statistical 448 

analyses were performed by 2-way ANOVA followed by a 2-stage linear step-up procedure of 449 

Benjamini, Krieger and Yekutieli to correct for multiple comparisons by controlling the False 450 

Discovery Rate (<0.05), by using GraphPad Prism version 7.05 for Windows Vista (GraphPad 451 

Software, San Diego, CA). Values were considered significant starting at P<0.05 or as reported. 452 

For the taxonomical and predictive functional analysis of gut microbiota significant values were 453 

considered starting at P<0.05 or as reported. Principal Component Analysis graphs were drawn 454 

and related statistical analyses were performed using PAST 4 and calculating Bray-Curtis 455 

distance with 1-way PERMANOVA analysis with Bonferroni’s correction. Heat-maps based 456 

on Pearson distance and a complete linkage were drawn by using PermutMatrix 1.9.4 [45]. 457 

Original sources of method description as already published [42-44]. “n” = 35 for WT mice 458 

(NC_WT_Lap = 4; NC_WT_GBP = 3; HFHS_WT_Lap = 9; HFHS_WT_Lap_PF = 10; 459 

HFHS_WT_GBP = 9); “n” = 26 for KO mice (NC_iG6PC_KO_Lap = 5; NC_iG6PC_KO_GBP 460 

= 4; HFHS_iG6PC_KO_Lap = 6; HFHS_iG6PC_KO_Lap_PF = 6; HFHS_iG6PC_KO_GBP 461 

= 5). Sample size was chosen based on genotype and surgery. Exclusion criteria of mice were 462 

only based on the success of surgery.  463 

 464 
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 621 

 622 

Figure 1. Inactivation of intestinal gluconeogenesis changes gut (caecum) microbiota and 623 

microbiome of NC- and HFHS-fed mice. A),E) Cladogram showing bacterial taxa 624 

significantly higher in the group of mice of the same colour, in the caecal microbiota (the 625 

cladogram shows taxonomic levels represented by rings with phyla at the innermost and genera 626 

at the outermost ring and each circle is a bacterial member within that level). B),F) Indices of 627 

gut microbiota diversity, ****P<0.0001, 2-way ANOVA followed by a 2-stage linear step-up 628 

procedure of Benjamini, Krieger and Yekutieli to correct for multiple comparisons by 629 

controlling the False Discovery Rate (<0.05). C),G) Principal Component Analysis (PCA) of 630 

gut microbiota, **P<0.01, 1-way PERMANOVA with Bonferroni correction. D),H) LDA score 631 

for predictive microbial pathway identified via PICRUSt [41], *P<0.05 for D, **P<0.01, for H 632 

with alpha value for the factorial Kruskal-Wallis test among classes and alpha value for the 633 
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pairwise Wilcoxon test between subclasses set both at 0.01 and threshold on the logarithmic 634 

LDA score for discriminative features set at 3. (“Lap” stands for laporotomized). Please note 635 

that in Fig.1H the group HFHS_WT_Lap is not shown because this group has no microbial 636 

functional pathways enriched compared to the group HFHS_iG6PC_KO_Lap, which, hence, 637 

is shown in red. “n” for: NC_WT_Lap = 4, NC_iG6PC_KO_Lap = 5, HFHS_WT_Lap = 9 and 638 

HFHS_iG6PC_KO_Lap = 6. 639 

 640 

 641 

Figure 2. Metabolomic analysis in feces from NC-fed WT and intestinal Glucose-6-642 

Phosphatase C KO mice. PCA of: A) overall fecal metabolome, B) short chain fatty acids 643 

(SCFAs), C) trimethylamine (TMA) and other related metabolites. For PCA, 1-way 644 

PERMANOVA with Bonferroni correction; for hystograms (B,C), *P<0.05, ****P<0.0001,           645 
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2-way ANOVA followed by a 2-stage linear step-up procedure of Benjamini, Krieger and 646 

Yekutieli to correct for multiple comparisons by controlling the False Discovery Rate (<0.05). 647 

“n” for: NC_WT_Lap = 4, NC_iG6PC_KO_Lap = 5. 648 

 649 

 650 

Figure 3. Metabolomic analysis in urines from NC-fed WT and intestinal Glucose-6-651 

Phosphatase C KO mice. PCA of: A) overall urine metabolome, B) SCFAs, C) esters and 652 

other metabolites, D) glycine and other metabolites. For PCA, 1-way PERMANOVA with 653 

Bonferroni correction; for hystograms (B-D), ***P<0.001, ****P<0.0001, 2-way ANOVA 654 

followed by a 2-stage linear step-up procedure of Benjamini, Krieger and Yekutieli to correct 655 

for multiple comparisons by controlling the False Discovery Rate (<0.05). “n” for: 656 

NC_WT_Lap = 3, NC_iG6PC_KO_Lap = 5. 657 
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 658 

 659 

Figure 4. Gastric bypass changes gut (caecum) microbiota and microbiome in NC-fed WT 660 

mice. A) Cladogram showing bacterial taxa significantly higher in the group of mice of the 661 

same colour, in the caecal microbiota. B) Indices of gut microbiota diversity. C) PCA of gut 662 

microbiota. D) LDA score for predictive microbial pathway identified via PICRUSt [41]. 663 

(“Lap” stands for laporotomized; “PF” stands for pair-feeding). “n” for: NC_WT_Lap = 4; 664 

NC_WT_GBP = 3. Please note that in Fig.4D the group NC_WT_GBP is not shown because 665 

this group has no microbial functional pathways enriched compared to the group NC_WT_Lap, 666 

which, hence, is shown in red. “n” for: NC_WT_GBP = 3 and for NC_WT_Lap = 4. 667 

 668 
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 670 
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 671 

Figure 5. Metabolomic analysis in feces from NC-fed WT mice following gastric bypass. 672 

PCA of: A) overall fecal metabolome, B) sugars, C) SCFAs, D) amino acids, E) esters and other 673 

metabolites. For PCA, 1-way PERMANOVA with Bonferroni correction; for hystograms (B-674 

E), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, 2-way ANOVA followed by a 2-stage 675 

linear step-up procedure of Benjamini, Krieger and Yekutieli to correct for multiple 676 

comparisons by controlling the False Discovery Rate (<0.05). “n” for: NC_WT_Lap = 4, 677 

NC_WT_GBP = 3. 678 

 679 

 680 

 681 

 682 
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 683 

 684 

 685 

 686 

Figure 6. Gastric bypass changes gut (caecum) microbiota and microbiome of HFHS-fed 687 

mice. A) Cladogram showing bacterial taxa significantly higher in the group of mice of the 688 

same colour, in the caecal microbiota. B) Indices of gut microbiota diversity, *P<0.01 and 689 
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****P<0.0001, 2-way ANOVA followed by a 2-stage linear step-up procedure of Benjamini, 690 

Krieger and Yekutieli to correct for multiple comparisons by controlling the False Discovery 691 

Rate (<0.05). C) PCA of the gut microbiota, ***P<0.001, 1-way PERMANOVA with 692 

Bonferroni correction. D) LDA score for predictive microbial pathway identified via PICRUSt 693 

[41]. (“Lap” stands for laporotomized; “PF” stands for pair-feeding). E) PCA of the gut 694 

microbiome, **P<0.01, 1-way PERMANOVA with Bonferroni correction. Data used to 695 

generate this PCA are those reported in Fig.2H to generate LDA score. “n” for: HFHS_WT_Lap 696 

= 9; HFHS_WT_Lap_PF = 10; HFHS_WT_GBP = 9. 697 

 698 

 699 

Figure 7. Combined impact of intestinal gluconeogenesis inactivation and gastric bypass 700 

on gut (caecum) microbiota and microbiome of NC-fed mice. A) Cladogram showing 701 

bacterial taxa significantly higher in the group of mice of the same colour, in the caecal 702 

microbiota. B) Indices of gut microbiota diversity. C) PCA of the gut microbiota, **P<0.01,                 703 

1-way PERMANOVA with Bonferroni correction. D) LDA score for predictive microbial 704 
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pathway identified via PICRUSt [41], *P<0.05. (“Lap” stands for laporotomized; “PF” stands 705 

for pair-feeding). “n” for: NC_iG6PC_KO_GBP = 4, NC_iG6PC_KO_Lap = 5. 706 

 707 

 708 

Figure 8. Metabolomic analysis in urine from NC-fed intestinal Glucose-6-Phosphatase C 709 

KO mice following gastric bypass. PCA of: A) overall urine metabolome, B) glycine and 710 

other metabolites. For PCA, 1-way PERMANOVA with Bonferroni correction; for histogram 711 

(B), **P<0.01, 2-way ANOVA followed by a 2-stage linear step-up procedure of Benjamini, 712 

Krieger and Yekutieli to correct for multiple comparisons by controlling the False Discovery 713 

Rate (<0.05). “n” for: NC_iG6PC_KO_Lap = 5, NC_iG6PC_KO_GBP = 4. 714 

 715 
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 716 

Figure 9. Correlation between gut (caecum) microbiota and fecal metabolome in NC-fed 717 

WT and intestinal Glucose-6-Phosphatase C KO mice. A) Heatmap between all identified 718 

bacterial groups (591) and fecal metabolites (61): top dendrogram shows clusters of mice; left 719 

dendogram shows clusters of parameters; values have been mean centred and divided by 720 

standard deviation. B) to E) significant correlations between a bacterial taxon and a fecal 721 

metabolite. F) Cladogram showing bacterial taxa significantly higher in the group of mice of 722 

the same colour, in the caecal microbiota. “n” for: NC_WT_Lap = 4; NC_WT_GBP = 3; 723 

NC_iG6PC_KO_Lap = 5, NC_iG6PC_KO_GBP = 4. 724 
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 725 

Figure 10. Correlation between gut (caecum) microbiota and urine metabolome in NC-726 

fed WT and intestinal Glucose-6-Posphatase C KO mice. A) Heatmap between all identified 727 

bacterial groups (591) and urine metabolites (36): top dendrogram shows clusters of mice; left 728 

dendogram shows clusters of parameters; values have been mean centred and divided by 729 

standard deviation. B) to D) significant correlations between a bacterial group and a microbial 730 

function. “n” for: NC_WT_Lap = 3; NC_WT_GBP = 3; NC_iG6PC_KO_Lap = 5, 731 

NC_iG6PC_KO_GBP = 4. 732 

 733 

 734 

 735 
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 736 

 737 

Figure 11. Combined impact of intestinal gluconeogenesis inactivation and gastric bypass 738 

on gut (caecum) microbiota and microbiome of HFHS-fed mice. A) Cladogram showing 739 

bacterial taxa significantly higher in the group of mice of the same colour, in the caecal 740 

microbiota. B) Indices of gut microbiota diversity, ****P<0.0001, 2-way ANOVA followed by 741 

a 2-stage linear step-up procedure of Benjamini, Krieger and Yekutieli to correct for multiple 742 
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comparisons by controlling the False Discovery Rate (<0.05). C) PCA of the gut microbiota, 743 

*P<0.05, **P<0.01, 1-way PERMANOVA with Bonferroni correction. D) LDA score for 744 

predictive microbial pathway identified via PICRUSt [41]. E) PCA of the gut microbiome. Data 745 

used to generate this PCA are those reported in Fig.11D to generate LDA score.  (“Lap” stands 746 

for laporotomized; “PF” stands for pair-feeding). “n” for: HFHS_iG6PC_KO_GBP = 5, 747 

HFHS_iG6PC_KO_Lap = 6, HFHS_iG6PC_KO_Lap_PF = 6. 748 
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