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Abstract 

The monocarboxylate transporter 1 (MCT1), encoded by gene Slc16a1, is a proton-coupled transporter for lactate and other monocar-
boxylates. MCT1-mediated lactate transport was recently found to regulate various biological functions. However, how MCT1 and lac-
tate in the intestine modulate the physiology and pathophysiology of the body is unclear. In this study, we generated a mouse model 
with specific deletion of Slc16a1 in the intestinal epithelium (Slc16a1IKO mice) and investigated the functions of MCT1 in the gut. When 
fed a high-fat diet, Slc16a1IKO male mice had improvement in glucose tolerance and insulin sensitivity, while Slc16a1IKO female mice 
only had increased adiposity. Deficiency of intestinal MCT1 in male mice was associated with downregulation of pro-inflammatory 
pathways, together with decreased circulating levels of inflammatory cytokines including tumor necrosis factor alpha (TNFα) and 
C–C motif chemokine ligand 2 (CCL2). Lactate had a stimulatory effect on pro-inflammatory macrophages in vitro. The number of 
intestinal macrophages was reduced in Slc16a1IKO male mice in vivo. Intestinal deletion of Slc16a1 in male mice reduced interstitial 
lactate level in the intestine. In addition, treatment of male mice with estrogen lowered interstitial lactate level in the intestine and 
abolished the difference in glucose homeostasis between Slc16a1IKO and wild-type mice. Deficiency of intestinal MCT1 also blocked 
the transport of lactate and short-chain fatty acids from the intestine to the portal vein. The effect of Slc16a1 deletion on glucose 
homeostasis in male mice was partly mediated by alterations in gut microbiota. In conclusion, our work reveals that intestinal MCT1 
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regulates glucose homeostasis in a sex-dependent manner.
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Introduction
Monocarboxylate transporter 1 (MCT1), encoded by Slc16a1, is a 
member of solute carrier family 16 (SLC16) and plays a crucial 
role in the transportation of lactate, pyruvate, ketone bodies, and 
short-chain fatty acids (SCFAs), as well as MCT1-targeted drugs in 
various tissues [1, 2]. MCT1 was first cloned as a mutant protein 
from Chinese hamster ovary cells in 1992 with an ability to trans-
port mevalonate, a precursor for endogenous cholesterol synthe-
sis [3]. In 1994, the wild-type form of MCT1 was identified to be a 
H+-coupled transporter for monocarboxylate, such as lactate and 
pyruvate [4]. MCT1 also has stereo-selectivity toward the isomers 
of lactate with a 10-fold preference for L-lactate over D-lactate 
[2, 5]. MCT1 is widely distributed in almost all human tissues [1]. 
In the heart and red skeletal muscles, high expression of MCT1 
helps lactate to be used as oxidative fuel for mitochondrial res-
piration [6]. In the intestine, MCT1 is expressed both in the apical 
membrane and basolateral membrane of the intestinal epithe-
lium [7]. In the kidney, MCT1 facilitates lactate influx in the proxi-
mal convoluted tubule [4]. MCT1 facilitates lactate efflux in many 
glycolytic cells, including white skeletal muscles, erythrocytes, 

astrocytes, oligodendrocytes, and immune cells, such as activated 
T-lymphocytes [8, 9]. MCT1 has been found to be ubiquitously over-
expressed in multiple cancer cells and human tumor tissues that 
produce large amounts of lactate due to the Warburg effect [8].

In recent years, the functions of MCT1 in different tissues 
are beginning to be recognized, highlighting MCT1 as an impor-
tant player in numerous physiological processes and diseases. 
Inactivation of MCT1 caused by mutations leads to defective 
utilization of ketone bodies and consequently results in recur-
rent ketoacidosis in children [10]. Recent studies have revealed 
that homozygous Slc16a1 knockout in mice led to embryonic 
lethality, while the haploinsufficient mice (Slc16a1+/−) showed 
resistance to diet-induced obesity and associated metabolic per-
turbations [11]. Studies with heterozygous Slc16a1+/− mice also 
indicated the role of MCT1 in the regulation of pH homeostasis 
and cellular energy homeostasis in skeletal muscles [12]. Due to 
the limitation of whole-body deletion of Slc16a1, tissue-specific 
Slc16a1 knockout mouse models have been recently used to 
investigate the biological functions of MCT1 in various tissues/
cells. Macrophage-specific deletion of Slc16a1 can prevent M2-like 
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polarization of macrophages, leading to impairment of muscle 
reperfusion and regeneration from ischemia [13]. Slc16a1 deletion 
in macrophages was also found to affect peripheral nerve rege
neration in mice [14]. Slc16a1 deficiency in adipocytes stimulated 
macrophage-mediated inflammation, consequently leading to 
insulin resistance in peripheral tissues [15]. Hepatic deletion of 
Slc16a1 aggravated high-fat diet (HFD)-induced obesity in female 
mice, but not in male mice [16
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].
As one of the largest organs in the body, the gut is the most 

important part of nutrient digestion and absorption. MCT1 in 
the intestinal epithelium has been proposed to be responsible 
for the absorption of SCFAs, which are produced by fermenta-
tion of dietary fiber by gut microbiota [17]. However, the role of 
intestinal MCT1 in regulating lactate transport and modulating 
glucose/lipid metabolism of the body is unclear. In this study, we 
generated a mouse model with specific deletion of Slc16a1 in the 
intestinal epithelium and discovered that intestinal deficiency of 
MCT1 had metabolic phenotypes in a sex-dimorphic manner via 
modulation of lactate transport.

Results
Deficiency of MCT1 in intestinal epithelium 
improves glucose homeostasis in male mice
We generated a mouse model with specific deletion of Slc16a1 
in the intestinal epithelium (Slc16a1IKO or IKO) by crossing 
villin-Cre mice with Slc16a1fl/fl (Wild type, WT) mice [15]. The 
mice were fed with normal chow (NC) or a high-fat diet (HFD) 
to explore the potential functions of MCT1 on metabolic reg-
ulation in the presence or absence of diet-induced obesity. 
Knockout of Slc16a1 in the intestinal epithelium was confirmed 
by quantitative real-time PCR to analyze the mRNA level of 
intestinal MCT1 in the Slc16a1IKO mice (Fig. 1a). We also found 
that the mRNA levels of Slc16a1 in different segments of the 
mouse intestine were significantly reduced in the Slc16a1IKO 
mice (Supplementary Fig. S1).

In male mice, deletion of Slc16a1 did not affect body weight, 
lean mass ratio, and fat mass ratio under both NC and HFD con-
ditions (Fig. 1b and c). However, as compared to WT mice, the 
Slc16a1IKO mice had significant improvement in glucose homeo-
stasis as revealed by both the oral glucose tolerance test (oGTT) 
(Fig. 1d) and the insulin tolerance test (ITT) (Fig. 1e). Consistently, 
insulin sensitivity as measured by insulin-stimulated Akt phos-
phorylation was elevated by Slc16a1 deletion in the liver, while 
not obviously changed in the skeletal muscle and epididymal fat 
(Fig. 1f). We also examined the energy metabolism of the mice 
using a metabolic cage and found that there were no changes in 
oxygen (O2) consumption, carbon dioxide (CO2) production, and 
respiratory exchange ratio (RER) under both NC and HFD condi-
tions (Fig. 1g and h). Slc16a1 deletion did not affect the plasma 
levels of triglyceride (TG), total cholesterol (TC), and high-density 
lipoprotein cholesterol (HDL-C), while reduced low-density lipo-
protein cholesterol (LDL-C) only under HFD conditions (Fig. 1i). 
In conclusion, these data indicated that deletion of intestinal 
Slc16a1 in male mice significantly improves glucose homeostasis 
but did not affect diet-induced obesity, metabolic rate, and most 
of the blood lipid parameters.

Deletion of Slc16a1 in intestinal epithelium 
aggravates HFD-induced obesity in female mice
We next examined the phenotype of the female mice with 
Slc16a1 deletion in the intestinal epithelium (Fig. 2a). The female 

Slc16a1IKO mice had an increased body weight gain as compared 
to WT mice under HFD condition (Fig. 2b), although without sig-
nificant changes in lean mass ratio and fat mass ratio (Fig. 2c). 
In addition, glucose homeostasis as measured by oGTT and ITT 
was not altered by intestinal Slc16a1 deletion in female mice  
(Fig. 2d and e). The metabolic rate of the female Slc16a1IKO mice 
was significantly decreased only under HFD condition (Fig. 2f 
and g). The Slc16a1IKO mice also had increases in blood TC and 
LDL-C levels under HFD condition (Fig. 2h). Hematoxylin-eosin 
(HE) staining of the liver revealed that HFD-induced lipid accu-
mulation was elevated by Slc16a1 deletion in female mice (Fig. 2i),  
together with increased TG level in the liver (Fig. 2j). Thus, the 
major phenotype of intestinal Slc16a1-deleted female mice was 
an aggravation of diet-induced obesity, associated with increases 
in blood cholesterol/LDL-C levels, a reduction in metabolic rate, 
and aggravated hepatic steatosis. On the other hand, intestinal 
Slc16a1 deletion mainly led to the improvement of glucose home-
ostasis in male mice.

RNA-sequencing (RNA-Seq) analysis of the 
intestine reveals sex-specific changes in gene 
expression affected by intestinal Slc16a1 deletion
To explore the potential mechanisms underlying the sex-specific 
metabolic phenotypes mediated by intestinal Slc16a1 deletion, 
we applied RNA-Seq analysis with RNA isolated from the small 
intestines of WT and Slc16a1IKO mice fed with HFD. The detailed 
pipeline for the analysis of the RNA-Seq data is illustrated in 
Supplementary Fig. S2. Partial least squares discriminant analysis 
(PLS-DA) revealed a clear separation between the transcriptomes 
of WT and Slc16a1IKO samples, with the discrepancy being more 
evident in the male mice than the female mice (Fig. 3a). In total, 
3800 transcripts in male mice and 3783 transcripts in female 
mice were significantly differentially expressed (|log1.5FC| ≥ 1 and 
P-value < 0.05) between WT and Slc16a1IKO mice (Supplementary 
Fig. S3a and b). Although the numbers of differentially expressed 
transcripts (DETs) were similar in both sexes, there was little 
overlap among these DETs between the two sexes, as illustrated 
by a scatter plot of the effect size of intestinal Slc16a1 knockout 
(Fig. 3b). Only 528 transcripts (~14% of total DETs) were signifi-
cantly differentially expressed in both sexes, and 190 transcripts 
(~5% of total DETs) of which had the same trend (both upregu-
lated or both downregulated). The other 338 transcripts (~9% of 
total DETs) had a completely divergent trend of expression. Thus, 
these results implied profound sex-specific gene expression pro-
files caused by intestinal Slc16a1 deletion.

To identify the pathways enriched by intestinal Slc16a1 knock-
out in each sex, we performed gene ontology (GO) and Kyoto 
encyclopedia of genes and genomes (KEGG) enrichment analy-
sis based on the DETs. Before enrichment analysis, we screened 
out major DETs by cross-comparing the DETs with the GENCODE 
basic transcript set (release M25), which prioritizes full-length 
protein-coding transcripts (Supplementary Fig. S3c and d). After 
the elimination of certain outliers, we finally obtained 912 major 
DETs for male mice and 933 major DETs for female mice. In 
male mice, we found that intestinal Slc16a1 knockout resulted 
in significantly altered GO terms related to ion/anion transport 
(Fig. 3c), which was in accordance with the function of MCT1. 
Moreover, we found that multiple enriched GO terms were 
closely related to chemokines or chemotaxis such as chemokine- 
mediated signaling pathway (P < 0.0001), C–C chemokine recep-
tor activity (P = 0.0001), and C–C chemokine binding (P = 0.0001), 
and G-protein coupled chemoattractant receptor activity 
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Figure 1 Deficiency of intestinal MCT1 improves glucose homeostasis in male mice. (a) Slc16a1 mRNA level in WT and IKO male mice. n = 5 for the NC 
group, n = 6 for the HFD group. (b) Body weight curves of the mice fed with an NC diet or HFD. (c) Quantification of body fat mass ratio and lean mass 
ratio by MRI. (d and e) Oral glucose tolerance test (oGTT) and insulin tolerance test (ITT) of the mice with the corresponding area under the curve (AUC). 
* and # for comparison between WT and IKO groups under NC and HFD, respectively (# for P < 0.05 and ## for P < 0.01). (f) Western blotting of phospho-
rylated and total Akt levels in the liver, skeletal muscle, and epididymal white adipose tissues (eWAT). The mice were injected with or without 1 U/kg 
insulin for 15 min. (g) Results of metabolic cages to quantitate O2 consumption, CO2 production, and respiratory exchange ratio (RER) in the mice fed an 
NC diet. The quantifications were divided into light period (7:00 a.m. to 7:00 p.m.) and dark period (7:00 p.m. to 7:00 a.m.). n = 3 for WT group, n = 4 for 
IKO group. (h) Results of metabolic cages in mice fed HFD. (i) Plasma levels of TG, TC, HDL-C, and LDL-C. Data are shown as mean ± SEM. n = 5 for the NC 
groups, n = 8 for the HFD groups unless otherwise indicated. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. for nonsignificant.
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Figure 2 Deficiency of intestinal MCT1 accelerates body weight gain and impairs lipid profiles in HFD-fed female mice. (a) Results of RT-qPCR of Slc16a1 
mRNA levels in WT and IKO female mice. n = 6 for the NC group, n = 7 for the HFD group. (b) Body weight curves of WT and IKO female mice fed NC 
or HFD. (c) Quantification of body fat mass ratio and lean mass ratio by MRI scan. (d and e) Results of oGTT and ITT of the mice with corresponding 
AUC. (f) Analysis of metabolic cages to quantitate O2 consumption, CO2 production, and RER in female mice fed NC. n = 4 for each group. (g) Analysis of 
metabolic cages to quantitate O2 consumption, CO2 production, and RER in female mice fed HFD. n = 7 − 8 for each group. (h) Plasma levels of TG, TC, 
HDL-C, and LDL-C. (i) Representative HE staining of the liver in female mice. Scale bar, 50 μm. (j) Hepatic level of TG in female mice. Data are expressed 
as mean ± SEM. n = 6 for the NC groups, n = 9 − 11 for the HFD groups unless otherwise indicated. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. for non significant.
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Figure 3 Transcriptome analysis reveals sex-discriminating features of the IKO mice. (a) Partial least squares discriminant analysis (PLS-DA) of all the 
sequencing samples. (b) Scatter plot showing effect size of intestinal Slc16a1 depletion in male and female mice according to significance in one, both, 
or neither group. (c and d) GO enrichment analysis of the major DETs in male (c) and female (d) mice. (e) Heatmap analysis in male and female mice for 
transcripts that enriched in chemotaxis- and inflammation-associated GO terms of male mice.
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(P = 0.0003) (Fig. 3c). KEGG analysis also revealed that the most 
enriched pathways were centered in inflammatory cytokines or 
chemokines, including the cytokine–cytokine receptor interaction 
(P < 0.0001), inflammatory mediator regulation of transient recep-
tor potential (TRP) channels (P = 0.0113), and chemokine signal-
ing pathway (P = 0.0271) (Supplementary Fig. S3e). These results 
thus suggested that intestinal Slc16a1 deletion mainly affected  
inflammation-related pathways in male mice.

However, intestinal Slc16a1 disruption altered a discrepant 
set of GO terms or KEGG pathways in female mice (Fig. 3d and 
Supplementary Fig. S3f). The significantly enriched GO terms 
were associated with intestinal functions, including response 
to nutrient levels (P < 0.0001), response to lipid (P < 0.0001), and 
response to carbohydrate (P = 0.0007) (Fig. 3d). Similarly, multi-
ple KEGG pathways were related to nutrient metabolism, such 
as protein digestion and absorption (P = 0.0092), vitamin digestion 
and absorption (P = 0.0216), riboflavin metabolism (P < 0.0001), 
and starch and sucrose metabolism (P = 0.0015) (Supplementary  
Fig. S3f). Intestinal Slc16a1 deletion in female mice also resulted 
in significantly altered GO terms associated with responses to sex 
hormones, including response to estradiol (P < 0.0001), positive 
regulation of female gonad development (P < 0.0001), response to 
hormone (P = 0.0001), regulation of hormone levels (P = 0.0003), 
response to steroid hormone (P = 0.0009), and peptide hormone 
receptor binding (P = 0.0008) (Fig. 3d). Thus, the major changes of 
gene expression in intestinal Slc16a1-deleted female mice were 
pathways associated with nutrient response and sex hormones.

Next, we performed a detailed analysis with particular tran-
scripts in the enriched pathways associated with inflamma-
tion and chemotaxis in male mice. A large proportion of these 
transcripts were downregulated in the male Slc16a1IKO mice 
(Fig. 3e). However, most of these transcripts had similar expres-
sion patterns in both WT and female Slc16a1IKO mice (Fig. 3e). 
Collectively, transcriptome analysis with the intestinal samples 
revealed a sex-specific difference in gene expression profiles, with 
inflammation-related genes being mainly altered in the male 
Slc16a1IKO mice.

Deficiency of intestinal MCT1 reduces local and 
systemic inflammation in male mice
As implicated by the RNA-Seq analysis, inflammation-associated 
pathways were significantly reduced by intestinal Slc16a1 dele-
tion in male mice. To further explore this issue, we performed 
the gene set enrichment analysis (GSEA) based on all transcripts 
and discovered that several significantly enriched gene sets were 
related to inflammation. Deficiency of intestinal Slc16a1 in male 
mice significantly downregulated the gene sets, including tumor 
necrosis factor (TNF) signaling pathway (P = 0.0098), cytokine-
cytokine receptor interaction (P = 0.0232), and nuclear factor 
kappa B (NF-κB) signaling pathway (P < 0.0001) (Fig. 4a). However, 
these gene sets were not significantly enriched in female mice 
(Fig. 4b).

We also examined the blood levels of a few representative 
inflammatory cytokines. We observed a significant decrease in 
the level of circulating TNFα in the male Slc16a1IKO mice fed HFD  
(Fig. 4c). The blood level of C–C motif chemokine ligand 2 (CCL2) 
also had a tendency of reduction in HFD-fed male Slc16a1IKO 
mice (Fig. 4d). We analyzed the transcriptome data with sex-
discriminating genes and noted that the macrophage marker 
Adgre1 (F4/80) had a significant decrease in HFD-fed male 
Slc16a1IKO mice, but not in female mice (Fig. 4e). Consistently, 
the immunofluorescence assay revealed a clear reduction in the 

number of intestinal macrophages that were positive for F4/80 
antibody in male Slc16a1IKO mice as compared to WT mice (Fig. 4f). 
In addition, we also found that the expression of two members of 
the Reg3 family, Reg3b and Reg3g, had sex-specific changes in mRNA 
level (Fig. 4g). Reg3b and Reg3g encode proteins Reg3β and Reg3γ 
that belong to C-type lectins and function as antimicrobial peptides 
(AMPs) which play an important role in anti-inflammatory immune 
responses [18]. We observed that HFD significantly decreased the 
mRNA levels of Reg3b and Reg3g in both sexes. However, intestinal 
Slc16a1 knockout significantly increased Reg3b and Reg3g levels in 
HFD-fed male mice but not in female mice (Fig. 4g). Collectively, 
these results reveal that deficiency of intestinal MCT1 in male mice 
alleviates intestinal inflammatory response and systemic inflam-
mation, likely contributing to the improvement of glucose metab-
olism in these mice.

MCT1 affects extracellular lactate levels and the 
inflammatory response of macrophages
A recent study indicated that adipocyte-derived lactate is a sign-
aling metabolite that potentiates macrophage inflammation [19]. 
We investigated whether lactate derived from intestinal epithelial 
cells affects the functions of macrophages. First, we extracted the 
interstitial fluid from the jejunum and colon of WT and Slc16a1IKO 
mice in both sexes. The lactate level in extracellular fluid was 
significantly decreased in the intestines of Slc16a1IKO male mice 
(Fig. 5a and b), indicating that lactate efflux into the intesti-
nal microenvironment was mediated by MCT1 in male mice. 
However, the lactate concentration in the extracellular fluid was 
not altered by Slc16a1 deletion in the female mice (Fig. 5c and d).

We next analyzed intestinal cell lines HCT15, HCT116, and 
Caco2 that originated from human intestinal epithelium. The 
cells were treated with AZD3965, a well-characterized inhibitor 
of MCT1 [20]. Pharmacological inhibition of MCT1 significantly 
decreased the extracellular lactate level, while increasing the 
intracellular lactate level in these cells (Fig. 5e–g), further indi-
cating that MCT1 was mainly responsible for lactate efflux in the 
intestinal epithelial cells. To evaluate the potential function of lac-
tate on the macrophage, we treated RAW264.7 macrophage with 
lipopolysaccharides (LPS) and different concentrations of lactate. 
We found that lactate could potentiate LPS-induced expression of 
a few key marker genes involved in pro-inflammatory responses 
including Tnfa, Il6, and Nos2 in a dose-dependent manner  
(Fig. 5h). Collectively, these results suggest that the local lactate 
level in the intestinal microenvironment is modulated by MCT1 in 
the intestinal epithelium. Furthermore, lactate in such microen-
vironment plays an important role in modulating inflammatory 
responses of pro-inflammatory macrophages.

Estrogen abolishes the difference in glucose 
homeostasis between Slc16a1IKO and WT male 
mice while lowers interstitial lactate level in 
intestine
Estrogens are found to have a fundamental role in host physiol-
ogy especially in the control of energy homeostasis and glucose 
metabolism [21]. Estrogen in females is considered to have a 
protective role in alleviating insulin resistance and inflamma-
tory responses [22–24]. As we observed that glucose homeostasis 
was only improved in Slc16a1IKO male mice but not in Slc16a1IKO 
female mice, we hypothesized that estrogen may play a role 
in such a sex-dimorphic effect. To explore this hypothesis, we 
administrated 17β-estradiol (E2) to the male mice through intra-
peritoneal (i.p.) injection. Firstly, we examined the circulating 
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Figure 4 Deficiency of intestinal MCT1 reduces local and systemic inflammation in male mice. (a) Gene set enrichment analysis (GSEA) of the transcrip-
tome data revealed significant enrichment in the pathways including TNF signaling pathway, cytokine-cytokine receptor interaction, and NF-κB signal-
ing pathway in male mice. (b) Corresponding GSEA of the same pathways in female mice. (c and d) Plasma levels of TNFα (c) and CCL2 (d) determined by 
corresponding ELISA kits. n = 3 − 6 for each group. (e) Relative mRNA level of Adgre1 by qPCR. n = 5 − 7 for each group. (f) Immunofluorescence staining 
of intestinal F4/80 in WT and IKO male mice. Scale bar, 50 μm. (g) mRNA levels of Reg3b and Reg3g detected by RT-qPCR. n = 5 − 7 for each group. Data 
are expressed as mean ± SEM. *P < 0.05, n.s. for nonsignificant.
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Figure 5 MCT1 is involved in the efflux of lactate which modulates macrophage activity. (a and b) Determination of lactate levels in the extracellular 
fluid of jejunum (a) and colon (b) in male mice. n = 4 for each group. (c and d) Determination of lactate levels in the extracellular fluid of jejunum (c) and 
colon (d) in female mice. n = 5 for WT group, n = 4 for the IKO group. (e–g) Determination of extracellular and intracellular lactate levels in HCT15 cells (e),  
HCT116 cells (f), and Caco2 cells (g) upon treatment with MCT1 inhibitor AZD3965. n = 5 − 6 for each group. (h) mRNA levels of Tnfa, Il6, and Nos2 in mac-
rophage of RAW264.7 cells treated with LPS and different doses of sodium L-lactate. n = 4 for each group. Data are expressed as mean ± SEM. *P < 0.05. 
**P < 0.01. ***P < 0.001, n.s. for nonsignificant.
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E2 levels by enzyme-linked immunosorbent assay (ELISA). As 
expected, E2 was significantly elevated in both WT and Slc16a1IKO 
male mice after E2 injection (Fig. 6a). E2 level was significantly 
higher in the female mice than the male mice, while not differ-
ent between WT and Slc16a1IKO mice (Fig. 6a). We analyzed the 
glucose metabolism of the mice via measurement of oGTT and 
ITT. As expected, Slc16a1IKO male mice had improvement in both 
glucose tolerance and insulin sensitivity without E2 treatment 
(Fig. 6b and c). However, E2 treatment could completely abolish 
the difference in glucose homeostasis between Slc16a1IKO and 
WT male mice (Fig. 6d and e). We next examined the lactate 
concentration in intestinal extracellular fluid from these mice. 
E2 treatment significantly decreased extracellular lactate levels 
in the intestinal interstitial fluid of male mice (Fig. 6f and g). In 
addition, the levels of inflammatory cytokines including TNFα, 
interleukin (IL)-1β, and IL-6 were not different between WT and 
Slc16a1IKO mice after E2 treatment (Fig. 6h). These results thus 
indicate that estrogen has a critical role in mediating the modu-
latory role of intestinal Slc16a1 deletion on glucose homeostasis 
in male mice.

Deficiency of intestinal MCT1 blocks the 
transport of lactate and SCFAs from the intestine 
to the portal vein
As previous studies have indicated that MCT1 is involved in the 
transport of lactate and SCFAs in the intestine, we next investi-
gated whether disruption of MCT1 in the intestine affected the 
transport of these metabolites. We first detected the blood lactate 
levels in WT and Slc16a1IKO mice. Disruption of intestinal MCT1 
did not alter the circulating lactate level (Fig. 7a). We next ana-
lyzed the lactate level in the portal vein that collects blood from 
the gastrointestinal tract. The mice were treated by oral gavage 
with a single dose of sodium L-lactate or saline. The lactate level 
in the portal vein blood was reduced in Slc16a1IKO male mice under 
both NC and HFD conditions (Fig. 7b). In contrast, the lactate level 
in the portal vein blood was increased in Slc16a1IKO female mice 
compared with WT littermates (Fig. 7b). These results thus indi-
cate a sharp difference in MCT1-mediated lactate transport in the 
intestine between male and female mice.

We next examined the SCFA levels in the portal vein blood in 
the mice with oral gavage with inulin solution. Inulin is a type of 
dietary fiber that is fermented by specific gut bacteria to produce 
SCFAs. Slc16a1IKO male mice were found to have marked reduc-
tions of butyrate (P < 0.05) and pentanoate (P < 0.01) in the portal 
vein blood (Fig. 7c), but not for acetate and propionate (Fig. 7c). 
However, Slc16a1IKO female mice did not show similar reductions 
in these SCFAs (Fig. 7d). The level of acetate even had a signifi-
cant increase in Slc16a1IKO female mice (Fig. 7d). Taken together, 
these results indicate intestinal MCT1 depletion blocks lactate 
and SCFA transport from the intestine to the portal vein only in 
Slc16a1IKO male mice.

Intestinal Slc16a1 deletion improves glucose 
homeostasis partly through modulation of gut 
microbiota in male mice
As gut microbiota plays a key role in modulating intestinal inflam-
mation and we observed that the local inflammation and glucose 
homeostasis were improved by MCT1 in male mice, we hypoth-
esized that gut microbiota had a functional role underlying these 
phenotypes. We applied antibiotic treatment to eliminate the gut 
microbiota in WT and Slc16a1IKO male mice fed an NC diet, and 

examined glucose metabolism by oGTT and ITT. Before antibiotic 
treatment, as expected, we found that deficiency of intestinal MCT1 
significantly improved glucose tolerance and insulin sensitivity (Fig. 
8a and b). After the elimination of the gut microbiota, depletion of 
intestinal Slc16a1 no longer improved glucose tolerance and insu-
lin sensitivity (Fig. 8c and d). Meanwhile, the deletion of intestinal 
Slc16a1 no longer affected the lactate level both in portal blood 
and in intestinal interstitial fluid after antibiotic treatment in the 
male mice (Fig. 8e and f). These observations thus suggest that gut 
microbiota might have an impact on lactate efflux from the gut epi-
thelium to the interstitial space and portal vein. However, further 
evaluation of flow cytometry using isolated intestinal lamina pro-
pria lymphocytes (LPLs) showed that the number of F4/80+CD11b+ 
macrophages (gated on CD45+MHCII+ cells) was still reduced in 
Slc16a1IKO male mice compared to WT mice after antibiotic treat-
ment (Supplementary Fig. S4a and b). Reduction of macrophage in 
Slc16a1IKO mice was also found by immunofluorescence staining of 
F4/80 in the colon (Supplementary Fig. S4c). Also, the expression of 
IL-1β and IL-6 was reduced by intestinal Slc16a1 deletion regardless 
of antibiotic treatment (Supplementary Fig. S4d). These results thus 
indicate that antibiotic treatment cannot completely abrogate intes-
tinal Slc16a1 deletion-mediated reduction of inflammation in male 
mice.

Furthermore, we performed fecal microbiota transplantation 
(FMT) to determine whether the phenotype of improved glucose 
homeostasis in Slc16a1IKO male mice could be transferred to other 
mice. Compared with the mice that received FMT from WT male 
mice, the mice that received FMT from Slc16a1IKO male mice had 
a slight improvement in glucose tolerance (Fig. 8g), but not insu-
lin sensitivity (Fig. 8h). Collectively, these data suggest that gut 
microbiota are only partially involved in MCT1-mediated regula-
tion of glucose homeostasis in male mice.

To illustrate whether or not gut microbiota were altered 
by intestinal Slc16a1 deletion, we performed 16S rRNA gene 
sequencing with the feces collected from WT and Slc16a1IKO male 
mice fed an NC diet. The richness and diversity of microbial com-
munity shown by the Sobs index and Shannon index respectively 
in the two groups had no apparent changes (Fig. 9a). Principal 
co-ordinates analysis (PCoA) by unweighted UniFrac distance was 
performed to assess the β diversity of the gut microbiota. Notably, 
the gut microbiota exhibited significant structural modulation 
upon intestinal Slc16a1 deletion (Fig. 9b). Hierarchical cluster-
ing analysis based on β diversity distance matrix also illustrated 
a structural rearrangement of gut microbiota between the two 
groups (Fig. 9c). As for microbial composition, at the genus level, 
the proportion of Bifidobacterium and Faecalibaculum were signifi-
cantly increased in Slc16a1IKO mice compared to WT mice (P < 0.05, 
Fig. 9d). We also found that several bacterial genera were declined 
in the Slc16a1IKO mice (Fig. 9d) such as Desulfovibrio (P < 0.05) and 
Odoribacter (P < 0.05) which were often considered to be opportu
nistic pathogens. We then performed linear discriminant analysis 
(LDA) effect size (LEfSe) analysis and identified a few microbial 
features which significantly contributed to the overall differences 
(Fig. 9e and f). Consistently, intestinal Slc16a1 deficiency was asso-
ciated with the reduction of bacteria from genera Desulfovibrio, 
Enterorhabdus, and Odoribacter, along with increases of bacteria 
from genera Bifidobacterium and Faecalibaculum (Fig. 9e and f). In 
addition, microbes from Lachnospiraceae, Ruminococcaceae, and 
Oscillospiraceae also had significant reductions in Slc16a1IKO mice 
(Fig. 9e and f). These data thus suggest that intestinal Slc16a1 
deletion is associated with certain changes in gut microbiota in 
male mice.
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Figure 6 Estrogen treatment abolishes the difference in glucose homeostasis between IKO and WT male mice. (a) Circulating E2 levels before and after 
E2 administration. n = 3 − 4 for each group. (b) oGTT of male mice with corresponding AUC before E2 treatment. n = 4 − 7 for each group. (c) ITT of 
male mice with corresponding AUC before E2 treatment. n = 4 − 7 for each group. (d) oGTT of male mice with corresponding AUC after injection of E2.  
(e) ITT of male mice with corresponding AUC after injection of E2. (f and g) Determination of lactate levels in the extracellular fluid of jejunum and colon 
in male mice with or without E2 treatment. n = 4 for each group. (h) Circulating levels of TNFα, IL-1β, and IL-6 in E2-treated male mice determined by 
ELISA. n = 4 for each group. Data are expressed as mean ± SEM. *P < 0.05. **P < 0.01, n.s. for nonsignificant.
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Discussion
Our studies demonstrate that lactate serves as a critical link that 
associates intestinal inflammation with systemic glucose homeo
stasis. Previous studies have indicated that the substrates of MCT1 
include multiple endogenous metabolites, such as lactate, pyru-
vate, SCFAs, and β-hydroxybutyrate [2]. These compounds, espe-
cially lactate, can serve as fuel sources to feed the tricarboxylic 
acid (TCA) cycle for ATP production [25]. Thus, it is not surprising 
that MCT1 could play a role in energy metabolism in vivo. As the 
most important organ for nutrient digestion and absorption, the 
intestine is considered to be the largest immune organ as well 
as endocrine organ. Our study indicated that lactate transport in 

the intestinal epithelium is mainly involved in the modulation of 
local inflammation in male mice. In particular, interstitial lactate 
transported through MCT1 regulates the activities of intestinal 
macrophages and such change of macrophages contributes to 
systemic inflammation, consequently affecting glucose tolerance 
and insulin sensitivity in peripheral tissues in male mice.

It is well-accepted that inflammation is closely related to the 
development of metabolic diseases and insulin resistance. Our 
study found that Slc16a1IKO male mice had improved glucose 
homeostasis with reduced levels of local and systemic inflamma-
tion. Specifically, intestinal deficiency of MCT1 in male mice was 
linked with decreased local lactate level in intestinal interstitial 

Figure 7 Deficiency of intestinal MCT1 blocks the transport of lactate and SCFAs from the intestine to the portal vein. (a) Determination of plasma 
lactate levels in WT and IKO mice. n = 3–4 for male mice fed NC, n = 8 for male mice fed HFD, n = 6 for female mice fed NC, n = 10–11 for female mice 
fed HFD. (b) Determination of lactate level in portal vein blood after oral administration of sodium L-lactate in WT and Slc16a1IKO mice. n = 4–6 for each 
group. (c) Detection of acetate, propionate, butyrate, and pentanoate in portal vein blood from male mice treated with inulin. n = 3–4 for each group. 
(d) Detection of acetate, propionate, butyrate, and pentanoate in portal vein blood from female mice treated with inulin. n = 3 for each group. Data are 
expressed as mean ± SEM. *P < 0.05. **P < 0.01. ***P < 0.001, n.s. for nonsignificant.
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Figure 8 Deficiency of intestinal MCT1 improves glucose homeostasis through modulation of gut microbiota in male mice. (a) oGTT of male mice 
with corresponding AUC before antibiotic treatment. (b) ITT of male mice with corresponding AUC before antibiotic treatment. (c) oGTT of male 
mice with corresponding AUC after antibiotic-induced microbiota depletion. (d) ITT of male mice with corresponding AUC after antibiotic treatment.  
(e) Determination of peripheral and portal lactate levels in antibiotic-treated male mice. n = 3 for each group. (f) Determination of lactate level in the 
extracellular fluid of jejunum in antibiotic-treated male mice. n = 3 for each group. (g) oGTT of mice received FMT from WT and IKO male mice with 
corresponding AUC. n = 4–6 for each group. (h) ITT of mice received FMT from WT and IKO male mice with corresponding AUC. n = 4–6 for each group. 
Data are expressed as mean ± SEM. *P < 0.05. **P < 0.01, n.s. for non-significant.
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Figure 9 The impact of intestinal MCT1 deletion on the gut microbiota of male mice. (a) Sobs index and Shannon index of gut microbiota in male mice. 
(b) Principal coordinates analysis (PCoA) of the microbiota samples from male mice. (c) Hierarchical clustering of gut microbiota on amplicon sequence 
variant (ASV) level in male mice. (d) Community heatmap at genus level showing different bacteria between WT and IKO male mice with adjusted 
P < 0.05. (e and f) Linear discriminant analysis (LDA) effect size (LEfSe) analysis (e) and corresponding LDA scores (f) in WT and IKO mice. p, phylum;  
c, class; o, order; f, family; g, genus. Data are expressed as mean ± SEM. n = 5 for each group. n.s. for nonsignificant.
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space, reduced microphage infiltration, reduced production of 
inflammatory cytokines, and elevated expression of antimicrobial 
peptides in male mice. Our in vitro experiment indicated that ele-
vated lactate levels had a positive role in LPS-stimulated produc-
tion of pro-inflammatory cytokines from macrophages (Fig. 5h). 
The circulating levels of pro-inflammatory cytokines TNFα and 
CCL2 were reduced in Slc16a1IKO male mice under HFD condition 
(Fig. 4c and d). In addition, the circulating levels of IL-1β and IL-6 
were reduced in male mice under NC conditions (Supplementary 
Fig. S4d). We propose that the reduced local and systemic inflam-
mation by intestinal Slc16a1 deletion in male mice is contributed 
by reduced lactate concentration in the interstitial microenviron-
ment due to MCT1 deficiency. Considering the unique function of 
MCT1 in modulating intestinal inflammation, our results high-
light that intestinal MCT1 could serve as a potential drug target 
for metabolic disorders.

It is noteworthy that the expression of antimicrobial peptides 
of the Reg3 family in the intestine was augmented by intestinal 
Slc16a1 deletion in the male mice under HFD conditions (Fig. 4g). It 
has been previously reported that Reg3 family members can pro-
tect against diabetes and alcoholic steatohepatitis [26, 27]. Reg3b−/− 
and Reg3g−/− mice had increased F4/80 positive cells, upregulated 
gene expression of chemokines C-X-C motif ligand 1 (Cxcl1), Ccl2, 
and Cxcl5, and elevated TNFα protein levels in the liver following 
ethanol feeding [26]. Reg3b-deficient mice also display elevated 
inflammation in a dextran sulfate sodium (DSS)-induced colitis 
model [28]. It is thus possible that the improvement of glucose 
homeostasis in the intestinal Slc16a1-deleted male mice is partly 
mediated by the upregulation of the Reg3 family members. This 
is an issue worthy of investigation in the future.

Sexual dimorphism is a common phenomenon in most ani-
mals. This sex asymmetry has been attributed to the differen-
tial effects of sex hormones and genetic differences, which have 
substantial impacts on systemic metabolism and metabolic 
diseases [29]. Sexual dimorphism has been found to exist in many 
organs/tissues such as adipose tissues, liver, skeletal muscle, and 
intestine [30–33]. A recent study has indicated that intestinal lipid 
absorption and lymphatic transport differ between the sexes [33]. 
Ovarian hormone reduces dietary lipids absorption and lym-
phatic transport in the intestine, contributing to the reduced risk 
of atherosclerosis in females [33]. In most cases, males are gene
rally more susceptible to impaired glucose metabolism with lower 
insulin sensitivity than females [34, 35]. In this study, we have dis-
covered that glucose metabolism is only improved in male mice 
with MCT1 deficiency in the intestine. Furthermore, we found that 
estrogen administration could abolish the difference in glucose 
homeostasis between Slc16a1IKO and WT male mice, while reduc-
ing interstitial lactate levels in the intestine, suggesting estrogen 
as a key factor for the observed sexual dimorphism in our study. 
We also speculate that intestinal MCT1 depletion could not result 
in an obvious effect on glucose metabolism in female mice owing 
to the protective effect of E2. In other words, the effect of intesti-
nal MCT1 on glucose homeostasis is only permissive in male mice 
in which the estrogen level is relatively low.

Our study also demonstrates that intestinal MCT1 is involved 
in the transport of SCFAs in male mice. SCFAs are derived from 
microbial fermentation of dietary fibers and have profound 
impacts on metabolic health [36]. Our study suggests that disrup-
tion of intestinal MCT1 blocks SCFA absorption in a sex-dimorphic 
manner. This raises the question of whether SCFA absorption is 
different in different sexes. Furthermore, the physiologic impact 
of SCFAs on the body is likely dependent on the sex. It is known 
that different SCFAs have complicated effects on the health of the 

host [36]. For example, SCFAs are commonly associated with met-
abolic benefits and improvement in immune regulation. However, 
as important energy sources, excessive SCFAs are associated with 
increased energy input in the intestine, which could contribute 
to obesity [37]. Among the SCFAs, butyrate has been extensively 
investigated as an anti-inflammatory agent at least partly by 
inhibiting histone deacetylases (HDACs) [38]. However, several 
studies have shown that high levels of SCFAs can cause dysreg-
ulated T-cell responses and promote inflammatory responses in 
mice [39, 40]. Under these considerations, downregulation of the 
local and systemic inflammation in Slc16a1IKO male mice might 
result from a decrease in intestinal absorption of SCFAs. It is thus 
important to elucidate in the future whether a particular SCFA 
can modulate the functions of intestinal macrophages and local 
inflammation.

G protein-coupled receptor 81 (GPR81) was found to mediate 
gut microbe-derived lactate signals and affect intestinal stem 
cell proliferation in a previous study [41]. However, we did not 
observe significant changes in villi length, crypt height, and other 
architecture of the intestine between WT and Slc16a1IKO mice in 
both sexes (data not shown). Furthermore, we performed immu-
nofluorescence staining of Ki67, a marker of cell proliferation, in 
the intestinal sections of the mice. We found that Ki67 staining in 
the base of the crypts was not altered by intestinal Slc16a1 dele-
tion (data not shown). In addition, the lactate level in the content 
of small intestines and GPR81 mRNA level were not changed in 
Slc16a1IKO mice (data not shown), suggesting that the proliferation 
of intestinal stem cells is not likely affected by intestinal Slc16a1 
deletion.

The gut microbiota is an enormous ecosystem and has a 
marked impact on the host immune system and metabolic health 
[42, 43]. Gut microbiota dysbiosis is often associated with dys-
regulated glucose metabolism and metabolic syndrome. It was 
recently discovered that the sex hormone androgen could dete-
riorate glucose homeostasis by modulating gut microbiota, thus 
contributing to sexual dimorphism in glucose metabolism [34]. 
In our study, we found that the sex-specific effects on glucose 
metabolism in the Slc16a1IKO male mice were nullified when gut 
microbiota was depleted by an antibiotic cocktail. Furthermore, 
FMT from the Slc16a1IKO male mice partially recapitulated the 
improvement of glucose tolerance. These results indicate that 
gut microbiota is an important sex-discriminating factor for 
host glucose homeostasis upon intestinal depletion of Slc16a1. 
Indeed, there was a substantial alteration in the composition of 
the microbial community in the intestinal Slc16a1-deleted mice. 
Disruption of MCT1 elevated the proportions of Bifidobacterium 
and Faecalibaculum in gut microbiota. Numerous animal stud-
ies and human studies have suggested that supplementation of 
Bifidobacterium strains could improve glucose metabolism, mitigate 
inflammation, and reverse HFD-induced metabolic disorders [44].  
Faecalibaculum, featured by F. rodentium, was also found to pro-
duce lactic acid as a major metabolic end product [45]. Lactic 
acid-producing bacteria are often considered to promote meta-
bolic health [46]. Meanwhile, certain potentially harmful bacte-
ria such as Desulfovibrio and Odoribacter declined after intestinal 
Slc16a1 disruption. Desulfovibrio belongs to the sulfate-reducing 
bacteria (SRB) which are a group of anaerobic microbes metab-
olizing sulfate into hydrogen sulfide (H2S) [47]. Recent studies 
have indicated that the SRB are potential endotoxin producers 
leading to a low-grade chronic inflammation, causing obesity and 
diabetes [48]. In an animal study, Odoribacter was identified exclu-
sively in the obese and diabetic db/db mice as compared to lean 
control mice [49]. Taking these discoveries into consideration, 
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we therefore propose that intestinal disruption of Slc16a1 might 
bring about beneficial effects to glucose homeostasis partly by 
reshaping the structure of gut microbiota.

In conclusion, our study uncovers the essential role of intes-
tinal MCT1 in regulating intestinal inflammation and met-
abolic profiles in a sex-dimorphic manner. In the intestinal 
MCT1-deficient mice, we discovered sex-dependent alterations 
in glucose tolerance/insulin sensitivity, diet-induced obesity, 
transport of monocarboxylate including lactate and SCFAs, 
local and systemic inflammation, and gut microbiota. We also 
provided preliminary evidence indicating that estrogen might 
partly underlie the sex dimorphism in the mice. Our findings 
further corroborate the concept that metabolic homeostasis is 
differently regulated in the two sexes. This work also strength-
ens the demand for developing sex-specific medicines for met-
abolic disorders and highlights the importance of stratifying 
patients based on sex in the management and treatment of 
metabolic diseases.

Materials and methods
The detailed materials and methods are described in 
Supplementary Materials.

Mice
All animal experimental protocols were approved by Institutional 
Animal Care and Use Committee Institutional Animal Care and 
Use Committee of the Shanghai Institute of Nutrition and Health, 
Chinese Academy of Sciences (CAS) with an approval number 
SINH-2020-CY-1.

Analysis of SCFAs
Mice were pre-treated with inulin (Titan, China) solution (5 g/kg/
day) for seven consecutive days by oral gavage. Determination of 
SCFAs including acetic, propionic, butyric, and pentanoic acids 
was performed by gas chromatography.

Estrogen administration
17β-Estradiol (E2) (MedChemExpress, USA) was dissolved in 
olive oil. The mice received an i.p. injection of E2 (10 mg/kg body 
weight) every other day for 2 weeks.

Lactate measurement
Lactate from samples of plasma, cell media, cellular content, 
or interstitial fluid was measured with a lactic acid assay kit 
(Nanjing Jiancheng Bioengineering Institute, China).

Statistical analysis
Unpaired Student's t-test with two tails was used to determine 
the significance of the differences between the two groups. One-
way ANOVA was performed for comparisons among more than 
two groups with an FDR post hoc analysis.

Supplementary data
Supplementary material is available at Life Metabolism online.

Acknowledgements
We thank all the staff in the institutional animal facility of 
the Shanghai Institute of Nutrition and Health (SINH), Chinese 
Academy of Sciences for the careful management of the 

experimental animals, especially during the outbreak of the 
COVID-19 pandemic in 2020. This study was funded by the 
National Natural Science Foundation of China (32230047 to 
Y.C.) and the Shanghai Municipal Science and Technology Major 
Project (to Y.C.).

Author contributions
Y.C. and S.W. designed the experiments. S.W. performed the 
experiments and analyzed the RNA-Seq and microbiota data. 
L.Z., J.Z., M.B., and Y.L. provided technical assistance in the 
animal experiments. Q.C. provided technical assistance in the 
GC-FID experiments and analyzed the SCFA data. J.G. and J.Q. 
provided technical assistance in the isolation of LPLs and flow 
cytometry experiments. S.W., L.Z., and Y.C. wrote the manu-
script and prepared the figures. All authors read and approved 
the manuscript. 

Conflict of interest
The authors declare that no conflict of interest exists.

Ethics approval
All animal experimental protocols were approved by Institutional 
Animal Care and Use Committee Institutional Animal Care and 
Use Committee of Shanghai Institute of Nutrition and Health, 
Chinese Academy of Sciences (CAS) (IACUC, SINH, CAS) with an 
approval number SINH-2020-CY-1.

Data availability
The RNA-Seq data have been deposited in the NCBI Sequence Read 
Archive (SRA) database with accession number PRJNA827599. 
All study data are included in the article and/or Supplementary 
Materials. Materials are available upon request.

References
1.	 Felmlee MA, Jones RS, Rodriguez-Cruz V et al. Monocarboxylate 

transporters (SLC16): function, regulation, and role in health 
and disease. Pharmacol Rev 2020;72:466–85.

2.	 Halestrap AP. The SLC16 gene family—structure, role and 
regulation in health and disease. Mol Aspects Med 2013;34: 
337–49.

3.	 Kim CM, Goldstein JL, Brown MS. cDNA cloning of MEV, a 
mutant protein that facilitates cellular uptake of mevalonate, 
and identification of the point mutation responsible for its gain 
of function. J Biol Chem 1992;267:23113–21.

4.	 Garcia CK, Goldstein JL, Pathak RK et al. Molecular character-
ization of a membrane transporter for lactate, pyruvate, and 
other monocarboxylates: implications for the Cori cycle. Cell 
1994;76:865–73.

5.	 Meredith D, Christian HC. The SLC16 monocaboxylate trans-
porter family. Xenobiotica 2008;38:1072–106.

6.	 Brooks GA. Intra- and extra-cellular lactate shuttles. Med Sci 
Sports Exerc 2000;32:790–9.

7.	 Sivaprakasam S, Bhutia YD, Yang S et al. Short-chain fatty 
acid transporters: role in colonic homeostasis. Compr Physiol 
2017;8:299–314.

8.	 Payen VL, Mina E, Van Hee VF et al. Monocarboxylate transport-
ers in cancer. Mol Metab 2020;33:48–66.

http://academic.oup.com/lifemeta/article-lookup/doi/10.1093/lifemeta/load041#supplementary-data
http://academic.oup.com/lifemeta/article-lookup/doi/10.1093/lifemeta/load041#supplementary-data


16/16� Wang et al.

9.	 Halestrap AP. The monocarboxylate transporter family—
structure and functional characterization. IUBMB Life 
2012;64:1–9.

10.	 van Hasselt PM, Ferdinandusse S, Monroe GR et al. 
Monocarboxylate transporter 1 deficiency and ketone utilization. 
N Engl J Med 2014;371:1900–7.

11.	 Lengacher S, Nehiri-Sitayeb T, Steiner N et al. Resistance to 
diet-induced obesity and associated metabolic perturbations in 
haploinsufficient monocarboxylate transporter 1 mice. PLoS One 
2013;8:e82505.

12.	 Chatel B, Bendahan D, Hourde C et al. Role of MCT1 and CAII 
in skeletal muscle pH homeostasis, energetics, and function: 
in vivo insights from MCT1 haploinsufficient mice. FASEB J 
2017;31:2562–75.

13.	 Zhang J, Muri J, Fitzgerald G et al. Endothelial lactate controls 
muscle regeneration from ischemia by inducing M2-like macro-
phage polarization. Cell Metab 2020;31:1136–53.e7.

14.	 Jha MK, Passero JV, Rawat A et al. Macrophage monocarboxyl-
ate transporter 1 promotes peripheral nerve regeneration after 
injury in mice. J Clin Invest 2021;131:e141964.

15.	 Lin Y, Bai M, Wang S et al. Lactate is a key mediator that links 
obesity to insulin resistance via modulating cytokine produc-
tion from adipose tissue. Diabetes 2022;71:637–52.

16.	 Luo X, Li Z, Chen L et al. Monocarboxylate transporter 1 in the 
liver modulates high-fat diet-induced obesity and hepatic ste-
atosis in mice. Metabolism 2023;143:155537.

17.	 Van Rymenant E, Abranko L, Tumova S et al. Chronic exposure to 
short-chain fatty acids modulates transport and metabolism of 
microbiome-derived phenolics in human intestinal cells. J Nutr 
Biochem 2017;39:156–68.

18.	 Kayama H, Okumura R, Takeda K. Interaction between the 
microbiota, epithelia, and immune cells in the intestine. Annu 
Rev Immunol 2020;38:23–48.

19.	 Feng T, Zhao X, Gu P et al. Adipocyte-derived lactate is a signal-
ling metabolite that potentiates adipose macrophage inflam-
mation via targeting PHD2. Nat Commun 2022;13:5208.

20.	 Curtis NJ, Mooney L, Hopcroft L et al. Pre-clinical pharmacology of 
AZD3965, a selective inhibitor of MCT1: DLBCL, NHL and Burkitt’s 
lymphoma anti-tumor activity. Oncotarget 2017;8:69219–36.

21.	 Mauvais-Jarvis F, Clegg DJ, Hevener AL. The role of estrogens in 
control of energy balance and glucose homeostasis. Endocr Rev 
2013;34:309–38.

22.	 De Paoli M, Zakharia A, Werstuck GH. The role of estrogen in 
insulin resistance: a review of clinical and preclinical data. Am 
J Pathol 2021;191:1490–8.

23.	 Stubbins RE, Holcomb VB, Hong J et al. Estrogen modulates 
abdominal adiposity and protects female mice from obesity 
and impaired glucose tolerance. Eur J Nutr 2012;51:861–70.

24.	 Ribas V, Nguyen MT, Henstridge DC et al. Impaired oxidative 
metabolism and inflammation are associated with insulin 
resistance in ERα-deficient mice. Am J Physiol Endocrinol Metab 
2010;298:E304–19.

25.	 Hui S, Ghergurovich JM, Morscher RJ et al. Glucose feeds the TCA 
cycle via circulating lactate. Nature 2017;551:115–8.

26.	 Wang L, Fouts DE, Starkel P et al. Intestinal REG3 lectins pro-
tect against alcoholic steatohepatitis by reducing mucosa-
associated microbiota and preventing bacterial translocation. 
Cell Host Microbe 2016;19:227–39.

27.	 Luo C, Yu LT, Yang MQ et al. Recombinant Reg3β protein protects 
against streptozotocin-induced β-cell damage and diabetes. Sci 
Rep 2016;6:35640.

28.	 Bajic D, Niemann A, Hillmer AK et al. Gut microbiota-derived 
propionate regulates the expression of Reg3 mucosal lectins 

and ameliorates experimental colitis in mice. J Crohns Colitis 
2020;14:1462–72.

29.	 Link JC, Reue K. Genetic basis for sex differences in obesity and 
lipid metabolism. Annu Rev Nutr 2017;37:225–45.

30.	 Considine RV, Sinha MK, Heiman ML et al. Serum immunoreactive- 
leptin concentrations in normal-weight and obese humans. N 
Engl J Med 1996;334:292–5.

31.	 Della Torre S, Mitro N, Meda C et al. Short-term fasting reveals 
amino acid metabolism as a major sex-discriminating factor in 
the liver. Cell Metab 2018;28:256–67.e5.

32.	 Richardson NE, Konon EN, Schuster HS et al. Lifelong restriction 
of dietary branched-chain amino acids has sex-specific benefits 
for frailty and lifespan in mice. Nat Aging 2021;1:73–86.

33.	 Liu M, Shen L, Yang Q et al. Sexual dimorphism in intestinal 
absorption and lymphatic transport of dietary lipids. J Physiol 
2021;599:5015–30.

34.	 Gao A, Su J, Liu R et al. Sexual dimorphism in glucose metabo-
lism is shaped by androgen-driven gut microbiome. Nat Commun 
2021;12:7080.

35.	 Macotela Y, Boucher J, Tran TT et al. Sex and depot differences in 
adipocyte insulin sensitivity and glucose metabolism. Diabetes 
2009;58:803–12.

36.	 Koh A, De Vadder F, Kovatcheva-Datchary P et al. From dietary 
fiber to host physiology: short-chain fatty acids as key bacterial 
metabolites. Cell 2016;165:1332–45.

37.	 Turnbaugh PJ, Ley RE, Mahowald MA et al. An obesity-associated 
gut microbiome with increased capacity for energy harvest. 
Nature 2006;444:1027–31.

38.	 Flint HJ, Scott KP, Louis P et al. The role of the gut microbiota in 
nutrition and health. Nat Rev Gastroenterol Hepatol 2012;9:577–89.

39.	 Park J, Goergen CJ, HogenEsch H et al. Chronically elevated levels 
of short-chain fatty acids induce T cell-mediated ureteritis and 
hydronephrosis. J Immunol 2016;196:2388–400.

40.	 Kim MH, Kang SG, Park JH et al. Short-chain fatty acids acti-
vate GPR41 and GPR43 on intestinal epithelial cells to promote 
inflammatory responses in mice. Gastroenterology 2013;145:396–
406.e10.

41.	 Lee YS, Kim TY, Kim Y et al. Microbiota-derived lactate acceler-
ates intestinal stem-cell-mediated epithelial development. Cell 
Host Microbe 2018;24:833–46.e6.

42.	 Clemente JC, Ursell LK, Parfrey LW et al. The impact of the 
gut microbiota on human health: an integrative view. Cell 
2012;148:1258–70.

43.	 Lynch SV, Pedersen O. The human intestinal microbiome in 
health and disease. N Engl J Med 2016;375:2369–79.

44.	 Amar J, Chabo C, Waget A et al. Intestinal mucosal adherence 
and translocation of commensal bacteria at the early onset of 
type 2 diabetes: molecular mechanisms and probiotic treat-
ment. EMBO Mol Med 2011;3:559–72.

45.	 Chang DH, Rhee MS, Ahn S et al. Faecalibaculum rodentium gen. 
nov., sp. nov., isolated from the faeces of a laboratory mouse. 
Antonie Van Leeuwenhoek 2015;108:1309–18.

46.	 Mathur H, Beresford TP, Cotter PD. Health benefits of lactic acid 
bacteria (LAB) fermentates. Nutrients 2020;12:1679.

47.	 Barton LL, Fauque GD. Biochemistry, physiology and biotechnol-
ogy of sulfate-reducing bacteria. Adv Appl Microbiol 2009;68:41–98.

48.	 Xiao S, Fei N, Pang X et al. A gut microbiota-targeted dietary 
intervention for amelioration of chronic inflammation underly-
ing metabolic syndrome. FEMS Microbiol Ecol 2014;87:357–67.

49.	 Geurts L, Lazarevic V, Derrien M et al. Altered gut microbiota 
and endocannabinoid system tone in obese and diabetic leptin-
resistant mice: impact on apelin regulation in adipose tissue. 
Front Microbiol 2011;2:149.


