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Abstract
Intestinal  macrophages  play  a  vital  role  in  the  maintenance  of  gut  homeostasis 
through  signals  derived  from  the  microbiota.  We  previously  demonstrated  that 
microbial- derived metabolites  can  shape  the metabolic  functions of macrophages. 
Here, we show that antibiotic- induced disruption of the intestinal microbiota dra-
matically alters both the local metabolite environment and the metabolic functions 
of  macrophages  in  the  colon.  Broad- spectrum  antibiotic  administration  in  mice 
increased the expression of the large neutral amino acid transporter LAT1 and ac-
cordingly, amino acid uptake. Subsequently, antibiotic administration enhanced the 
metabolic  functions  of  colonic  macrophages,  increasing  phosphorylation  of  com-
ponents of mammalian/mechanistic target of rapamycin signalling pathways, with 
increased expression of genes involved in glycolysis and oxidative phosphorylation 
(OXPHOS), increased mitochondrial function, increased rate of extracellular acidi-
fication (ECAR; measure of glycolysis) and  increased rate of oxygen consumption 
(OCR;  measure  of  OXPHOS).  Small  bowel  macrophages  were  less  metabolically 
active  than  their  colonic  counterparts,  with  macrophage  metabolism  in  the  small 
intestine  being  independent  of  the  microbiota.  Finally,  we  reveal  tissue- resident 
Tim4+  CD4+  macrophages  exhibit  enhanced  fatty  acid  uptake  alongside  reduced 
fatty acid synthesis compared to recruited macrophages. Thus, the microbiota shapes 
gut macrophage metabolism in a compartment- specific manner, with important im-
plications for monocyte recruitment and macrophage differentiation.
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INTRODUCTION

Intestinal  macrophages  in  the  lamina  propria  are  spe-
cialized to remain hyporesponsive to the gut microbiota, 
while  remaining  poised  to  respond  to  pathogens  when 
required.  Under  steady- state  conditions,  intestinal  mac-
rophages do not respond to bacterial stimulation, such as 
lipopolysaccharide [1, 2], thought to be one of the major 
mechanisms by which harmful immune responses against 
the intestinal microbiota are avoided. Most macrophages 
within  the  intestine  are  seeded  from  Ly6C+MHCcII− 
blood  circulating  monocytes,  which  differentiate  to  an 
intermediate stage  (Ly6C+MHCcII+), before maturing  to 
macrophages  (Ly6C−MHCcII+)  [3].  However,  Tim4  and 
CD4 expression identifies macrophages with low turnover 
from the circulation [4], although the proportions of these 
macrophages differ between the small and large intestines 
and functional differences between recently recruited and 
long- lived macrophages in the intestine are unclear.

Metabolic pathways provide energy to cells but are also 
capable of regulating immune function. Immune cell me-
tabolism regulates their function and is dependent on the 
local  availability  of  nutrients  [5– 8].  Classically  activated 
macrophages  are  typically  induced  by  lipopolysaccha-
ride (LPS) or interferon gamma (IFNγ) [9], defined by the 
production of high  levels of pro- inflammatory cytokines 
in  response  to  pathogens,  rely  on  glucose  utilization  for 
energy  (anaerobic  glycolysis).  In  contrast,  alternatively 
activated macrophages provide growth factors for wound 
healing and are generated by type 2 cytokines such as in-
terleukin (IL)- 4 or IL- 13, using oxidative phosphorylation 
(OXPHOS)  generated  within  mitochondria  from  the  tri-
carboxylic acid cycle (TCA) as their primary energy source 
[10,  11].  Primary  tissue  macrophages  exhibit  properties 
of both classical and alternative activation, and it is now 
thought that a spectrum of macrophage phenotypes exist 
which are shaped by local tissue niches.

Amino  acids,  building  blocks  of  proteins  and  nucleo-
tides,  govern  cellular  metabolism  by  forming  precursors 
of key regulatory metabolites [12]. Amino acid uptake has 
been proposed to be important for macrophage function, as 
LPS stimulation of bone marrow- derived macrophages in-
creases the expression of Slc7a5, a component of the System 
L- type large neutral amino acid transporter LAT1, and sub-
sequently, leucine importation through LAT1 regulates pro- 
inflammatory  cytokine  production  by  macrophages  [13]. 
This is of particular relevance to the intestine with high lev-
els of amino acids from the intake of dietary protein. It was 
recently demonstrated that deletion of Slc3a2, a subunit of 
amino acid transporters including LAT1, in CX3CR1+ gut 
macrophages  reduces  their  numbers  and  impedes  mono-
cyte differentiation to mature MHC cII+ macrophages [14].

The  gut  microbiota  generates  metabolites  that  reg-
ulate  the  intestinal  immune  system,  with  arguably  the 
most  extensively  studied  being  short- chain  fatty  acids 
(SCFAs)  [15– 18].  We  and  others  have  demonstrated 
the  SCFA  butyrate  induces  metabolic  rewiring  in  in-
testinal  macrophages  towards  OXPHOS  [19]  and  away 
from  glycolysis  [20].  However,  the  overall  contribution 
of  the  microbiota  to  macrophage  metabolism  in  the 
intestine  remains  unclear.  Here,  we  demonstrate  that 
antibiotic- induced disruption of  the  intestinal microbi-
ota  enhances  amino  acid  uptake  by  macrophages  and 
their  metabolic  capacity,  with  upregulation  of  glycoly-
sis  as  well  as  OXPHOS  pathways.  These  changes  were 
not  SCFA  dependent  and  were  limited  to  colonic  mac-
rophages only. Indeed, the metabolic capacity of macro-
phages in the small intestine was diminished compared 
to  that  of  macrophages  in  the  colon.  The  importance 
of  considering  macrophage  subsets  in  the  intestine  is 
demonstrated  with  fatty  acid  uptake  being  a  defining 
characteristic  of  long- lived  Tim4+CD4+  colonic  tissue- 
resident macrophages.

METHODS

Mice

WT  C57BL/6  mice  (Charles  River)  were  maintained 
under specific pathogen- free conditions at the University 
of  Manchester,  UK.  Age-   and  gender- matched  adult 
(8– 12  weeks  old,  female)  animals  were  used  in  all  ex-
periments  and  protocols  approved  by  the  University  of 
Manchester  Animal  Welfare  Ethical  Review  Boards.  All 
experiments were carried out under license issued by and 
according  to  UK  Home  Office  regulations.  Sample  sizes 
were determined based on previous experiments investi-
gating the effects of antibiotics on intestinal macrophage 
function,  to detect a 20% difference with ~10% standard 
deviation.

Antibiotic treatment

Mice  were  treated  with  an  antibiotic  cocktail  contain-
ing  ampicillin  (1  g/L),  metronidazole  (1  g/L),  neomycin 
(1 g/L), gentamicin (1 g/L) and vancomycin (0.5 g/L)  in 
drinking water for 7 days, which was replenished once on 
day 3 or 4. Control (untreated) mice were used from the 
same  batch  of  mice  bought  from  Charles  River  as  those 
that were antibiotic treated and housed in the same loca-
tion (within separate cages as antibiotics administered in 
drinking water).
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Isolation of intestinal lamina propria cells

Large  and  small  intestines  were  removed  from  mice, 
cleaned with phosphate- buffered saline (PBS) and chopped 
into 5- mm sections before incubation with 2 mm ethylen-
ediaminetetraaceticacid in HBSS three times for 15 min on 
shake at 210 rpm. After washing, tissue was digested with 
1·25 mg/ml collagenase D (Sigma), 0·85 mg/ml collagenase 
V (Sigma) and 1 mg/ml dispase (Gibco, Invitrogen) in 10% 
fetal bovine serum (FBS) RPMI- 1640 (Sigma) at 37°C for 
30 min (small intestine) or 35 min (large intestine).

Faecal metabolite analysis

Faecal metabolite analysis was performed as described pre-
viously  [19].  Briefly,  stools  were  prepared  for  1H  nuclear 
magnetic  resonance  (NMR)  spectroscopy  and  recorded 
at  600  MHz  on  a  Bruker  Avance  spectrometer  (Bruker 
BioSpin  GmbH)  running  Topsin  2.0  software  and  fitted 
with  a  broadband  inverse  probe.  All  metabolites  were 
quantified  using  Chenomx  NMR  suite  7.6  software  and 
using the 2D- NMR methods, COSY, HSQC and HMBC.

Flow cytometry and sorting of cells

Isolated cells were stained with Fc block (BD Sciences) for 
5 min prior to staining at 4°C in the dark using the antibod-
ies listed in Table S1 and analysed using an LSR Fortessa 
cytometer  (BD  Biosciences)  and  FlowJo  software  (BD). 
Monocytes and macrophages were sorted using a FACS Aria 
Fusion as live gated CD45+SiglecF−Ly6G−CD11b+CD64+ 
cells  to >97% purity and further subdivided  into subsets 
based on MHC class II, Ly6C, Tim4 and CD4 expression.

SCFA and amino acid treatment

Mice  were  administered  acetate  (67·5  mm),  propionate 
(25·9 mm) and butyrate (40 mm) in drinking water (con-
centrations  reflective  of  ratios  within  the  intestine  [21]) 
with or without antibiotics for 7 days. For the amino acid 
supplementation  experiments,  mice  received  100  mm 
each of lysine, leucine and glutamine or isoleucine, tryp-
tophan (30 mm) and glutamine in drinking water with or 
without antibiotics for 7 days.

Amino acid uptake assay

System  L  amino  acid  transport  was  measured  using  the 
fluorescent  properties  of  kynurenine.22  After  staining  to 

distinguish macrophages, each sample was split into four 
tubes:  HBSS  alone  (FMO/background),  l- kynurenine 
(Sigma; 200 μm final), l- kynurenine + leucine (Sigma, 5 mm 
final) and kynurenine + 2- amino- 2- norbornanecarboxylic 
acid  (BCH)— a  LAT1  inhibitor  (Sigma;  10  mm  final). 
Samples were placed at 37°C for 5 min, before addition of 
Cytofix Fixation Buffer (BD Biosciences), pulse vortex and 
incubation at 4°C for 20 min. After washing, cells were an-
alysed by flow cytometry. Kynurenine was detected on the 
e450/BV421 channel (BV450/50 filter on LSR Fortessa).

Phosphoflow

Cell  suspensions  were  lysed,  fixed  and  stained  using  a 
modified  BD  PhosphoflowTM  protocol.  After  addition 
of  pre- warmed  lyse/fix  buffer  (BD  PhosphoflowTM)  cells 
were inverted 10 times and incubated at 37°C for 10 min. 
Cells were washed and centrifuged 600 g for 6 min twice 
before permeabilizing with Perm Buffer III for 30 min at 
4°C. After washing,  cells were  treated with Fc block  for 
5  min  before  staining  with  PhosphoflowTM  and  regular 
antibodies (see antibody list, Table S1).

Cellular metabolism assays

Intestinal cell suspensions were stained with an antibody 
cocktail  to  distinguish  macrophages  before  the  addition 
of  Mitotracker  Green  (50  nm  final)  and  tetramethylrho-
damine,  ethyl  ester  (TMRE,  25  nm  final)  in  10%  FBS 
RPMI- 1640 and incubation for 30 min at 37°C with CO2. 
Cells  were  washed  twice  before  analysis  by  flow  cytom-
etry. Mitotracker Green was detected on the FITC chan-
nel (B530/30 filter on LSR Fortessa) and TMRE on the PE 
channel  (Y568/15  filter  on  LSR  Fortessa).  For  fatty  acid 
uptake, 5 μm BODIPY FL C16 (Invitrogen) in 0·5% fatty 
acid- free BSA RPMI- 1640 (both Sigma) was added to cells 
for 10 min in a 37°C 5% CO2 incubator and signal detected 
on the FITC channel (B530/30 filter on the LSR Fortessa). 
For glucose uptake, 100 μm 2- NBDG was added  to cells 
in glucose- free RPMI- 1640 media  (Gibco, ThermoFisher 
Scientific)  for  1  h  at  37°C  in  an  incubator  and  detected 
on the FITC channel (B530/30 filteron the LSR Fortessa).

Quantitation of gene expression by real- 
time PCR

Total RNA was extracted from monocytes and macrophages 
from the intestines of individual or pooled samples using the 
RNeasy Micro Kit (Qiagen). RNA were reverse transcribed to 
cDNA using the High Capacity RNA- to- cDNA Kit (Applied 
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Biosystems, Thermo Scientific) and gene expression was as-
sayed  using  quantitative  reverse  transcription  PCR  using 
PerfeCTa SYBR Green Fastmix Low ROX (Quanta) on the 
QuantStudio 12K Flex  (Applied Biosystems) with primers 
(Integrated DNA Technologies) listed in Table S2.

Phagocytosis assay

After  digestion,  intestinal  cell  suspensions  were  placed  in 
10% FBS RPMI- 1640 in a 5% CO2 37°C incubator to allow 
time for attachment to the tubes for 1·5– 2 h. After washing, 
100 μl of 1 mg/ml pHrodo Red Escherichia coli BioParticles 
(Invitrogen) were added in PBS and cells placed at 4°C (neg-
ative control) or 37°C for 30 min. After washing, cells were 
stained with the macrophage antibody panel and analysed 
by flow cytometry. pHrodo Red BioParticles were detected 
on the PE channel (Y568/15 filter, LSR Fortessa).

Seahorse

Extracellular  acidification  rates  (ECAR)  and  oxygen 
consumption  rates  (OCR)  were  measured  using  an  XF- 
96  Extracellular  Flux  Analyser  (Seahorse  Bioscience, 
Agilent  Tecnologies).  ECAR  was  measured  at  baseline 
and after addition of 25 mm glucose, 1– 2 μm oligomycin 
and  50  mm  2- deoxy- d- glucose).  OCR  were  taken  under 
basal  conditions  and  following  the  addition  of  1– 2  μm 
oligomycin,  1.5  μm  fluro- carbonyl  cyanide  phenylhy-
drazone, 200 μm etomoxir and 100 nm rotenone + 1 μm 
antimycin A (all purchased from Sigma). Each Seahorse 
experiment  contains  ex  vivo  pooled  and  sorted  live 
CD45+SiglecF−Ly6G−CD11b+CD64+  intestinal  cells  iso-
lated from five or six mice per group.

RESULTS

Antibiotic treatment increases amino 
acid uptake and expression of the LAT1 
transporter on colonic macrophages

Given the high levels of amino acids in the intestine and 
contribution  of  components  of  the  System  L  amino  acid 
transporter LAT1 to the differentiation of intestinal mac-
rophages [14], we first examined amino acid transport in 
monocytes and macrophages of the intestine. Leucine up-
take  promotes  pro- inflammatory  cytokine  production  in 
macrophages  [13], with  importation of  leucine  into cells 
occurring via the transporter LAT1, a heterodimer of CD98 
and Slc7a5. We assessed the expression of CD98 and Slc7a5 
in the CD11b+CD64+ monocyte and macrophage subsets 

from the colon (for gating strategy, see Figure S1). Protein 
and transcript levels of CD98 and Slc7a5, respectively, in-
creased significantly as monocytes (Ly6C+MHCcII−) ma-
tured  to  intermediate  monocytes  (Ly6C+MHCcII+)  and 
increased further  for CD98 following macrophage differ-
entiation (Ly6C−MHCcII+) (Figure 1a,b), inferring amino 
acid  transport  may  be  enhanced  during  maturation  of 
monocytes.

To assess whether components of the LAT1 amino acid 
transport pathway may be modulated by the microbiota, 
we disrupted the gut microbiota by treating mice with a 
broad- spectrum  antibiotic  cocktail  (ampicillin,  metroni-
dazole, gentamicin, vancomycin and neomycin) for 7 days. 
CD98  was  upregulated  on  macrophages  from  antibiotic- 
treated mice compared to controls (Figure 1c), but Slc7a5 
expression was not significantly changed (Figure 1d). The 
uptake  of  amino  acids  was  quantified  by  measuring  the 
importation of kynurenine, a florescent compound selec-
tively transported by LAT1 [22], assessed by flow cytometry 
in  CD11b+CD64+MHC  cII+Ly6C−  colonic  macrophages. 
Macrophages  from  antibiotic- treated  mice  demonstrated 
increased kynurenine (LAT1- mediated amino acid) uptake 
(Figure 1e,f) which the addition of competing leucine or 
the  System  L  inhibitor,  2- amino- 2- norbornanecarboxylic 
acid (BCH), blocked (Figure 1e).

To assess whether enhanced uptake of amino acids fol-
lowing antibiotic treatment may be a result of changes in 
the concentration of  intestinal amino acids, we assessed 
the  local  levels  of  amino  acids  and  energy- related  prod-
ucts by analysing faecal pellets using NMR spectroscopy. 
Antibiotic treatment depleted the levels of amino acids in 
the colon (Figure 1g) including leucine which is import-
ant for the production of pro- inflammatory cytokines by 
monocytes  and  macrophages  [13].  In  addition,  glucose, 
galactose and ribose were all reduced, among other sugars 
(Figure  1h),  and  several  other  key  metabolites  declined, 
such as succinate, generated during mitochondrial respi-
ration in the TCA, and pyruvate, generated by glycolysis. 
Interestingly,  one  of  the  few  molecules  elevated  is  cre-
atine, a catabolite of arginine recently shown to promote 
M (IL- 4) polarization [23]. Collectively these data demon-
strate  that  disruption  of  the  microbiota  in  the  gut  dras-
tically  changes  the  availability  of  local  metabolites  that 
have been shown to modulate macrophage function.

To  investigate  whether  supplementation  of  amino 
acids  in  drinking  water  with  antibiotics  may  restore  the 
normal  levels  of  amino  acid  uptake,  mice  were  admin-
istered  antibiotic  or  control  water  supplemented  with 
System  L  amino  acids  (leucine,  glutamine  and  lysine). 
Within both  the control and antibiotic groups,  the addi-
tion of amino acids had no effect on kynurenine (amino 
acid) uptake in macrophages (Figure 1j), suggesting that 
administration of these amino acids in vivo does not alter 
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amino acid uptake by colonic macrophages. However, sup-
plementation of drinking water with the amino acids leu-
cine, glutamine and lysine (combination 1) in naïve mice 

reduced  mitochondrial  mass  (Mitotracker  Green  assay). 
Supplementation of other LAT1 transported amino acids 
(isoleucine,  glutamine  and  tryptophan;  combination  2) 

F I G U R E  1  Antibiotic treatment alters amino acid transport in large intestinal macrophages. (a– f) Mice were treated with antibiotic 
or control water and colonic monocyte- macrophage populations (gated from live CD45+Ly6G−CD11b+CD64+) characterized by flow 
cytometry or sorted for qPCR. (a) Mean fluorescent intensity (MFI) of CD98 protein expression at steady state on monocytes (Ly6C+MHC 
cII−), intermediates (Ly6C+MHC cII+) and macrophages (Ly6C−MHC cII+). Fold change is relative to mean monocyte readings; n = 8. (b) 
Slc7a5 mRNA expression on same subsets shown in (a). Fold change is relative to mean monocyte readings; n = 5. (c) Mean fluorescent 
intensity of CD98 protein expression on macrophages (Ly6C−MHC cII+). Fold change is relative to mean control readings; n = 15. (d) 
Slc7a5 mRNA expression on Ly6C−MHC cII+ macrophages. Fold change is relative to mean of control group; n = 5. (e) Intestinal cell 
suspensions were treated with 200 µm kynurenine and cell uptake measured on Ly6C−MHC cII+ intestinal macrophages at 450 nm in the 
presence or absence of competitive leucine (5 mm) or the System L transport inhibitor BCH (10 mm). MFI readings were normalized to no 
kynurenine samples; n = 15. (f) Data from (e) (kynurenine alone) expressed as fold change relative to control treated, n = 15. (g– i) Mice 
were treated with antibiotic or control water and faecal pellets analysed by nuclear magnetic resonance (NMR) spectroscopy. Pooled data 
depicting heat maps made from Z- scores (relative). (g) Fold change in selected amino acids. (h) Fold change in selected sugars. (i) Fold 
change in selected energy metabolites. (j– l) In addition to control and antibiotic water alone, separate cohorts of mice were treated with 
control and antibiotic water supplemented with amino acids (AA) (leucine, lysine and glutamine) (j) (n = 6– 7), or short- chain fatty acids 
(SCFA) comprising butyrate (40 mm), acetate (67.5 mm) and propionate (25 mm) (k) (n = 3). MFI readings are normalized to no kynurenine 
samples and fold change expressed as mean of control samples. (l) MFI of CD98 protein expression on colonic macrophages from (k). Fold 
change is normalized to mean control readings; n = 3. *p < 0·05, **p < 0·01, ****p < 0·0001, Student's t- test
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did not alter mitochondrial mass (Figure S2a) but did re-
duce fatty acid uptake (BODIPY uptake assay; Figure S2c). 
Thus, different amino acids have the capacity to shape dif-
ferent aspects of colonic macrophage metabolism.

The concentrations of SCFAs including butyrate, pro-
pionate  and  acetate  are  also  decreased  with  the  same 
antibiotic  regimen, with SCFAs having potent effects on 
macrophage function [19]. To investigate whether changes 
in local SCFA levels regulate amino acid transport, SCFAs, 
namely  acetate,  butyrate  and  propionate  were  adminis-
tered  to  antibiotic- treated  and  control  mice  to  examine 
their  effect  on  amino  acid  uptake  and  CD98  expression. 
The addition of SCFA did not change kynurenine trans-
port  (Figure  1k)  or  CD98  protein  levels  (Figure  1l)  in 
colonic  macrophages.  However,  the  supplementation  of 
SCFAs  in  the drinking water of naïve mice altered mac-
rophage  metabolism,  reducing  mitochondrial  mass  and 
potential (TMRE assay), as well as reducing fatty acid up-
take (BODIPY uptake assay; Figure S2), highlighting the 
ability of microbial metabolites to regulate intestinal mac-
rophage metabolism.

These data demonstrate antibiotic- induced disruption 
of the microbiota enhances amino acid uptake in colonic 
macrophages.  While  amino  acid  and  SCFA  supplemen-
tation  did  not  alter  macrophage  uptake  of  amino  acids, 
these molecules regulated mitochondrial mass and func-
tion alongside fatty acid uptake, suggesting that antibiotic- 
induced alterations  in  local amino acid and SCFA levels 
may impact the metabolic capacity of macrophages in the 
intestine.

Antibiotics enhance the metabolic 
capacity of colonic macrophages

The  modulation  of  cellular  metabolism  is  mediated 
through  mechanistic/mammalian  target  of  rapamycin 
(mTOR), with amino acids (in particular leucine) enhanc-
ing the activity of mTOR complex 1 (mTORC1) through 
the acetylation of raptor by its metabolite acetyl- coenzyme 
A [24]. This complex functions as a key nutrient- sensing 
pathway  that  permits  macrophages  to  regulate  cell 

growth and metabolism. To investigate whether increased 
System  L  transported  amino  acid  uptake  in  intestinal 
macrophages  results  in  increased  mTORC1  activity,  we 
analysed the phosphorylation of S6- kinase (S6), which is 
phosphorylated  downstream  of  mTORC1.  Colonic  mac-
rophages isolated from antibiotic- treated mice had higher 
levels  of  phosphorylated- S6  than  macrophages  from 
control  animals  (Figure  2a).  mTORC1  is  also  activated 
by  growth  factors  and  cytokine  signalling,  through  the 
PIP3K- Akt (class I phosphoinositide 3- kinase- Akt) path-
way upstream of mTORC1. Accordingly, we also revealed 
increased  phosphorylation  of  Akt  in  gut  macrophages 
from antibiotic- treated mice (Figure 2b).

Following  antibiotic  treatment,  features  of  gly-
colysis  and  OXPHOS  were  measured  using  a  range  of 
experimental  cellular  assays.  Although  there  was  no 
difference  in  mitochondrial  mass  and  fatty  acid  up-
take  (Figure  2c,d),  antibiotics  significantly  enhanced 
the  mitochondrial  function  of  colonic  macrophages 
(Figure 2e), suggestive of  increased levels of OXPHOS. 
The gene expression of OXPHOS regulatory genes were 
evaluated by qPCR in CD11b+ CD64+ colonic monocyte- 
macrophages.  Antibiotic- treated  mice  had  elevated  ex-
pression  of  two  enzymes  involved  in  transcriptional 
regulation  of  fatty  acid  oxidation  (Ppara  and  Ppary) 
(Figure 2f), and heightened expression of key glycolysis 
genes,  including  Glut1  (primary  glucose  transporter), 
Ldha (lactate dehydrogenase— catalyses the final step of 
glycolysis),  Hif1a  (hypoxia- inducible  factor  1- alpha— a 
key transcription factor that targets glucose uptake and 
glycolysis)  and  Pdk1  (pyruvate  dehydrogenase  kinase 
1— inhibits  TCA  cycle;  Figure  2g).  Despite  OXPHOS 
being  a  characteristic  of  alternatively  activated  macro-
phages  [25],  the  mannose  receptor  (CD206),  a  marker 
of  alternative  activation,  was  downregulated  in  mac-
rophages  from  antibiotic- treated  mice  (Figure  2h)  and 
CD11c, a marker of classical activation, was significantly 
increased (Figure 2i). However, corresponding with en-
hanced  characteristics  of  classical  activation  which  is 
associated  with  glycolysis  [26– 28]  antibiotic- induced 
microbiota disruption increased the phagocytic activity 
of intestinal macrophages (Figure 2j).

F I G U R E  2  Antibiotics alter the metabolism of macrophages within the large intestine. Mice were treated with antibiotic or control 
water and large intestinal cell suspensions isolated. (a– e) Macrophages (live CD45+SiglecF−Ly6G−CD11b+CD64+Ly6C−MHC cII+) 
were identified by flow cytometry for gating. (a, b) Phosphoflow for phosphorylated serine- 6- kinase (a) and phosphorylated AKT (b). 
Fold change is normalized to control samples; n = 10. (c) Cells were treated with 50 nm Mitotracker Green and staining measured at 
530 nm. n = 10. (d) Cells were treated with 5 µm BODIPY FL C16 in fatty acid- free media, and uptake measured at 530 nm, n = 19– 20. 
(e) Cells were treated with 25 nm of TMRE and fluorescence measured at 586 nm. n = 16. (f, g) Large intestinal monocyte- macrophages 
(live CD45+SiglecF−Ly6G−CD11b+CD64+) were sorted by flow cytometry, and mRNA expression of glycolytic- related (f) and oxidative 
phosphorylation- related (g) genes was quantified by real- time PCR. Fold change is relative to mean of control samples; n = 10. (h, i) CD206 
(h) and CD11c (i) expression and on Ly6C−MHCcII+ macrophages by flow cytometry; n = 10. (j) Cell suspensions were analysed with the 
pHrodo phagocytosis assay and uptake on macrophages measured at 561 nm; n = 5.*p < 0·05, **p < 0·01, ***p < 0·001, Student's t- test
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To confirm whether antibiotic- induced microbial dis-
ruption  shaped  glycolysis  and  OXPHOS  directly,  we  as-
sessed  the metabolic  functions of sorted CD11b+ CD64+ 
colonic monocyte- macrophages ex vivo using SeahorseTM 
technology.  Pooled  cells  from  antibiotic- treated  mice  ex-
hibited increased ECAR as a measure of glycolysis across 
four independent experiments (Figure 3a), as well as  in-
creased OCR as a measure of OXPHOS [29]  (Figure 3b) 
across  three  separate  experiments.  These  data  suggest 
colonic  macrophages  become  increasingly  metabolically 
active in response to antibiotics, demonstrating increased 
levels of glycolysis and OXPHOS. In terms of associating 
metabolic function with activation, these data are in keep-
ing  with  our  previous  studies  demonstrating  antibiotic 
treatment induces pro- inflammatory changes in intestinal 
macrophages [19].

Macrophages from the small intestine are 
less metabolically active than their colonic 
counterparts with limited impact of 
antibiotics on their metabolic function

The gastrointestinal tract varies considerably in terms of 
function,  environment  and  composition  of  the  local  mi-
crobiota, with a  reduced microbial  load and diversity  in 
the  small  intestine  [30,  31].  We  assessed  whether  mac-
rophages  from  the  small  intestine  versus  colon  differ  in 
their metabolic response to antibiotic treatment.

Small intestinal macrophages expressed lower levels of 
the amino acid transporter LAT1, with reduced CD98 pro-
tein (Figure 4a) and Slc7a5 mRNA (Figure 4b) compared 
to  their  colonic  counterparts. The  uptake  of  kynurenine 
(Figure  4c)  and  the  florescent  glucose  mimic  2- NBDG 
(Figure 4d) was also reduced on macrophages in the small 
intestine, indicating restricted LAT1- mediated amino acid 
and  glucose  transport  respectively.  Furthermore,  small 
bowel  macrophages  had  a  lower  mitochondrial  mass 
(Figure  4e),  mitochondrial  membrane  potential  (Figure 
4f) and uptake of fatty acid (Figure 4g). Accordingly, an-
tibiotic  treatment had  limited effects on metabolic  func-
tioning  of  macrophages  from  the  small  intestine,  with 
LAT1- mediated  amino  acid  uptake,  expression  of  CD98, 
glucose  uptake,  mitochondrial  mass  and  respiration  all 
remained  unchanged  in  contrast  to  macrophages  from 
the colon (Figure 4a,c– f), although fatty acid uptake was 
decreased  (Figure  4g).  Interestingly,  in  contrast  to  the 
colon (Figure 2h,i), the expression of CD11c by small in-
testinal  macrophages  was  unaffected  by  antibiotic  treat-
ment while there was a modest increase in CD206 (Figure 
4h,i). Finally, glycolysis and OXPHOS from CD11+ CD64+ 
monocyte- macrophages  were  analysed  by  Seahorse. 
ECAR of macrophages from the small intestine was lower 

compared to those of the colon, indicating lower levels of 
glycolysis  (Figure  4h),  but  OCR  was  unchanged  (Figure 
4i). Collectively, these data indicate that macrophages in 
the small  intestine are  less metabolically active  than co-
lonic  macrophages,  demonstrating  reduced  amino  acid 
uptake,  glycolysis,  mitochondrial  respiration  and  lipid 
metabolism,  and  that  microbial- induced  disruption  of 
the microbiota has limited effects on macrophages in the 
small intestine.

Lipid uptake is a characteristic of intestinal 
tissue- resident macrophage metabolism

Given  the  limited  effects  of  antibiotic- induced  micro-
bial  disruption  on  tissue- resident  subsets  of  intestinal 
macrophages  with  slow  turnover  from  the  circulation 
in  terms  of  induction  of  pro- inflammatory  properties 
[19], we aimed  to  investigate whether  subsets of  intesti-
nal macrophages exhibited differences in their metabolic 
capacities. Macrophage subsets were characterized as re-
plenished (CD4−Tim4− and CD4+Tim4− macrophages) or 
tissue- resident  (CD4+Tim4+)  in  the  colon.  In  the  steady 
state, although mitochondrial mass (Figure 5a) and mem-
brane potential (Figure 5b) were comparable between the 
CD4−Tim4−,  CD4+Tim4−  and  CD4+Tim4+  macrophages 
within the small intestine and colon separately, the uptake 
of  lipids  as  measured  by  BODIPY  C16  was  significantly 
higher in CD4+Tim4+ double positive macrophages with 
the  slowest  turnover  rate  in both compartments  (Figure 
5c). To determine whether antibiotic treatment affects the 
metabolism  of  macrophage  subsets  differently,  colonic 
macrophages  were  isolated  from  antibiotic- treated  mice 
and  cellular  metabolism  assessed  as  above.  Antibiotic 
treatment  did  not  significantly  alter  the  mitochondrial 
mass  (Figure 5d) or  fatty acid uptake  (Figure 5e)  in any 
macrophage  subset.  However  mitochondrial  potential 
was  significantly  elevated  in  the  subset  of  CD4+Tim4− 
macrophages  (Figure  5f),  suggesting  that  the  increased 
TMRE staining in total gut macrophages from antibiotic- 
treated mice (Figure 2e) may be due to metabolic changes 
in CD4+Tim4− replenished macrophages.

To confirm whether a potential  increased  in  fatty acid 
uptake by resident CD4+Tim4+ colonic macrophages com-
pared to other subsets was reflected by changes in the ex-
pression in relevant genes, mRNA was isolated from sorted 
CD4+Tim4+ colonic macrophage subsets and lipid metabo-
lism genes quantified. Accordingly, the expression of fatty 
acid  uptake  genes  including  the  scavenger  receptor  Cd36 
and the primary macrophage fatty acid transporter Slc27a1 
increased in the CD4+Tim4+- resident macrophages (Figure 
5d).  In  contrast  to  this,  Fasn,  the  primary  fatty  acid  syn-
thase, was downregulated in the double positive population 
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F I G U R E  3  Seahorse analysis reveals increased metabolic output of large intestinal macrophages from antibiotic- treated mice. Live 
CD45+SiglecF−Ly6G−CD11b+CD64+ large intestinal cells were sorted using flow cytometry from antibiotic-  and control- treated mice and 
analysed by Seahorse technology. (a) Extracellular acidification rate (ECAR) was measured after addition of 25 mm glucose, 1 µm and/
or 2 µm oligomycin and 50 mm 2- Deoxy- d- glucose (2- DG). Four independent experiments are shown, in each case pooled sorted cells 
from five or six mice per group. (b) Oxygen consumption rate (OCR) was measured after addition of 2 µm oligomycin, 1·5 µm carbonyl 
cyanide- 4- (trifluoromethoxy) phenylhydrazone (FCCP), 200 µm etomoxir and 100 nm rotenone and 1 µm antimycin A. Three independent 
experiments are shown, in each case pooled sorted cells from five or six mice per group
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(Figure 5d). The protein expression of CD36 was also sig-
nificantly  elevated  in  the  CD4+Tim4+  subset  (Figure  5e). 
These data suggest that the capacity for fatty acid uptake dif-
fers according to the subset of colonic macrophages. Fatty 
acid uptake was greatest in the tissue- resident CD4+Tim4+ 
subset, which may be reflective of reduced de novo synthe-
sis as indicated by the reduced expression of Fasn. This is 
a characteristic of other tissue- resident immune cells [32], 
and likely has implications for differing functions of tissue- 
resident versus recruited macrophages.

DISCUSSION

We demonstrate that  intestinal macrophages can consti-
tutively take up amino acids from their local environment 
and  that  this  is  regulated  by  the  intestinal  microbiota. 
Antibiotic- induced microbial disruption further enhanced 
LAT1- mediated amino acid uptake and as such, changed 
the metabolic capacities of macrophages in the intestine. 
Taken  with  the  direct  association  between  cellular  me-
tabolism and activation [6, 25, 28, 33, 34], these data pro-
vide  novel  insight  into  pathways  by  which  macrophage 
activation in the intestine may be regulated by the com-
mensal microbiota  to avoid  inappropriate  inflammation. 
The  reduced  metabolic  capacity  of  macrophages  in  the 
small  intestine  is  likely  to  be  due  to  the  environmental 
differences between the different regions of the intestine 
[30,  31]  but  has  important  implications  for  macrophage 
function. The small bowel  is  responsible  for  the absorp-
tion and digestions of protein, monosaccharides and vita-
mins; hence immune cell homeostasis is more dependent 
on diet in the small intestine compared to the colon [35]. 
Yet  the  restricted  metabolic  capacity  of  small  intestinal 
macrophages compared to  their colonic counterparts  in-
dicate that the intestinal microbiota may play a bigger role 
in shaping macrophage metabolism in the intestine than 
diet— despite  the obvious  implications  for availability of 
amino acids from dietary protein in the small intestine.

Unlike  antibiotic  effects  on  colonic  macrophages, 
antibiotics  did  not  alter  the  mitochondrial  potential 
of  small  intestinal macrophages but  reduced  fatty acid 
uptake,  indicating  compartment- specific  effects  of  an-
tibiotics  on  intestinal  macrophage  metabolism.  These 
differences may at least in part be due to compartmental 
differences  in  local  availability  of  metabolites  such  as 
SCFAs and dietary- derived amino acids that are dimin-
ished by antibiotic administration.  Indeed, SCFAs  that 
are found at high concentration in the colon limited mi-
tochondrial function in colonic macrophages, which was 
increased with antibiotic administration. The enhanced 
expression  of  CD11c  (associated  with  classical  activa-
tion  of  macrophages)  alongside  reduced  expression  of 
alternative activation marker CD206 induced by antibi-
otics on colonic macrophages indicates programming of 
a pro- inflammatory profile on macrophages in the colon 
but  not  in  the  small  intestine. These  data  indicate  the 
importance  of  considering  different  compartments  of 
the  intestine  when  assessing  the  immunomodulatory 
effects of  local microbiota and metabolites. These data 
also  have  implications  for  compartment- specific  dys-
regulation of macrophage function that can occur in in-
flammatory  bowel  disease— a  disease  characterized  by 
an  inappropriate  immune  response  to  the  commensal 
microbiota.

We  have  previously  demonstrated  that  intestinal 
macrophages  from  antibiotic- treated  mice  exhibit  pro- 
inflammatory  properties,  responding  more  potently 
to  bacterial- derived  LPS  and  expressing  enhanced  lev-
els  of  iNOS,  aligning  with  classically  activated  mac-
rophages  [19].  Although  in  vitro  classically  activated 
macrophages  rely  on  glycolysis  for  energy  production 
to  enable  rapid  responses  to  pathogens  when  needed 
[36],  we  show  here  that  antibiotic- induced  microbial 
disruption increases both glycolysis and OXPHOS path-
ways together in primary gut macrophages. Recent pub-
lications have shown enhanced glycolysis and OXPHOS 
occurring  at  the  same  time  in  immune  cells  under 

F I G U R E  4  Small intestinal macrophages are less metabolically active, and less metabolically dependent on the gut microbiota. Mice 
were treated with antibiotic or control water and intestinal monocytes- macrophages (live CD45+Ly6G−CD11b+CD64+) were identified from 
the large or small bowel by flow cytometry. (a) Mean fluorescent intensity (MFI) of CD98 protein expression on intestinal macrophages 
(Ly6C−MHC cII+). Fold change is normalized to mean of large control; n = 6– 10. (b) Relative mRNA expression of Slc7a5 on sorted 
Ly6C−MHC cII+ macrophages. n = 5. (c) Intestinal cell suspensions were treated with kynurenine and cell uptake measured on Ly6C−MHC 
cII+ intestinal macrophages at 450 nm. MFI readings were normalized to background. Fold change is relative to the mean of the large 
control group; n = 6– 10. (d– g) Intestinal cell suspensions were treated with (d) 2- NBDG, (e) Mitotracker Green, (f) TMRE or (g) BODIPY FL 
C16 and cell uptake measured on Ly6C−MHC cII+ intestinal macrophages at 530 or 561 nm. MFI readings were normalized to background. 
Fold change is relative to the mean of the large control groups; n = 3– 10. (h– i) CD206 (h) and CD11c (i) expression and on Ly6C−MHCcII+ 
macrophages by flow cytometry; n = 4– 5. (j) Extracellular acidification rate (ECAR) was measured after addition of 25 mm glucose, 2 µm 
oligomycin and 50 mm 2- Deoxy- d- glucose (2- DG). (K) Oxygen consumption rate (OCR) was measured after addition of 2 µm oligomycin, 
1·5 µm carbonyl cyanide- 4- (trifluoromethoxy) phenylhydrazone (FCCP), 200 µm etomoxir and 100 nm rotenone and 1 µm antimycin A. 
*p < 0·05, **p < 0·01, ***p < 0·001, ****p < 0·0001, Student's t- test
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diverse conditions,  including human natural killer cell 
activation  [37]  and  in  CD14+  monocytes  isolated  from 
rheumatoid  arthritis  patients  [38].  Tissue- associated 

macrophages, often  thought as M2- like and dependent 
on mitochondrial respiration, are also reported to have 
high  glycolytic  activity  [39].  Our  data  support  a  role 

(a)

(d)

(g)

(h)

(e) (f)

(b) (c)
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for  the microbiota  in  limiting macrophage metabolism 
in  the  intestine,  in  contrast  to  the  regulation  of  mac-
rophage  metabolism  at  other  mucosal  sites.  For  exam-
ple,  in  the  lung  the  microbiota  plays  a  limited  role  in 
alveolar  macrophage  metabolism,  which  is  thought  to 
be  shaped  by  local  glucose  levels  [40].  Traditionally,  a 
characteristic of alternatively activated macrophages is 
their utilization of OXPHOS for efficient energy produc-
tion where downstream products of the TCA cycle such 
as  itaconate  inhibit  inflammation  through suppression 
of  IL- 6  and  IL- 1b  [41,  42].  However,  despite  upregula-
tion of both metabolic pathways in the colon, antibiotic 
treatment induced lower levels of alternative activation 
marker  CD206  alongside  higher  amounts  of  CD11c  (a 
classical activation marker). Furthermore, macrophage 
activation was increased with antibiotics as indicated by 
phagocytic activity, again supporting the induction of a 
pro- inflammatory phenotype in macrophages by antibi-
otics as seen in our previous studies.

Our  observation  that  Tim4+CD4+  tissue- resident  in-
testinal  macrophages  upregulate  fatty  acid  transporters 
and scavengers while downregulating fatty acid synthesis 
genes raises the possibility that this subset utilizes the up-
take of  local  fatty acids  for  function. CD36 has been de-
fined as a key part of metabolic reprograming that occurs 
when  CD8  memory T  cells  become  resident  in  the  skin 
[32, 43], suggesting CD36 may be involved in tissue resi-
dency. The uptake of lipids and their metabolism through 
beta- oxidation in mitochondria grants these cells longev-
ity in skin tissue. The differences in metabolism between 
macrophage subsets  in  the  intestine are  likely  to  impact 
on  their  function;  as  yet  it  is  unclear  what  the  practical 
differences between these recruited versus resident mac-
rophages  in  the  intestine  are.  Given  CD36  expression  is 
correlated  with  an  immunosuppressive  phenotype  seen 
in tumour- associated macrophages [44], taken with fatty 
acid uptake being a hallmark feature of alternatively ac-
tivated macrophages [45], our data suggest that the func-
tions of CD4+Tim4+ tissue- resident macrophages may be 
more  directed  towards  tissue  remodelling  and  integrity 
rather  than  response  to  microbial  stimulation.  Indeed, 
Tim4+CD4+  macrophages  produce  lower  levels  of  pro- 
inflammatory  type  1  cytokine  IL- 6  compared  to  their 

Tim4−CD4−  recruited  counterparts,4  whereas  we  show 
here that microbial modulation of intestinal macrophage 
function is most relevant for recruited CD4+Tim4− mac-
rophages.  Further  work  is  needed  to  elucidate  the  roles 
of  specific  macrophage  subsets  in  intestinal  immune 
homeostasis.

ACKNOWLEDGEMENTS
The authors thank M. Jackson, D. Chapman and G. Howell 
of the FBMH flow cytometry facility for cell sorting, and 
members  of  the  BSF  for  animal  husbandry,  in  particu-
lar R. Hallworth, R. Hodgkiss, M. Jackson and N. Locke. 
This research was funded by the Wellcome Trust and the 
Royal Society (206206/Z/17/: E.R.M). L.J.H. is supported 
by  Wellcome  Trust  Investigator  Awards  100974/C/13/Z 
and  220876/Z/20/Z;  the  Biotechnology  and  Biological 
Sciences  Research  Council  (BBSRC),  Institute  Strategic 
Programme  Gut  Microbes  and  Health  BB/R012490/1, 
and  its  constituent  projects  BBS/E/F/000PR10353  and 
BBS/E/F/000PR10356.

CONFLICT OF INTEREST
The authors have no conflict of interest to declare.

AUTHOR CONTRIBUTIONS
Nicholas A. Scott and Elizabeth R. Mann wrote the manu-
script and designed the study. Nicholas A. Scott, Melissa 
A. E. Lawson, Lindsay J. Hall, Elizabeth R. Mann, Ryan 
James Hodgetts and Gwenaelle La Gall performed the ex-
periments and analysed the data.

ORCID
Nicholas A. Scott   https://orcid.
org/0000-0003-3161-3216 
Elizabeth R. Mann   https://orcid.
org/0000-0002-0803-0357 

REFERENCES
  1.  Smythies  LE,  Sellers  M,  Clements  RH,  Mosteller- Barnum 

M,  Meng  G,  Benjamin  WH,  et  al.  Human  intestinal  macro-
phages  display  profound  inflammatory  anergy  despite  avid 
phagocytic  and  bacteriocidal  activity.  J  Clin  Investigation. 
2005;115(1):66– 75.

F I G U R E  5  Fatty acid uptake defines the metabolism of intestinal tissue- resident macrophages. Large and small bowel cell 
suspensions from naïve mice were isolated and Tim4−CD4−, Tim4−CD4+ and Tim4+CD4+ macrophages identified by flow cytometry. (a) 
Cells were treated with 50 nm Mitotracker Green and staining measured at 530 nm. n = 10. (b) Cells were treated with 25 nm of TMRE 
and fluorescence measured at 586 nm. n = 5. (c) Cells were treated with 5 µm BODIPY FL C16 in fatty acid- free media, and uptake 
measured at 530 nm, n = 10. (d– f) Mice were treated with antibiotic- treated or control drinking water, colonic macrophage subsets 
were stained as in (a– c) with Mitotracker Green (d), BODIPY FL C16 (e) and TMRE (f), n = 6. (g) Large intestinal macrophages (live 
CD45+SiglecF−Ly6G−CD11b+CD64+Ly6C− MHCcII+) were sorted by flow cytometry into Tim4−CD4−, Tim4−CD4+ and Tim4+ CD4+ 
subsets, and mRNA expression of lipid uptake and synthesis- related genes was measured. N = 5. (h) CD36 protein expression on large 
intestinal macrophages (Ly6C−MHCcII+) by flow cytometry; n = 8. *p < 0·05, **p < 0·01, ***p < 0·001, ****p < 0·0001, Student's t- test

https://orcid.org/0000-0003-3161-3216
https://orcid.org/0000-0003-3161-3216
https://orcid.org/0000-0003-3161-3216
https://orcid.org/0000-0002-0803-0357
https://orcid.org/0000-0002-0803-0357
https://orcid.org/0000-0002-0803-0357


   | 151MACROPHAGE METABOLISM IN THE INTESTINE

  2.  Ueda  Y,  Kayama  H,  Jeon  SG,  Kusu  T,  Isaka  Y,  Rakugi  H, 
et al. Commensal microbiota  induce LPS hyporesponsiveness 
in  colonic  macrophages  via  the  production  of  IL- 10.  Intern 
Immunol. 2010;22(12):953– 962.

  3.  Bain CC, Scott CL, Uronen- Hansson H, Gudjonsson S, Jansson 
O, Grip O, et al. Resident and pro- inflammatory macrophages 
in  the  colon  represent  alternative  context- dependent  fates  of 
the  same  Ly6C  hi  monocyte  precursors.  Mucosal  Immunol. 
2013;6:498– 510.

  4.  Shaw TN, Houston SA, Wemyss K, Bridgeman HM, Barbera TA, 
Zangerle- Murray T, et al. Tissue- resident macrophages  in  the 
intestine are long lived and defined by Tim- 4 and CD4 expres-
sion. J Exp Med. 2018;215(6):1507– 1518.

  5.  Krawczyk  CM,  Holowka  T,  Sun  J,  Blagih  J,  Amiel  E, 
DeBerardinis  RJ,  et  al.  Toll- like  receptor– induced  changes  in 
glycolytic metabolism regulate dendritic cell activation. Blood. 
2010;115(23):4742– 4749.

  6.  Tannahill  GM,  Curtis  AM,  Adamik  J,  Palsson- Mcdermott 
EM,  McGettrick  AF,  Goel  G,  et  al.  Succinate  is  an  inflam-
matory  signal  that  induces  IL- 1β  through  HIF- 1α.  Nature. 
2013;496(7444):238– 242.

  7.  Rodríguez- Prados J- C, Través PG, Cuenca J, Rico D, Aragonés J, 
Martín- Sanz P, et al. Substrate fate in activated macrophages: a 
comparison between innate, classic, and alternative activation. 
J Immunol. 2010;185(1):605– 614.

  8.  Buck  MD,  O’Sullivan  D,  Pearce  EL. T  cell  metabolism  drives 
immunity. J Experi Med. 2015;212(9):1345– 1360.

  9.  Nathan CF, Murray HW, Wlebe IE, Rubin BY. Identification of 
interferon- γ,  as  the  lymphokine  that activates human macro-
phage  oxidative  metabolism  and  antimicrobial  activity.  J  Exp 
Med. 1983;158(3):670– 89.

 10.  Gordon S, Martinez FO. Alternative activation of macrophages: 
mechanism and functions. Immunity. 2010;32(5):593– 604.

 11.  O’Neill LAJ, Pearce EJ. Immunometabolism governs dendritic 
cell and macrophage function. J Exp Med. 2016;213:15– 23.

 12.  Stunault MI, Bories G, Guinamard RR, Ivanov S. Metabolism 
plays  a  key  role  during  macrophage  activation.  Mediators 
Inflamm. 2018;2018:1– 10.

 13.  Yoon BR, Oh YJ, Kang SW, Lee EB, Lee WW. Role of SLC7A5 
in metabolic reprogramming of human monocyte/macrophage 
immune responses. Front Immunol. 2018;9.

 14.  Wuggenig  P,  Kaya  B,  Melhem  H,  Ayata  CK,  Hruz  P,  Sayan 
AE, et al. Loss of  the branched- chain amino acid  transporter 
CD98hc  alters  the  development  of  colonic  macrophages  in 
mice. Commun Biol. 2020;3(1):130.

 15.  Rooks MG, Garrett WS. Gut microbiota, metabolites and host 
immunity. Nat Rev Immunol. 2016;16(6):341– 352.

 16.  Levy M, Blacher E, Elinav E. Microbiome, metabolites and host 
immunity. Curr Opinion Microbiol. 2017;35:8– 15.

 17.  Scott  NA,  Mann  ER.  Regulation  of  mononuclear  phagocyte 
function by the microbiota at mucosal sites. Immunology. 2019; 
https://doi.org/10.1111/imm.13155

 18.  Zheng  D,  Liwinski  T,  Elinav  E.  Interaction  between  mi-
crobiota  and  immunity  in  health  and  disease.  Cell  Res. 
2020;30(6):492– 506.

 19.  Scott NA, Andrusaite A, Andersen P, Lawson M, Alcon- Giner 
C, Leclaire C, et al. Antibiotics induce sustained dysregulation 
of  intestinal  T  cell  immunity  by  perturbing  macrophage  ho-
meostasis. Sci Transl Med. 2018;10(464):4755.

 20.  Schulthess  J,  Pandey  S,  Capitani  M,  Rue- Albrecht  KC, 
Arnold  I,  Franchini  F,  et  al.  The  short  chain  fatty  acid  bu-
tyrate  imprints  an  antimicrobial  program  in  macrophages. 
Immunity.  2019;50(2):432– 445.  https://doi.org/10.1016/j.im-
muni. 2018.12.018

 21.  Smith  PM,  Howitt  MR,  Panikov  N,  Michaud  M,  Gallini  CA, 
Bohlooly- Y  M,  et  al.  The  microbial  metabolites,  short- chain 
fatty  acids,  regulate  colonic  T  reg  cell  homeostasis.  Science 
(80-  ). 2013;341(6145):569– 73.

 22.  Sinclair  LV,  Neyens  D,  Ramsay  G,  Taylor  PM,  Cantrell  DA. 
Single  cell  analysis  of  kynurenine  and  System  L  amino  acid 
transport in T cells. Nat Commun. 2018;9(1):1981.

 23.  Ji L, Zhao X, Zhang B, Kang L, Song W, Zhao B, et al. Slc6a8- 
mediated  creatine  uptake  and  accumulation  reprogram 
macrophage  polarization  via  regulating  cytokine  responses. 
Immunity. 2019;51(2):272– 284.

 24.  Son SM, Park SJ, Lee H, Siddiqi F, Lee JE, Menzies FM, et al. 
Leucine signals to mTORC1 via its metabolite acetyl- coenzyme 
A. Cell Metab. 2019;29(1):192– 201.

 25.  Jha  A,  Huang  S- C,  Sergushichev  A,  Lampropoulou  V, 
Ivanova Y, Loginicheva E, et al. Network integration of par-
allel  metabolic  and  transcriptional  data  reveals  metabolic 
modules  that  regulate  macrophage  polarization.  Immunity. 
2015;42:419– 30.

 26.  Hard  GC.  Some  biochemical  aspects  of  the  immune  macro-
phage. Br J Exp Pathol. 1970;51(1):97– 105.

 27.  Michl  J,  Ohlbaum  DJ,  Silverstein  SC.  2- Deoxyglucose  selec-
tively inhibits Fc and complement receptor- mediated phagocy-
tosis  in mouse peritoneal macrophages II. Dissociation of the 
inhibitory effects of 2- deoxyglucose on phagocytosis and ATP 
generation. J Experi Med. 1976;144(6):1484– 1493.

 28.  Newsholme  P,  Gordon  S,  Newsholme  EA.  Rates  of  utiliza-
tion  and  fates  of  glucose,  glutamine,  pyruvate,  fatty  acids 
and  ketone  bodies  by  mouse  macrophages.  Biochem  J. 
1987;242(3):631– 636.

 29.  Smolina N, Bruton J, Kostareva A, Sejersen T. Assaying mito-
chondrial  respiration  as  an  indicator  of  cellular  metabolism 
and fitness. Methods Mol Biol. 2017;22:79– 87.

 30.  Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, 
Sargent  M,  et  al.  Diversity  of  the  human  intestinal  microbial 
flora. Science. 2005;308(5728):1635– 1638.

 31.  Sullivan Å, Törnblom H, Lindberg G, Hammarlund B, Palmgren 
A- C, Einarsson C, et al. The micro- flora of the small bowel in 
health and disease. Anaerobe. 2003;9:11– 4.

 32.  Pan Y, Tian T, Park CO, Lofftus SY, Mei S, Liu X, et al. Survival 
of tissue- resident memory T cells requires exogenous lipid up-
take and metabolism. Nature. 2017;543(7644):252– 256.

 33.  Viola A, Munari F, Sánchez- Rodríguez R, Scolaro T, Castegna 
A.  The  metabolic  signature  of  macrophage  responses.  Front 
Immunol. 2019;10:62.

 34.  Feingold KR, Shigenaga JK, Kazemi MR, McDonald CM, Patzek 
SM, Cross AS, et al. Mechanisms of triglyceride accumulation 
in activated macrophages. J Leukoc Biol. 2012;92(4):829– 39.

 35.  Ochi  T,  Feng  Y,  Kitamoto  S,  Nagao- Kitamoto  H,  Kuffa  P, 
Atarashi K, et al. Diet- dependent, microbiota- independent reg-
ulation of IL- 10- producing lamina propria macrophages in the 
small intestine. Sci Rep. 2016;6(1):27634.

 36.  Diskin  C,  Pålsson- McDermott  EM.  Metabolic  modulation  in 
macrophage effector function. Front Immunol. 2018;9:1– 17.

https://doi.org/10.1111/imm.13155
https://doi.org/10.1016/j.immuni.2018.12.018
https://doi.org/10.1016/j.immuni.2018.12.018


152 |   SCOTT et al.

 37.  Wang Z, Guan D, Wang S, Chai LYA, Xu S, Lam KP. Glycolysis 
and  oxidative  phosphorylation  play  critical  roles  in  natural 
killer cell receptor- mediated natural killer cell functions. Front 
Immunol. 2020;20:202.

 38.  McGarry  T,  Hanlon  MM,  Marzaioli  V,  Cunningham  CC, 
Krishna V, Murray K, et al. Rheumatoid arthritis CD14+ mono-
cytes display metabolic and inflammatory dysfunction, a phe-
notype  that  precedes  clinical  manifestation  of  disease.  Clin 
Transl Immunol. 2021;10(1):e1237.

 39.  M. de- Brito N, Duncan- Moretti J, C. da- Costa H, Saldanha- Gama 
R, Paula- Neto HA, G. Dorighello G, et al. Aerobic glycolysis is a 
metabolic requirement to maintain the M2- like polarization of 
tumor- associated  macrophages.  Biochim  Biophys  Acta  -   Mol. 
Cell Res. 2020;1867(2):118604.

 40.  Svedberg  FR,  Brown  SL,  Krauss  MZ,  Campbell  L,  Sharpe  C, 
Clausen M, et al. The lung environment controls alveolar mac-
rophage  metabolism  and  responsiveness  in  type  2  inflamma-
tion. Nat Immunol. 2019;20(5):571– 80.

 41.  Mills EL, Ryan DG, Prag HA, Dikovskaya D, Menon D, Zaslona Z, 
et al. Itaconate is an anti- inflammatory metabolite that activates 
Nrf2 via alkylation of KEAP1. Nature. 2018;556(7699):113– 7.

 42.  Bambouskova  M,  Gorvel  L,  Lampropoulou  V,  Sergushichev 
A, Loginicheva E, Johnson K, et al. Electrophilic properties of 
itaconate and derivatives regulate the IκBζ- ATF3 inflammatory 
axis. Nature. 2018;556(7702):501– 4.

 43.  Pan Y, Kupper TS. Metabolic reprogramming and longevity of 
tissue- resident memory T cells. Front Immunol. 2018;9:1347.

 44.  Su P, Wang Q, Bi E, Ma X, Liu L, Yang M, et al. Enhanced lipid 
accumulation and metabolism are required for the differentia-
tion and activation of  tumor- associated macrophages. Cancer 
Res. 2020;80(7):1438– 1450.

 45.  Odegaard JI, Chawla A. Alternative macrophage activation and 
metabolism. Annu Rev Pathol Mech Dis. 2011;6(1):275– 297.

SUPPORTING INFORMATION
Additional  supporting  information  may  be  found  in  the 
online version of the article at the publisher’s website.

How to cite this article: Scott NA, Lawson MAE, 
Hodgetts RJ, Le Gall G, Hall LJ, Mann ER. 
Macrophage metabolism in the intestine is 
compartment specific and regulated by the 
microbiota. Immunology. 2022;166:138– 152. https://
doi.org/10.1111/imm.13461

https://doi.org/10.1111/imm.13461
https://doi.org/10.1111/imm.13461

