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The energy-dissipating capacity of brown adipose tissue through thermogenesis can be targeted to im-19 

prove energy balance1,2. Mammalian 5′-AMP-activated protein kinase (AMPK), a key nutrient sensor for 20 

maintaining cellular energy status3-5, is a known therapeutic target for glucose control in Type II diabe-21 

tes (T2D)6,7. Despite current understandings of its well-established roles in regulating glucose metabo-22 

lism in various tissues4,8-10, the functions of AMPK in the intestine, an organ for nutrient processing, re-23 

main largely unexplored. Using an intestinal epithelium-specific AMPK-null (AMPK-IKO) mouse model, 24 

we demonstrated that AMPK in the intestine communicated with brown adipose tissue (BAT) to pro-25 

mote thermogenesis. Mechanistically, we uncovered a novel link between intestinal AMPK activation 26 

and BAT thermogenic regulation through modulating anti-microbial peptide (AMP)-controlled gut micro-27 

biota and the metabolites. Our findings identified a new AMPK-mediated mechanism of intestine-BAT 28 

communication that may partially underlie the therapeutic effects of AMPK activator metformin (N, N-29 

dimethylbiguanide).   30 

 31 

Improvements of  glucose control by AMPK activators, including metformin, AICAR (5-aminoimidazole-32 

4-carboxamide riboside), resveratrol, and Cucurbitacin B, are accompanied by the activation of AMPK 33 

signaling in the intestine11-17, suggesting a significant contribution of intestinal AMPK in global glucose 34 

homeostasis. However, the specific function of AMPK in the intestine in overall energy balance and 35 

glucose metabolism remain largely unexplored. To address this current knowledge gap in our under-36 

standing of AMPK action, we genetically ablated AMPKα1, the predominant AMPK α subunit, selective-37 

ly in the intestinal epithelial cells (IECs) (Supplementary Fig. 1a)18,19. On normal chow diet (NC), the 38 

IEC-specific AMPK knockout (AMPK-IKO) mice did not exhibit an overt developmental or metabolic 39 

phenotypes as compared to AMPKfl/fl mice (Supplementary Fig. 1b-h). Surprisingly, however, BAT 40 

sections from AMPK-IKO mice displayed marked adipocyte hypertrophy with more abundant  multi-41 

locular lipid droplets than that of the controls (Fig. 1a). Further analysis revealed consistent down-42 

regulation of  the thermogenic gene program, including key regulators UCP1 (uncoupling protein 1), 43 

ADRB3 (adrenoceptor beta 3), PGC-1α (peroxisome proliferator-activated receptor gamma coactivator 44 
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1-alpha), and Dio2 (iodothyronine deiodinase 2). Consistent with the impaired thermogenic program, 45 

genes involved in mitochondrial function, fatty acid oxidation, and lipolysic pathways, were significantly 46 

attenuated in the BAT of AMPK-IKO mice (Fig. 1b). UCP1 protein level was markedly reduced in the 47 

BAT of AMPK-IKO mice than that of control AMPKfl/fl mice, both at room temperature and under cold 48 

exposure (Fig. 1c). Further corroborating these findings, indirect calorimetry assay demonstrated a ~50% 49 

reduction of energy expenditure in intestinal AMPK-null mice at ambient temprature, as indicated by 50 

oxygen consumption (VO2) and carbon dioxide production (VCO2) rate (Fig. 1d-e, Supplementary Fig. 51 

1i-l). Consistent with the attenuated thermogenic program leading to lower heat production, AMPK-IKO 52 

mice displayed lower rectal temperatures than AMPKfl/fl mice under cold exposure (Fig. 1f).  53 

 54 

We next tested the response of intestinal AMPK in regulating energy balance when challenged by over-55 

nutrition using a diet-induced obese (DIO) mouse model. Despite similar food intake on the high-fat diet 56 

(HFD), AMPK-IKO mice gained significantly more weight than AMPKfl/fl mice (Fig. 1g, Supplementary 57 

Fig. 1m-n), and developed markedly impaired glucose and insulin tolerance as compared to AMPKfl/fl 58 

mice (Fig. 1h-k). In line with previous obervations, attenuated energy balance and glucose metabolism 59 

were accompanied by suppression of thermogenic program and UCP1 protein expression in BAT (Fig. 60 

1l-m), together with markedly lower energy expenditure (Fig. 1n-o, Supplementary Fig. 1o-r). These 61 

results indicate a protective function of intestinal AMPK againt over-nutrition through maintenance of 62 

BAT thermogenic regulation.   63 

 64 

Recent reports indicate that changes in gut microbiota can modulate BAT thermogenesis and whole-65 

body energy expenditure20-22. Intriguingly, as oral administration of AMPK activators metformin and ber-66 

berine alters gut microbiota composition23, intestinal AMPK may mediate cross-talk with BAT through 67 

regulatory effects on gut microbiota profile. We thus profiled gut microbiota in AMPK-IKO and AMPKfl/fl 68 

mice on a NC diet. Significantly altered gut microbiota in AMPK-IKO mice was observed as compared 69 

to that of AMPKfl/fl mice (Fig. 2a, Supplementary Fig. 2), including the abundance of bacteria species 70 
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known to modulate glucose, lipid, and energy metabolism (Fig. 2b). Thus, gut microbiota may mediate 71 

specific functions of intestinal AMPK in metabolism.  72 

 73 

To further confirm that gut microbiota mediates intestinal AMPK action in metabolic homeostasis, we 74 

performed fecal microbiota transplantation (FMT) using microbiota harvested from AMPK-IKO mice. 75 

FMT from AMPK-IKO, as compared to FMT from AMPKfl/fl mice, led to markedly increased lipid accu-76 

mulation in BAT sections as indicated by more abundant lipid droplets (Fig. 2c). Consistently, the ther-77 

mogenic gene program genes and related pathways of BAT function, together with UCP1 protein, were 78 

all significantly reduced in the BAT of mice received FMT from AMPK-IKO (Fig. 2d-e). Further corrobo-79 

rating these observations, when the recipient mice were exposed to 6°C for 2 h, mice that received 80 

FMT from AMPK-IKO had significantly lower rectal temperatures (Fig. 2f), suggesting impaired heat 81 

production. This result was further supported by the functional gene profile of BAT of mice under cold 82 

exposure (Supplementary Fig. 3). Together, these results indicate that gut microbiota from AMPK-IKO 83 

mice is sufficient to impair BAT thermogenesis, suggesting that intestinal AMPK may confer its regula-84 

tion of BAT through gut microbiota. 85 

 86 

Gut microbiota primarily regulate BAT thermogenic funcions through their metabolites24-27. we thus con-87 

ducted a metabolomic analysis of serum samples from DIO AMPK-IKO and AMPKfl/fl. Indeed, intestinal 88 

AMPK deficiency led to significantly altered serum metabolites (Fig. 2g). Methylglyoxal, one of the al-89 

tered metabolites produced by intestinal bacteria and host metabolism, was of particular interest due to 90 

its high levels in diabetic patients and known involvement in development of T2D28-32. We further con-91 

firmed the significantly higher methylglyoxal levels in AMPK-IKO mice compared to AMPKfl/fl mice by 92 

ELISA (Fig. 2h). Notably, FMT from AMPK-IKO mice was able to increase methylglyoxal levels in recip-93 

ient mice (Fig. 2i), suggesting that increased production of methylglyoxal by gut microbiota due to loss 94 

of intestinal AMPK can be transferred by FMT. We then directly tested the potential of methylglyoxal on 95 

modulating thermogenic regulation in brown adipocytes using the HIB1B cell line. Indeed, methylglyoxal 96 
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induced significant suppression of UCP1 protein in a dose-dependent manner in differentiated HIB1B 97 

cells (Fig. 2j). Various pathways related to BAT function was also reduced by methylglyoxal treatment 98 

(Supplementary Fig. 4). Furthermore, we show that oral gavage of mice with methylglyoxal reduced 99 

UCP1 expression in BAT (Fig. 2k) and induced lipid accumulation in brown adipocytes (Fig. 2l), sug-100 

gesting direct effect of methylglyoxal on lowering BAT activity both in brown adipocyte and in vivo. In 101 

aggregate, these data indicate that gut microbiota metabolites, particularly methylglyoxal, could medi-102 

ate the crosstalk between intestinal AMPK action and BAT thermogenic regulation.   103 

 104 

AMPs, the gut-bacterial-derived peptides, have been shown to effectively kill pathogens33 to maintain 105 

an effective barrier against microbes on intestinal epithelium. Considering the critical role of AMPs in 106 

determining microbiota composition and markedly altered microbiota profile of AMPK-IKO mice, we 107 

postulate that AMPK action in the intestine may directly modulate AMP expression. Interestingly, we 108 

found markedly reduced mRNA and protein levels of Reg3γ, a key AMP, in the intestinal tissue of 109 

AMPK-IKO mice than in that of AMPKfl/fl mice (Fig. 3a-b). Moreover, expression of several other AMPs, 110 

including Reg3β, RELMβ (resistin-like molecule β), MMP7 (matrix metallopeptidase 7), and Defa (α-111 

defensin), were similarly reduced by loss of AMPK (Fig. 3a, Supplementary Fig. 5a). In contrast, 112 

treatment by AMPK activator AICAR directly induced AMP expression in human epithelial HT-29 cells 113 

(Supplementary Fig. 5b). Reg3γ in the gut can directly target bacteria by attacking  peptidoglycan car-114 

bohydrate backbone of both Gram-positive and Gram-negative species34,35. We therefore chose to fur-115 

ther examine Reg3γ regulation by AMPK as a key representative AMP. AMPK activators AICAR and 116 

metformin induced Reg3α transcript (the human homolog of mouse Reg3γ) in HT-29 cells in a dose-117 

dependent manner (Fig. 3c-d); whereas AMPK knockdown impaired these effects (Fig. 3e-g). Fur-118 

thermore, metformin strongly restored Reg3γ expression in the small intestines of AMPKfl/fl mice but not 119 

AMPK-IKO mice (Fig. 3h), providing support that Reg3 expression is directly controlled by AMPK sig-120 

naling. Most importantly, in obese patients with T2D, we observed significantly reduced Reg3α expres-121 

sion,  together with evidence of attenuated intestinal AMPK expression and T172 phosphorylation sug-122 
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gestive of its activity (Fig. 3i). Taken together, these findings identify an unexpected role of intestinal 123 

AMPK in modulating gut microbiota composition through regulation of AMPs, such as Reg3γ, in both 124 

rodents and humans.  125 

 126 

Metformin is a first-line anti-diabetes drug 36-38 and accumulating evidence indicate its action in the gut 127 

is important to glucose control12,39-41. However, the underlying molecular mechanisms of this contribu-128 

tion remain unclear. Strikingly, as shown in Fig 4a and 4e, the effect of metformin on inducing body 129 

weight loss in DIO-AMPKfl/fl mice (Fig. 4a) was largely abolished in the AMPK-IKO (Fig. 4e). Notably, 130 

similar reduction of metformin effect on improving glucose tolerance (Fig. 4b and 4f), hepatic lipid ac-131 

cumulation (Fig. 4c and 4g), and reducing fasting serum levels of triglycerides and total cholesterol 132 

(Fig. 4d and 4h), were also observed, indicating that these metabolic actions of metformin are depend-133 

ent on intestinal AMPK (Fig. 4a-h, Supplementary Fig. 6a-b).  134 

 135 

Although AMPK is expressed in BAT and metformin can enhance AMPK activity in BAT to activate 136 

brown fat thermogenic activity42-44, whether intestinal AMPK could contribute to the effects of metformin 137 

in BAT is yet to be tested. We found that metformin reduced lipid accumulation and UCP1 level in the 138 

BAT of AMPKfl/fl, but not AMPK-IKO mice (Fig. 4i-j), supporting the idea that AMPK action in the gut is 139 

required for metformin regulation of BAT function. Interestingly, prior studies indicate that metformin 140 

alters the gut microbiota of obese and diabetic patients45-47, which may contribute to the therapeutic ef-141 

fects of metformin. In line with these findings, we found that metformin treatment significantly altered 142 

the relative amount of several bacterial genera in AMPKfl/fl, while this effect is lost in AMPK-IKO mice 143 

(Fig. 4k, Supplementary Fig. 6c-d), suggesting that the metformin-controlled alteration of gut microbi-144 

ota depends on intestinal AMPK. As expected, metformin induced Reg3γ expression in the intestines of 145 

AMPKfl/fl but not AMPK-IKO mice (Fig. 3h). Taken together, these results suggest that the metabolic 146 

effects of AMPK-activating metformin is dependent on AMPK function in the gut, likely through an intes-147 

tinal AMPK-AMP-gut microbiota link. 148 
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The role of AMPK in cellular energy homeostasis is highly essential and conserved in eukaryotes. The 149 

intestine plays a central role in nutrient sensing, absorption, and metabolism. Our current study reveals 150 

for the first time that the cross-talk between intestinal AMPK and BAT regulates thermogenesis and me-151 

tabolism through modulating AMP-controlled gut microbiota and the metabolites. Thus, our findings 152 

provide a new mechanistic underpinning of AMPK function in metabolic regulation, which may shed 153 

light on the ongoing large clinical trials of metformin, as well as general drug discoveries utilizing enteral 154 

drug administration to treat metabolic diseases.    155 

 156 
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Online METHODS 175 

Clinical samples. Duodenal mucosa specimens were collected from patients with obesity and T2D at 176 

the Southern California Islet Cell Resource Center at City of Hope. In brief, subjects were divided into 177 

an obese with diabetes group (n=5) and a non-obese, non-diabetic group (n=5). Obesity was defined 178 

as a body mass index of 30 or greater, and T2D was defined according to the stringent HbA1c guide-179 

lines established by the American Diabetes Association (T2D: HbA1c >6.5%, approximately equivalent 180 

to 7.8 mM blood glucose) (Supplementary Table 1). All participants provided written informed consent, 181 

and ethical approval for this study was granted by the Institutional Review Board of City of Hope (IRB 182 

No. 01046).  183 

 184 

Animals. Wild-type (WT) C57BL/6J, C57BL/6-AMPKa1flox/flox mice (#014141), and B6.Cg-Tg (Vil-cre) 185 

1000Gum/J (#021504) were purchased from Jackson Laboratory (Bar Harbor, ME). AMPK-IKO mice 186 

were generated by cross-breeding C57BL/6-AMPKa1flox/flox mice with B6.Cg-Tg (Vil-cre) 1000Gum/J. All 187 

animal procedures were approved by the City of Hope Institutional Animal Care and Use Committee 188 

and conducted in accordance with the National Institutes of Health Guidelines for the Care and Use of 189 

Laboratory Animals. 8-12-week-old male mice were used in the animal experiments (unless otherwise 190 

indicated). Mice were housed in a temperature (22-23°C) and light-controlled vivarium with free access 191 

to water and normal chow diet (NC) (17% kcal fat; Diet 8640, Harlan Teklad, Madison, WI) or high-fat 192 

diet (HFD, 60% kcal fat; D12492, Research Diets, New Brunswick, NJ). HFD was started at 6 weeks of 193 

age and continued for 12 weeks. All treatment groups were weight-matched and randomized to treat-194 

ment groups at the initiation of each experiment. Cold exposure was performed at 6°C in a light- and 195 

humidity-controlled (40%) climatic chamber under specific-pathogen-free (SPF) conditions. To assess 196 

whole-body energy metabolism, mice were placed into metabolic cages and acclimatized for approxi-197 

mately 48 h. Food and fluid intake, ambient locomotor activity, O2 consumption (VO2), CO2 output 198 

(VCO2), respiratory exchange ratio (RER), and energy expenditure were measured using a Compre-199 

hensive Laboratory Animal Monitoring System (Columbus Instruments). Body composition was meas-200 
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ured using magnetic resonance imaging (EchoMRI, Houston, TX). To investigate the effects of methyl-201 

glyoxal on BAT activity, mice were treated with intraperitoneal (i.p.) injections of methylglyoxal (50 202 

mg/kg) once daily for 14 days. For chronic metformin studies, 6-week-old male AMPKfl/fl and AMPK-IKO 203 

mice were switched from ND chow to HFD for 6 weeks. Then, they were weight-matched and divided 204 

into two groups to receive vehicle treatment (tap water) or metformin by oral gavage (100 mg/kg) once 205 

daily for 8 weeks. 206 

 207 

Metabolic phenotype and blood measurements. To test glucose tolerance, mice were fasted for 16 208 

h before i.p. injection of glucose solution (1.5 mg/g body weight). Blood glucose levels were measured 209 

at baseline and at 15, 30, 60, and 120 min post-injection using an Accu-Chek glucometer (Roche Diag-210 

nostics, France). To test insulin tolerance, mice were fasted for 4 h before i.p. injection of insulin (0.75 211 

U/kg body weight). Blood glucose levels were measured at baseline and at 15, 30, 60, and 120 min 212 

post-injection. Serum methylglyoxal levels were determined using a Methylglyoxal ELISA Kit (abcam, 213 

Cambridge, MA). Serum insulin was assessed after a 12 h of fasting using a Mouse Insulin ELISA Kit 214 

(Millipore Sigma, Burlington, MA) according to the manufacture’s instructions. Plasma triglyceride and 215 

total cholesterol levels were determined using LabAssay Triglyceride and Cholesterol Kits (Wako 216 

Chemicals, Osaka, Japan), respectively. 217 

 218 

Gut microbiota profiling. Bacterial DNA was extracted from the cecal contents of mice using a QI-219 

Aamp DNA Stool Mini Kit (Qiagen). The V4 region of the bacterial 16S rRNA gene was amplified by 220 

triplicate PCR (F515/R806) using barcoded fusion primers. Samples were pooled in sets of a maximum 221 

of 96 samples in equal quantities. Paired-end sequencing of the amplicon library was performed on the 222 

Illumina MiSeq 300-bp paired-end platform. A multi-step bioinformatics analysis performed using QIIME 223 

1.9.1 software included filtering raw fastq files for primer and adaptor dimer sequences, removing con-224 

taminating host sequences and chimeric sequences, clustering sequences into operational taxonomic 225 

units (OTUs) using the open reference OTU calling method with the greengenes 16S reference, and 226 
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calculating alpha and beta diversity metrics. Non-metric multidimensional scaling (NMDS) is an ordina-227 

tion technique that aims to discover data patterns in N-dimensional space. It represents the major varia-228 

tion among objects in a reduced dimensional space. Linear discriminant analysis (LDA) of effect size 229 

(LEfSe) and the cladogram method were used for microbial biomarker discovery. The data were ana-230 

lyzed on the free online Majorbio Cloud Platform (www.majorbio.com). 231 

 232 

Fecal microbiota transplantation (FMT). FMT was performed as described in a previous study 48. In 233 

brief, 8-week-old WT recipient mice were treated with a cocktail of antibiotics, including metronidazole, 234 

vancomycin, neomycin, and ampicillin to deplete their gut flora. First, they were administered the antibi-235 

otic cocktail in drinking water (per 1 L of water: 1 g metronidazole, 500 mg vancomycin, 1 g neomycin, 236 

and 1 g ampicillin) for one week. Then, they were orally gavaged with 200 µl of the antibiotic cocktail 237 

(per 1mL of water: 0.5 g metronidazole, 0.5 g vancomycin, 0.5 g neomycin, and 0.5 g ampicillin) once 238 

daily for another week. Fresh feces were collected from donor mice under SPF conditions. Feces sam-239 

ples were weighed and diluted with 1 ml of saline per 0.1 g of stool, steeped for about 15 min, shaken, 240 

and then centrifuged at 800 g for 3 min. The supernatant was obtained for gavage.  241 

 242 

Histology analysis. Tissues were fixed in 10% formalin and were paraffin-embedded. Multiple sections 243 

(5 mm) were prepared and stained with hematoxylin and eosin (H&E) for general morphological obser-244 

vation.  245 

 246 

Serum metabolomics. Serum metabolic profiling was conducted using ultra-high-performance liquid 247 

chromatography (HPLC) (Waters, Milford, USA) coupled with a TripleTOF 5600+ mass spectrometer 248 

(Applied Biosystems, USA). A total of 2,007 metabolite peaks were measured. Of those, 485 were 249 

structurally identified and annotated using an in-house LC-MS/MS database. Clusters of coabundant 250 

metabolites were identified using the dynamic hybrid tree-cutting algorithm (R package: dynamic-251 
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TreeCut), with a deepSplit value of 4 and a minimum cluster size of 2. Metabolites that did not fit the 252 

clustering criteria were regarded as singletons.  253 

 254 

Cell culture. HIB1B brown pre-adipocytes were cultured in Dulbecco's modified Eagle's medium 255 

(DMEM; Thermo Fisher, Pittsburg, PA, USA) supplemented with 10% fetal bovine serum (Atlas Biologi-256 

cals, Fort Collins, CO, USA) and 1% penicillin–streptomycin (Thermo Fisher). After reaching conflu-257 

ence, cell differentiation was induced using high-glucose DMEM containing 10% FBS, 20 nM insulin, 1 258 

nM triiodothyronine (T3), 0.5 mM IBMX, and 1 μM dexamethasone for 2 days. Cells were re-fed every 259 

other day with DMEM containing 10% fetal bovine serum and insulin and T3 at the same concentra-260 

tions listed above. From the 1st day of the differentiation process, cells were treated with various con-261 

centrations of methylglyoxal. The HT-29 cell line was obtained from ATCC and cultured in McCoy's 5a 262 

medium supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin.  263 

 264 

IEC isolation. Mice were sacrificed after anesthesia, and the small intestine was immediately removed 265 

and flushed from both ends with sterile PBS. The small intestine was then opened longitudinally and 266 

washed thoroughly with cold PBS. The tissue was then incubated in 10 ml of PBS containing 30 mM 267 

EDTA and 1.5 mM dithiothreitol on ice for 20 min, washed in cold PBS, and incubated in 10 ml of PBS 268 

containing 30 mM EDTA at 37°C on a shaker (200 rpm) for 10 min. Then, the samples were shaken 269 

vigorously for 30 s and centrifuged at 1000 × g for 5 min at 4°C. Cell pellets were washed with PBS 270 

containing 10% FBS and collected for experiments. 271 

 272 

AMPK knockdown in cells. HT-29 cells were transfected with siRNA targeting PRKAA1 (sc-45312, 273 

Santa Cruz Biotechnology) or a control siRNA (SIC001, Sigma) using Lipofectamine 3000 (11668–027, 274 

Invitrogen) according to the manufacturer's instructions. Cells were incubated for 24 h with a transfec-275 

tion mixture containing a final siRNA concentration of 100 pM and then supplemented with fresh medi-276 

um. 277 
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Western blot analysis.  20 μg of cells or 40 μg of tissue lysates were subjected to electrophoresis on 278 

10% acrylamide gels and transferred to PVDF membranes. The membranes were incubated for 1 h 279 

with blocking buffer (either TBS-T containing 5% [w/v] BSA or 5% skim milk). The membranes were 280 

then incubated with the indicated primary antibodies diluted in blocking buffer (1:1,000) for 12 h at 4°C: 281 

anti-pAmpk-α Thr172 (Cell Signaling, #2535s), anti-Ampk-α (Cell Signaling, #2532), anti-UCP1 (abcam, 282 

ab10983), anti-Reg3γ (R&D, 3873), and anti-Reg3α (abcam, ab202057). The membranes were 283 

washed three times with TBS-T and incubated with the appropriate secondary HRP-conjugated anti-284 

bodies (diluted 1:2,000 in 5% skim milk) at room temperature for 1 h. Finally, the membranes were 285 

washed in TBS-T three times for 10 min each, and the signal was detected using enhanced chemilumi-286 

nescence reagent (Pierce, IL, USA). Protein levels were quantified by densitometry using Image J soft-287 

ware. 288 

 289 

RT-PCR analysis. Total RNA was extracted from tissues and cells using TRIzol reagent, according to 290 

the manufacturer’s instructions. The purity and concentration of the total RNA were determined using a 291 

NanoDrop spectrophotometer (ND-1000, Thermo Fisher). 1 μg of total RNA was reverse transcribed 292 

using cDNA Synthesis SuperMix (Invitrogen, CA, USA). Quantitative real-time PCR was carried out us-293 

ing an ABI 7900HT Fast Real-Time PCR System (Applied Biosystems, Warrington, UK) with SYBR 294 

Green PCR Master Mix (Applied Biosystems) and gene-specific primers (Supplementary Table 2). 295 

The sequences and GenBank accession numbers of the forward and reverse primers used to quantify 296 

mRNA are listed in Supplementary Table S2. Relative mRNA levels were normalized against Gapdh. 297 

 298 

Statistical analysis. Statistical analyses were performed using GraphPad Prism (version 8). All data 299 

are expressed as mean ± s.e.m. One-way analysis of variance (ANOVA) with Tukey’s post-hoc tests 300 

was used to determine the statistical significance of differences between multiple groups. Student’s t-301 

tests were used to determine the statistical significance of differences between two groups. P < 0.05 302 

was considered statistically significant. 303 
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Figure 1

Figure 1. Intestinal epithelial AMPK knockout mice have impaired BAT function. For a-f, AMPKfl/fl (Control)

and AMPK-IKO mice were fed NC. (a) Representative images of H&E-stained BAT sections. Scale bar =100 µm. (b)

Relative mRNA levels of genes in BAT, detected by qPCR (n=5). (c) Western blot analysis of UCP1 protein levels

in BAT before and after cold exposure (6°C) for 1 week. (d-e) VO2 of mice over 24 h (n=4-5). (f) Rectal

temperatures of mice exposed to 6°C for 2 h (n=6). For g-o, mice were fed HFD for 10-12 weeks. (g) Body weights

of mice during the HFD feeding period (n=16-20). Mice were fed HFD from 6-week-old. (h-i) Glucose tolerance test

results at 10 weeks of HFD feeding, including blood glucose levels and the area under the curve (AUC) (n=5-7). (j-k)

Insulin tolerance test results at 11 weeks of HFD feeding (n=5-7). (l) Relative mRNA levels of thermogenesis genes

in BAT (n=7). (m) UCP1 protein levels in BAT. (n-o) VO2 of mice over 24 h (n=4). Values are means ± s.e.m. *P <

0.05, **P < 0.01, and ***P < 0.001 cf. control mice by two-tailed Student’s t-tests.



Figure 2

Figure 2. Intestinal AMPK remotely controls BAT function by modulating gut microbiota and their

metabolites. (a) Non-metric multidimensional scaling (NMDS) analysis of operational taxonomic unit (OTU) levels

in AMPKfl/fl (Control) and AMPK-IKO mice fed ND chow (n=3). (b) Functional classification of microbiota with

differential abundance in AMPK-IKO mice compared to AMPKfl/fl mice, based on the Clusters of Orthologous

Groups (COGs) database. (c) Representative images of H&E-stained BAT sections from WT FMT recipient mice.

Scale bar =100 µm. FMT-CC, FMT from AMPKfl/fl mice to WT mice; FMT-KC, FMT from AMPK-IKO mice to WT

mice. (d) Relative mRNA levels of genes expressed in the BAT of recipient mice (n=3-4). (e) Representative

Western blot analysis of UCP1 protein levels in the BAT of recipient mice. (f) Rectal temperatures of mice recipient

mice exposed to 6°C for 2 h (n=4-6). (g) Metabolomic analysis of serum samples from DIO Control and AMPK-

IKO mice (n=4). (h-i) Serum methylglyoxal levels in DIO mice (h) and FMT recipient mice (i), measured using

ELISA (n=3-4). (j) Representative Western blot analysis of UCP1 protein expression in mature HIB1B cells treated

with a gradient concentration of methylglyoxal (MG) for 24 h. Experiments were performed in quadruplicate and

repeated three times. (k) UCP1 protein expression in the BAT of WT mice after i.p. injections of methylglyoxal for 2

weeks (n=4). (l) Representative images of H&E-stained BAT sections of mice treated with methylglyoxal. Scale bar

=100 µm. Values are means± s.e.m. *P < 0.05, **P < 0.01 by two-tailed Student’s t-tests.



Figure 3

Figure 3. Intestinal AMPKα1 regulates the AMP Reg3. (a) Relative mRNA levels of Reg3γ and Reg3β in the
duodenum, jejunum, ileum, and colon of AMPKfl/fl (Control) and AMPK-IKO mice fed ND chow (n=6). (b)

Representative Reg3γ protein levels in the jejunum of mice fed ND chow. (c-d) Relative mRNA levels of

Reg3α in HT-29 cells treated with gradient concentrations of AICAR (c) and metformin (d). n=4-5. (e) Western
blot analysis of AMPK protein in HT-29 cells treated with control siRNA or AMPK siRNA. (f-g) Relative mRNA

levels of Reg3α in AMPK knockdown HT-29 cells treated with 100 uM of AICAR (f) or 10 uM of metformin (g)

for 24 h. n=6. (h) Representative Reg3γ protein levels in WT DIO mice treated with metformin. (i) Western blot
analysis of total AMPK, phosphorylated AMPK (p-AMPK), and Reg3α in duodenal mucosa samples from
obese patients with T2D. (j) The quantitated densities of these Western blot bands are also shown. Values are

means ± s.e.m. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t-test (for a, cf. Control mice; for c-d, cf.

vehicle-treated cells; for j, cf. non-T2D human samples), and one- or two-way ANOVA with Tukey’s post-hoc

tests for f-g, *P < 0.05, **P < 0.01, ##P<0.01, $P<0.05, $$P<0.01. * and # cf. vehicle-treated cells infected with

control siRNA, $ cf. AICAR- or metformin-treated cells infected with AMPK siRNA.



Figure 4

Figure 4. The therapeutic effects of metformin on metabolic disorders depend on intestinal AMPK. DIO

AMPKfl/fl (Control; a-d) and AMPK-IKO (e-h) mice were orally garaged with metformin (100 mg/kg) once daily for 8

weeks. (a, e) Body weights of mice during metformin treatment (n=5). (b, f) Glucose tolerance test results at 8

weeks of metformin administration. (c, g) Representative images of H&E-stained liver sections. Scale bar =100 µm.

(d, h) Fasting serum levels of triglycerides (TG) and total cholesterol (TC) (n=5). Values are means ± s.e.m. *P <

0.05, **P < 0.01 by two-tailed Student’s t-tests. (i) Representative images of H&E-stained BAT sections. (j)

Representative UCP1 protein expression in BAT. (k) Relative abundance of microbiota at the genus level (n=5).

Values are means ± s.e.m. *P < 0.05, **P < 0.01, and ***P < 0.001 cf. vehicle-treated mice by one-way ANOVA

with Tukey’s post-hoc tests.
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Non-metric multidimensional scaling (NMDS) analysis of operational taxonomic unit (OTU) levels in
AMPK�/� (Control) and AMPK-IKO mice fed ND chow (n=3). (b) Functional classi�cation of microbiota
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analysis of UCP1 protein expression in mature HIB1B cells treated with a gradient concentration of
methylglyoxal (MG) for 24 h. Experiments were performed in quadruplicate and repeated three times. (k)
UCP1 protein expression in the BAT of WT mice after i.p. injections of methylglyoxal for 2 weeks (n=4). (l)
Representative images of H&E-stained BAT sections of mice treated with methylglyoxal. Scale bar =100
μm. Values are means ± s.e.m. *P < 0.05, **P < 0.01 by two-tailed Student’s t-tests.

Figure 3

Intestinal AMPKα1 regulates the AMP Reg3. (a) Relative mRNA levels of Reg3γ and Reg3β in the
duodenum, jejunum, ileum, and colon of AMPK�/� (Control) and AMPK-IKO mice fed ND chow (n=6). (b)
Representative Reg3γ protein levels in the jejunum of mice fed ND chow. (c-d) Relative mRNA levels of



Reg3α in HT-29 cells treated with gradient concentrations of AICAR (c) and metformin (d). n=4-5. (e)
Western blot analysis of AMPK protein in HT-29 cells treated with control siRNA or AMPK siRNA. (f-g)
Relative mRNA levels of Reg3α in AMPK knockdown HT-29 cells treated with 100 uM of AICAR (f) or 10
uM of metformin (g) for 24 h. n=6. (h) Representative Reg3γ protein levels in WT DIO mice treated with
metformin. (i) Western blot analysis of total AMPK, phosphorylated AMPK (p-AMPK), and Reg3α in
duodenal mucosa samples from obese patients with T2D. (j) The quantitated densities of these Western
blot bands are also shown. Values are means ± s.e.m. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s
t-test (for a, cf. Control mice; for c-d, cf. vehicle-treated cells; for j, cf. non-T2D human samples), and one-
or two-way ANOVA with Tukey’s post-hoc tests for f-g, *P < 0.05, **P < 0.01, ##P<0.01, $P<0.05, $$P<0.01.
* and # cf. vehicle-treated cells infected with control siRNA, $ cf. AICAR- or metformin-treated cells
infected with AMPK siRNA.
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The therapeutic effects of metformin on metabolic disorders depend on intestinal AMPK. DIO AMPK�/�
(Control; a-d) and AMPK-IKO (e-h) mice were orally garaged with metformin (100 mg/kg) once daily for 8
weeks. (a, e) Body weights of mice during metformin treatment (n=5). (b, f) Glucose tolerance test results
at 8 weeks of metformin administration. (c, g) Representative images of H&E-stained liver sections. Scale
bar =100 μm. (d, h) Fasting serum levels of triglycerides (TG) and total cholesterol (TC) (n=5). Values are
means ± s.e.m. *P < 0.05, **P < 0.01 by two-tailed Student’s t-tests. (i) Representative images of H&E-



stained BAT sections. (j) Representative UCP1 protein expression in BAT. (k) Relative abundance of
microbiota at the genus level (n=5). Values are means ± s.e.m. *P < 0.05, **P < 0.01, and ***P < 0.001 cf.
vehicle-treated mice by one-way ANOVA with Tukey’s post-hoc tests.
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