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Metabolites as signalling molecules
Steven Andrew Baker1   & Jared Rutter    2,3,4 

Abstract

Traditional views of cellular metabolism imply that it is passively 
adapted to meet the demands of the cell. It is becoming increasingly 
clear, however, that metabolites do more than simply supply the 
substrates for biological processes; they also provide critical signals, 
either through effects on metabolic pathways or via modulation of 
other regulatory proteins. Recent investigation has also uncovered 
novel roles for several metabolites that expand their signalling 
influence to processes outside metabolism, including nutrient sensing 
and storage, embryonic development, cell survival and differentiation, and  
immune activation and cytokine secretion. Together, these studies 
suggest that, in contrast to the prevailing notion, the biochemistry 
of a cell is frequently governed by its underlying metabolism rather 
than vice versa. This important shift in perspective places common 
metabolites as key regulators of cell phenotype and behaviour. Yet 
the signalling metabolites, and the cognate targets and transducers 
through which they signal, are only beginning to be uncovered. 
In this Review, we discuss the emerging links between metabolism and 
cellular behaviour. We hope this will inspire further dissection of the 
mechanisms through which metabolic pathways and intermediates 
modulate cell function and will suggest possible drug targets for 
diseases linked to metabolic deregulation.
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Nutrients (also referred to as macronutrients) are simple 
organic compounds that are involved in biochemical reac-
tions that produce energy or are constituents of cellular 

biomass. Glucose and related sugars, amino acids and lipids are 
important cellular nutrients, and distinct mechanisms to sense their 
abundances operate in mammalian cells. Essentiality is not neces-
sarily a hallmark of nutrients; for certain amino acids, such as argi-
nine, cysteine, glutamine, glycine, proline and tyrosine, essentiality 
is context dependent. In healthy people, the de novo synthesis of 
these amino acids from other molecules meets organismal require-
ments, but under particular metabolic needs, such as during the rapid 
growth of infants1,2, they must also be obtained from the environ-
ment. Nutrient scarcity has operated as a strong pressure for selecting 
efficient mechanisms of nutrient sensing in all species. Considering 
the importance of nutrient homeostasis for all living organisms, and 
for human health in particular, it is surprising that we know relatively 
little about direct nutrient-sensing mechanisms. 

The sensing of a particular nutrient may involve the direct bind-
ing of the molecule to its sensor, or occur by an indirect mechanism 
relying on the detection of a surrogate molecule that reflects nutri-
ent abundance. Regardless of the manner in which nutrient sensing 
occurs, for a protein to be considered a sensor, its affinity must be 
within the range of physiological fluctuations of the concentration 
of the nutrient or its surrogate. 

Unicellular organisms are directly exposed to environmental fluc-
tuations of nutrients, and sense both intracellular and environmental 
nutrient levels. By contrast, most cells in multicellular eukaryotes 
are not directly exposed to changes in environmental nutrients, and 
homeostatic responses aimed at maintaining circulating nutrient 
levels within a narrow range exist. Nevertheless, internal nutrient 
levels do fluctuate, and hence intracellular and extracellular nutrient-
sensing mechanisms are also present in mammals. In multicellular 
organisms, nutrients also trigger the release of hormones, which act 
as long-range signals with non-cell-autonomous effects, to facilitate 
the coordination of coherent responses in the organism as a whole.

In this Review, we discuss intracellular and extracellular glucose-, 
amino-acid- and lipid-sensing mechanisms and signalling events in 
mammals; discuss how these sensing mechanisms become deregu-
lated in human disease; and describe how internal nutrient stores are 
mobilized during nutrient scarcity.

Lipid sensing
Lipids are a large and diverse set of nutrients (for example, fatty acids 
or cholesterol) characterized by hydrophobic carbon backbones that 
are used for energy storage and membrane biosynthesis, among other 
cellular processes. Owing to their non-polar nature, lipids are nor-
mally either packaged into lipoproteins and chylomicrons or bound 
by albumin in the serum3; they are rarely found free in a soluble form 
in the organism. Despite the morbidity caused by high levels of lipid 
intake and deregulated lipid storage, which occurs in obese states, 
our knowledge of lipid-sensing mechanisms, with some exceptions, 
is quite limited. 

Fatty-acid signalling
A family of G-protein-coupled receptors, best characterized by 
GPR40 and GPR120, detects long-chain unsaturated fatty acids. In 
mechanisms that are not fully understood, free fatty-acid stimulation 
of GPR40 at the plasma membrane of pancreatic β-cells augments 
glucose-stimulated insulin release4 (Fig. 1a). GPR120 also mediates 
insulinotropic activity, albeit by an indirect mechanism, involving 
production of GLP1 in the gut and the release into circulation. GLP1 
belongs to a group of gastrointestinal hormones called incretins that 
promote insulin release in β-cells5. These examples demonstrate 
how an increase in one particular nutrient (fatty acids) anticipates a 
response to the imminent increase in another nutrient (glucose), as 
food intake rarely provides solely one nutrient species. In addition, 
activation of GPR120 at the plasma membrane of white adipocytes 
leads to a signal transduction cascade that promotes phosphati-
dylinositol-3-OH kinase (PI(3)K) and AKT activation, leading to 
the cell-autonomous induction of glucose uptake6 (Fig. 1a). Genetic 
mutations that disrupt GPR120 function occur in people who are 
obese, and ablation of Gpr120 in mice contributes to diet-induced 
obesity, suggesting that this signal transduction pathway has a key 
role in the systemic control of nutrient homeostasis7. Naturally, these 
findings have spurred interest in the development of GPR120 ago-
nists to control the onset of obesity8.

In addition to GPR120, the CD36 (also known as FAT) recep-
tor has been implicated in direct binding and uptake of intestinal 
lumen fatty acids9, and, interestingly, GPR40, GPR120 and CD36 
have fatty-acid-sensing properties in cells within the oral epithelium 
that are involved in gustatory perception10–13 (Fig. 1a).

The ability to sense and respond to fluctuations in environmental nutrient levels is a requisite for life. Nutrient scarcity is 
a selective pressure that has shaped the evolution of most cellular processes. Different pathways that detect intracellular 
and extracellular levels of sugars, amino acids, lipids and surrogate metabolites are integrated and coordinated at the 
organismal level through hormonal signals. During food abundance, nutrient-sensing pathways engage anabolism and 
storage, whereas scarcity triggers homeostatic mechanisms, such as the mobilization of internal stores through autophagy. 
Nutrient-sensing pathways are commonly deregulated in human metabolic diseases.

Nutrient-sensing mechanisms 
and pathways
Alejo Efeyan1,2,3,4, William C. Comb1,2,3,4 & David M. Sabatini1,2,3,4,5
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Cancer metabolism has its roots in the 
observations made by Otto Warburg, 
the winner of the 1931 Nobel Prize in 
Medicine or Physiology for his discovery  
of the mitochondrial respiratory chain 
complex IV1. Warburg observed that  
when compared with normal tissues, 
cancer tissue slices in vitro used copious 
amounts of glucose to generate lactate, even 
in the presence of oxygen, a phenomenon 
termed aerobic glycolysis or the Warburg 
effect. Warburg surmised that cancer cells 
cause an “injury to respiration” that was 
a prerequisite for the transformation of a 
differentiated cell into a proliferative  
cancer cell2. However, the majority of cancer  
cells respire to promote flux through the 
tricarboxylic acid (TCA) cycle for tumour 
growth3–8. There are tumours that do 
not respire but still use the TCA cycle to 
provide necessary metabolites for growth9. 
Nevertheless, the Warburg effect is a true 

At the beginning of this century, 
much of the research effort was focused 
on determining why the Warburg effect 
is advantageous for tumour growth. 
One proposed explanation is that through 
increased glycolysis, glycolytic intermediates 
can funnel into anabolic side pathways to 
support de novo synthesis of nucleotides, 
lipids and amino acids needed to support 
cell proliferation12,17,18. However, in the past 
decade, the TCA cycle has also re- emerged 
as a key anabolic hub supporting tumour 
growth in both mouse models of cancer 
and patients with cancer4,6,18. A key finding 
was that genetic engineering of the electron 
transport chain (ETC) in cancer cells, 
leaving ETC- linked TCA cycle function 
intact but disrupting ETC- linked generation 
of ATP via oxidative phosphorylation, still 
allowed for tumour growth in vivo6. This 
indicates that ATP derived from glycolysis 
can support primary tumour growth. 
Moreover, pyruvate carboxylase (PC), 
which generates the TCA cycle metabolite 
oxaloacetate from pyruvate, has been shown 
to be necessary for primary and metastatic 
tumour growth19–21. Also, aspartate, which 
can be produced from oxaloacetate, and its 
derivative asparagine can both be limiting 
for tumour growth4,22–24. Thus, today it is 
appreciated that both glycolysis and the 
TCA cycle support tumour growth through 
metabolite biosynthesis3,18. A consequence 
of oxidative metabolism is the generation of 
reactive oxygen species (ROS) that can 
support tumorigenesis but which need to 
be tightly regulated at levels that do not 
incur cell death, that is, redox balance25. 
Strong evidence for the importance of 
ROS in cancer comes from human cancer 
genetics analysis and studies showing that 
loss- of- function mutations in KEAP1 result 
in activation of the master antioxidant 
transcription factor nuclear factor erythroid 
2- related factor 2 (NRF2) in the context 
of other cancer- promoting mutations26. 
A key set of observations that significantly 
impacted the field is the recognition that 
metabolites, beyond their biosynthetic 
role, can act as signalling molecules to 
promote tumour growth by controlling gene 
expression (that is, oncometabolites)27. In the 
past few years, the field has expanded from 
investigating central carbon pathways of 
glycolysis and the TCA cycle to a multitude 

phenomenon that can be observed  
in vitro and in vivo both in mouse models 
of cancer and in human patients with 
cancer10,11. The resurgence of cancer 
meta bolism in the past 25 years coincides 
with discoveries that help explain why cancer 
cells exhibit the Warburg effect12. In the 
1990s, it was recognized that the glycolytic 
enzyme lactate dehydrogenase A (LDHA) 
is a transcriptional target of the oncogene  
MYC and is necessary for increased glycolysis 
and tumorigenic potential of cancer cells; 
thus, providing a molecular basis for the 
Warburg effect13. Moreover, AKT, mTOR 
and hypoxia- inducible factors (HIFs), which 
are often deregulated in cancer and required 
for tumour survival and growth, were also 
discovered in the 1990s (REFS14–16). These 
pathways individually increase glycolysis 
through transcriptional upregulation and 
phosphorylation of glucose transporters  
and glycolytic enzymes.

Cancer metabolism: looking forward
Inmaculada Martínez- Reyes   and Navdeep S. Chandel  

Abstract | Tumour initiation and progression requires the metabolic reprogramming 
of cancer cells. Cancer cells autonomously alter their flux through various 
metabolic pathways in order to meet the increased bioenergetic and biosynthetic 
demand as well as mitigate oxidative stress required for cancer cell proliferation 
and survival. Cancer driver mutations coupled with environmental nutrient 
availability control flux through these metabolic pathways. Metabolites,  
when aberrantly accumulated, can also promote tumorigenesis. The development 
and application of new technologies over the last few decades has not only 
revealed the heterogeneity and plasticity of tumours but also allowed us to 
uncover new metabolic pathways involved in supporting tumour growth. The 
tumour microenvironment (TME), which can be depleted of certain nutrients, 
forces cancer cells to adapt by inducing nutrient scavenging mechanisms to 
sustain cancer cell proliferation. There is growing appreciation that the metabolism 
of cell types other than cancer cells within the TME, including endothelial cells, 
fibroblasts and immune cells, can modulate tumour progression. Because 
metastases are a major cause of death of patients with cancer, efforts are underway 
to understand how metabolism is harnessed by metastatic cells. Additionally, there 
is a new interest in exploiting cancer genetic analysis for patient stratification  
and/or dietary interventions in combination with therapies that target metabolism. 
In this Perspective, we highlight these main themes that are currently under 
investigation in the context of in vivo tumour metabolism, specifically emphasizing 
questions that remain unanswered.
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Why study metabolism?

Old view: Metabolism is a servant for cell biosynthetic demands 

New view: Metabolism is a driver of biology 

Normal processes 
• Proliferation 
• Cell death 
• Differentiation  
• Gene expression  
• Response to stress 
• Aging 

Pathology 
• Cancer  
• Inflammation 
• Obesity 
• Diabetes 
• Neurodegeneration
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What are the mechanisms?



What is the difference with Biochemistry I, II, III, ….?
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What is the difference with Biochemistry I, II, III, ….?

While the biochemistry of the 
metabolic network is well 
characterized, its regulatory nodes and 
implications for signaling are being 
continuously discovered



Metabolism is DYNAMIC. 
Cells need to reprogram their metabolism in order to: 

• Produce more biomass (cell division; cell growth) 
• Produce more nucleotides (cell division; meiosis) 
• Preserve energy (storage; response to nutrient scarcity) 
• Cope with (oxidative) stress (replication and nutrient stress) 
• Compartmentalize toxic metabolites (iron overload) 
• Adapt to different environments (mobility, 3D growth) 
• Secrete immunomodulatory molecules (immune response) 
• Adjust availability of “signaling metabolites” (support signals) 
• Support epigenetic rewiring (differentiation)

…NOT to “produce” more energy



Class layout:

Part 1: Basics of integrated metabolism (AC) 

Part 2: Impact of metabolism on biological processes (MS) 

Part 3: Contribution of metabolism to pathophysiology (AC/MS) 

Part 4: Metabolism across scales (AC) 

Part 5: Journal clubs (AC/MS) 

Part 6: Methods in metabolic research (hybrid) 



What is metabolism?



What is metabolism?

Humans ingest, metabolize or encounter more than 200,000 metabolites#. 
Metabolite classes include peptides, lipids, amino acids, nucleic acids, 
carbohydrates and minerals found in the diet, as well as food additives, 
drugs, cosmetics, contaminants and pollutants incorporated from our 
modern life.  

METABOLISM removes unwanted or toxic substances and ensures 
adequate levels of energy and building blocks in a dynamic environment. 

# Ref: Wishart DS et al. HMDB 5.0: the Human Metabolome Database for 2022. Nucleic Acids Res. 50, D622–D631 (2022). 
[PubMed: 34986597] 



Metabolism is linked to body 
health and performance
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What is Systemic Metabolism?



Systemic metabolism is a multi-organ affair

Inter-organ communication 
contributes significantly to nutrient 
uptake and metabolite availability.



Inter-organ metabolism provides nutrient 
supply to satisfy tissue-specific demands



Systemic metabolism tends to homeostasis

In the 19th century, Claude Bernard articulated the need 
to maintain a stable internal environment that would 
allow biological processes to proceed despite variations 
in the external environment. Bernard’s concept was 
further explored, developed, and popularized by Walter 
Cannon, who coined the term “homeostasis” in 
describing how key physiological variables are 
maintained within a predefined range by feedback 
mechanisms.

In 1954, James Hardy proposed a model in which 
homeostatic mechanisms maintain physiological 
variables within an acceptable range.

Regulated variables: physiological parameters that 
are maintained at stable levels 

Controlled variables: activities (or rates) of the 
processes that contribute to the stability of the RV

Kotas & Medzhitov, Cell, 2015

https://www.sciencedirect.com/topics/immunology-and-microbiology/biological-phenomena-and-functions-concerning-the-entire-organism


Kotas & Medzhitov, Cell, 2015

Systemic metabolism tends to homeostasis



Metabolites Sensor

Effector

Consumers

Metabolites mediate homeostatic mechanisms

Adapted from: Ye & Medzhitov, Nat Metab, 2019



Homeostatic mechanisms are subject to regulation

Ye & Medzhitov, Nat Metab, 2019

In addition to being subject to well-appreciated homeostatic control, 
metabolism is subject to supply-driven and demand-driven controls, 
each operated by a dedicated set of signals throughout various 
physiological states



Overnutrition (or excessive fat intake) initiates a series of event that leads to systemic dyshomeostasis

Food intake impacts systemic homeostasis



Some nutrients bypass homeostatic regulation
Hedonic or reward-based regulation can override the homeostatic pathway during 
periods of relative energy abundance by increasing the desire to consume foods 
that are highly palatable



Some micronutrients bypass homeostatic regulation



Nutrient uptake (and bioavailability) is 
regulated by the microbiome

Mavros & Ronda, Curr Opin Endocr Metab, 2022



Systemic Metabolism



Systemic Metabolism







TissueMetabolism





What is Tissue Metabolism?

Every tissue is composed by a mixture of different cell types (and states), each having specific 
metabolic demands/activities 

Balance dictates LOCAL nutrient availability



Tissue metabolism is multifactorial

1
Dietary intake dictates 
local abundance of 
metabolites in 
peripheral tissues

SYSTEMIC/TISSUE

RELATIONSHIP
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the same nutrients.
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3
Nutrients can be 
provided by a 
different cell type in 
the tissue

METABOLIC 
COOPERATION/
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Hepatic glutamine synthetase controls 
N5-methylglutamine in homeostasis  
and cancer

Victor H. Villar    1, Maria Francesca Allega    1,2,8, Ruhi Deshmukh    1,8, 
Tobias Ackermann1, Mark A. Nakasone    1, Johan Vande Voorde1, 
Thomas M. Drake1,2,3, Janina Oetjen4, Algernon Bloom2, Colin Nixon    1, 
Miryam Müller    1, Stephanie May    1, Ee Hong Tan1, Lars Vereecke5,6, 
Maude Jans5,6, Gillian Blancke5,6, Daniel J. Murphy1,2, Danny T. Huang    1,2, 
David Y. Lewis    1,2, Thomas G. Bird    1,2,7, Owen J. Sansom    1,2, Karen Blyth    1,2, 
David Sumpton    1 and Saverio Tardito    1,2 

Glutamine synthetase (GS) activity is conserved from prokaryotes to 
humans, where the ATP-dependent production of glutamine  
from glutamate and ammonia is essential for neurotransmission  
and ammonia detoxification. Here, we show that mammalian GS  
uses glutamate and methylamine to produce a methylated glutamine 
analog, N5-methylglutamine. Untargeted metabolomics revealed  
that liver-specific GS deletion and its pharmacological inhibition  
in mice suppress hepatic and circulating levels of N5-methylglutamine.  
This alternative activity of GS was confirmed in human recombinant  
enzyme and cells, where a pathogenic mutation in the active site 
(R324C) promoted the synthesis of N5-methylglutamine over glutamine. 
N5-Methylglutamine is detected in the circulation, and its levels are 
sustained by the microbiome, as demonstrated by using germ-free  
mice. Finally, we show that urine levels of N  5 -m et hy lg lutamine correlate  
with tumor burden and GS expression in a β-catenin-driven model of  
liver cancer, highlighting the translational potential of this  
uncharacterized metabolite.

Glutamine is a non-essential amino acid in mammals that is exclusively 
synthesized by the enzyme glutamine synthetase (GS)1. Despite hav-
ing been isolated from mammalian tissue more than 70 years ago2, 
the pathophysiological role of GS has not been fully elucidated, and 
novel functions have recently been described in endothelium and mac-
rophage biology3,4. Consistent with the role of glutamate and glutamine 

in neurotransmission5 and neurodevelopment6, inactivating point 
mutations in the GS active site cause severe neurodevelopmental 
defects that can cause perinatal death in humans7.

One of the many metabolic functions of the liver is to detoxify 
the ammonia released into the systemic circulation by metabolic pro-
cesses. Liver failure causes an increase in the concentration of ammonia 
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METABOLISM IN THE LIVER 

•  Major function is to provide fuel for the brain, muscle and other tissues 

•  Metabolic hub of the body 

•  Most compounds absorbed from diet must first pass through the liver, which regulates blood 

 levels of metabolites 

•  Regulation of storage and production of energy  

•  Synthesis of molecules for other tissues 

•  Interconversion of nutrients 

•  Storage of some substances  

•  Formation and secretion of bile 

•  Destruction of toxic substances 

•  Depot of iron, vitamins 
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Villar et al, Nat Chem Biol, 2022
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Results
Metabolic effects of hepatic GS deletion
The deletion of Glul in the hepatocytes of adult mice carrying the 
Glultm3Whla floxed allele (Glultm3Whla fl)8 was achieved by administering 
adeno-associated virus with TBG promoter-driven expression of Cre 
(AAV8-TBG-Cre; Fig. 1b)12,13. While heterozygous deletion of hepatic 
Glul (wild type/∆ (wt/∆)) caused an ~40% decrease in GS expression  
(Fig. 1c,d), homozygous deletion (∆/∆) resulted in complete 
liver-specific loss of GS (Fig. 1c,d and Extended Data Fig. 1a), without 
affecting the expression of ornithine aminotransferase (OAT), another 
metabolic marker of the pericentral zone (Fig. 1c,d). Hereafter, mice 
with liver-specific recombined Glultm3Whla fl alleles are referred to as 
wt/wt, wt/∆ and ∆/∆. GS deletion did not affect body or liver weight 
(Extended Data Fig. 1b,c), and, in accordance with human GS deficiency 
syndrome, the heterozygous deletion of GS did not result in appreciable 
metabolic changes (Fig. 1e–h)14. Despite GS expression being limited to 

in blood circulation. While the mechanism of ammonia toxicity of 
the central nervous system is not fully understood, the clinical mani-
festations of severe hyperammonemia include impaired brain func-
tions, known as hepatic encephalopathy, that can lead to brain injury 
and death8. Hepatic GS is selectively expressed in hepatocytes sur-
rounding the central veins, where residual ammonia that has not been 
detoxified by the urea cycle is incorporated into the amidic group of  
glutamine by an ATP-dependent reaction that uses glutamate 
as cosubstrate8,9 (Fig. 1a). Hence, the role of GS in physiopathol-
ogy has been studied both in relation to its ammonia-clearing and 
glutamine-producing activities4,8–11.

We applied orthogonal pharmacological and genetic approaches 
in mouse and cellular models to show that the metabolic effects of GS 
extend beyond the regulation of its canonical substrates and product 
and connect microbiome and hepatic metabolism by synthesizing 
N5-methylglutamine.
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Fig. 1 | Effects of liver GS deficiency on glutamine metabolism. a, GS-catalyzed 
reaction. b, Administration of AAV8-TBG-Cre in mice with wt/wt, Glulwt/tm3Whla fl 
and Glultm3Whla fl/tm3Whla fl genotypes results in mice with wt/wt, wt/∆ and ∆/∆ livers, 
respectively. c, Serial sections of mouse liver stained by IHC for GS and OAT, two 
markers of pericentral zones; scale bar, 1 mm. The insets show magnifications 
of the central vein (c) and portal vein (p); scale bar, 100 µm. The images shown 
are representative of three mice per genotype. d, Immunoblot of liver samples 
obtained from n = 3 mice per genotype. β-Actin is shown as a loading control. 
 e,f, Glutamine levels in wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) livers (e) and 

sera (f) measured by LC–MS. g,h, Glutamate levels in the livers (g) and sera (h) 
of wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) mice. i, Ammonia concentration in 
blood samples from wt/wt (n = 11) and ∆/∆ (n = 12) mice. j,k, Glutamine (j) and 
glutamate (k) levels in the blood collected from mice 4 h after administration 
of vehicle (n = 4) and MSO (n = 4). l, Glutamine levels in the liver, brain, muscle 
and pancreas from mice treated as in j (n = 4 vehicle, n = 4 MSO). Data in e–l were 
analyzed by two-tailed Student’s t-test. Bars represent mean ± s.e.m., and each 
circle represents data from a single mouse.
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Results
Metabolic effects of hepatic GS deletion
The deletion of Glul in the hepatocytes of adult mice carrying the 
Glultm3Whla floxed allele (Glultm3Whla fl)8 was achieved by administering 
adeno-associated virus with TBG promoter-driven expression of Cre 
(AAV8-TBG-Cre; Fig. 1b)12,13. While heterozygous deletion of hepatic 
Glul (wild type/∆ (wt/∆)) caused an ~40% decrease in GS expression  
(Fig. 1c,d), homozygous deletion (∆/∆) resulted in complete 
liver-specific loss of GS (Fig. 1c,d and Extended Data Fig. 1a), without 
affecting the expression of ornithine aminotransferase (OAT), another 
metabolic marker of the pericentral zone (Fig. 1c,d). Hereafter, mice 
with liver-specific recombined Glultm3Whla fl alleles are referred to as 
wt/wt, wt/∆ and ∆/∆. GS deletion did not affect body or liver weight 
(Extended Data Fig. 1b,c), and, in accordance with human GS deficiency 
syndrome, the heterozygous deletion of GS did not result in appreciable 
metabolic changes (Fig. 1e–h)14. Despite GS expression being limited to 

in blood circulation. While the mechanism of ammonia toxicity of 
the central nervous system is not fully understood, the clinical mani-
festations of severe hyperammonemia include impaired brain func-
tions, known as hepatic encephalopathy, that can lead to brain injury 
and death8. Hepatic GS is selectively expressed in hepatocytes sur-
rounding the central veins, where residual ammonia that has not been 
detoxified by the urea cycle is incorporated into the amidic group of  
glutamine by an ATP-dependent reaction that uses glutamate 
as cosubstrate8,9 (Fig. 1a). Hence, the role of GS in physiopathol-
ogy has been studied both in relation to its ammonia-clearing and 
glutamine-producing activities4,8–11.

We applied orthogonal pharmacological and genetic approaches 
in mouse and cellular models to show that the metabolic effects of GS 
extend beyond the regulation of its canonical substrates and product 
and connect microbiome and hepatic metabolism by synthesizing 
N5-methylglutamine.
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reaction. b, Administration of AAV8-TBG-Cre in mice with wt/wt, Glulwt/tm3Whla fl 
and Glultm3Whla fl/tm3Whla fl genotypes results in mice with wt/wt, wt/∆ and ∆/∆ livers, 
respectively. c, Serial sections of mouse liver stained by IHC for GS and OAT, two 
markers of pericentral zones; scale bar, 1 mm. The insets show magnifications 
of the central vein (c) and portal vein (p); scale bar, 100 µm. The images shown 
are representative of three mice per genotype. d, Immunoblot of liver samples 
obtained from n = 3 mice per genotype. β-Actin is shown as a loading control. 
 e,f, Glutamine levels in wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) livers (e) and 

sera (f) measured by LC–MS. g,h, Glutamate levels in the livers (g) and sera (h) 
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analyzed by two-tailed Student’s t-test. Bars represent mean ± s.e.m., and each 
circle represents data from a single mouse.
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Hepatic glutamine synthetase controls 
N5-methylglutamine in homeostasis  
and cancer

Victor H. Villar    1, Maria Francesca Allega    1,2,8, Ruhi Deshmukh    1,8, 
Tobias Ackermann1, Mark A. Nakasone    1, Johan Vande Voorde1, 
Thomas M. Drake1,2,3, Janina Oetjen4, Algernon Bloom2, Colin Nixon    1, 
Miryam Müller    1, Stephanie May    1, Ee Hong Tan1, Lars Vereecke5,6, 
Maude Jans5,6, Gillian Blancke5,6, Daniel J. Murphy1,2, Danny T. Huang    1,2, 
David Y. Lewis    1,2, Thomas G. Bird    1,2,7, Owen J. Sansom    1,2, Karen Blyth    1,2, 
David Sumpton    1 and Saverio Tardito    1,2 

Glutamine synthetase (GS) activity is conserved from prokaryotes to 
humans, where the ATP-dependent production of glutamine  
from glutamate and ammonia is essential for neurotransmission  
and ammonia detoxification. Here, we show that mammalian GS  
uses glutamate and methylamine to produce a methylated glutamine 
analog, N5-methylglutamine. Untargeted metabolomics revealed  
that liver-specific GS deletion and its pharmacological inhibition  
in mice suppress hepatic and circulating levels of N5-methylglutamine.  
This alternative activity of GS was confirmed in human recombinant  
enzyme and cells, where a pathogenic mutation in the active site 
(R324C) promoted the synthesis of N5-methylglutamine over glutamine. 
N5-Methylglutamine is detected in the circulation, and its levels are 
sustained by the microbiome, as demonstrated by using germ-free  
mice. Finally, we show that urine levels of N  5 -m et hy lg lutamine correlate  
with tumor burden and GS expression in a β-catenin-driven model of  
liver cancer, highlighting the translational potential of this  
uncharacterized metabolite.

Glutamine is a non-essential amino acid in mammals that is exclusively 
synthesized by the enzyme glutamine synthetase (GS)1. Despite hav-
ing been isolated from mammalian tissue more than 70 years ago2, 
the pathophysiological role of GS has not been fully elucidated, and 
novel functions have recently been described in endothelium and mac-
rophage biology3,4. Consistent with the role of glutamate and glutamine 

in neurotransmission5 and neurodevelopment6, inactivating point 
mutations in the GS active site cause severe neurodevelopmental 
defects that can cause perinatal death in humans7.

One of the many metabolic functions of the liver is to detoxify 
the ammonia released into the systemic circulation by metabolic pro-
cesses. Liver failure causes an increase in the concentration of ammonia 
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METABOLISM IN THE LIVER 

•  Major function is to provide fuel for the brain, muscle and other tissues 

•  Metabolic hub of the body 

•  Most compounds absorbed from diet must first pass through the liver, which regulates blood 

 levels of metabolites 

•  Regulation of storage and production of energy  

•  Synthesis of molecules for other tissues 

•  Interconversion of nutrients 

•  Storage of some substances  

•  Formation and secretion of bile 

•  Destruction of toxic substances 

•  Depot of iron, vitamins 
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Results
Metabolic effects of hepatic GS deletion
The deletion of Glul in the hepatocytes of adult mice carrying the 
Glultm3Whla floxed allele (Glultm3Whla fl)8 was achieved by administering 
adeno-associated virus with TBG promoter-driven expression of Cre 
(AAV8-TBG-Cre; Fig. 1b)12,13. While heterozygous deletion of hepatic 
Glul (wild type/∆ (wt/∆)) caused an ~40% decrease in GS expression  
(Fig. 1c,d), homozygous deletion (∆/∆) resulted in complete 
liver-specific loss of GS (Fig. 1c,d and Extended Data Fig. 1a), without 
affecting the expression of ornithine aminotransferase (OAT), another 
metabolic marker of the pericentral zone (Fig. 1c,d). Hereafter, mice 
with liver-specific recombined Glultm3Whla fl alleles are referred to as 
wt/wt, wt/∆ and ∆/∆. GS deletion did not affect body or liver weight 
(Extended Data Fig. 1b,c), and, in accordance with human GS deficiency 
syndrome, the heterozygous deletion of GS did not result in appreciable 
metabolic changes (Fig. 1e–h)14. Despite GS expression being limited to 

in blood circulation. While the mechanism of ammonia toxicity of 
the central nervous system is not fully understood, the clinical mani-
festations of severe hyperammonemia include impaired brain func-
tions, known as hepatic encephalopathy, that can lead to brain injury 
and death8. Hepatic GS is selectively expressed in hepatocytes sur-
rounding the central veins, where residual ammonia that has not been 
detoxified by the urea cycle is incorporated into the amidic group of  
glutamine by an ATP-dependent reaction that uses glutamate 
as cosubstrate8,9 (Fig. 1a). Hence, the role of GS in physiopathol-
ogy has been studied both in relation to its ammonia-clearing and 
glutamine-producing activities4,8–11.

We applied orthogonal pharmacological and genetic approaches 
in mouse and cellular models to show that the metabolic effects of GS 
extend beyond the regulation of its canonical substrates and product 
and connect microbiome and hepatic metabolism by synthesizing 
N5-methylglutamine.
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Fig. 1 | Effects of liver GS deficiency on glutamine metabolism. a, GS-catalyzed 
reaction. b, Administration of AAV8-TBG-Cre in mice with wt/wt, Glulwt/tm3Whla fl 
and Glultm3Whla fl/tm3Whla fl genotypes results in mice with wt/wt, wt/∆ and ∆/∆ livers, 
respectively. c, Serial sections of mouse liver stained by IHC for GS and OAT, two 
markers of pericentral zones; scale bar, 1 mm. The insets show magnifications 
of the central vein (c) and portal vein (p); scale bar, 100 µm. The images shown 
are representative of three mice per genotype. d, Immunoblot of liver samples 
obtained from n = 3 mice per genotype. β-Actin is shown as a loading control. 
 e,f, Glutamine levels in wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) livers (e) and 

sera (f) measured by LC–MS. g,h, Glutamate levels in the livers (g) and sera (h) 
of wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) mice. i, Ammonia concentration in 
blood samples from wt/wt (n = 11) and ∆/∆ (n = 12) mice. j,k, Glutamine (j) and 
glutamate (k) levels in the blood collected from mice 4 h after administration 
of vehicle (n = 4) and MSO (n = 4). l, Glutamine levels in the liver, brain, muscle 
and pancreas from mice treated as in j (n = 4 vehicle, n = 4 MSO). Data in e–l were 
analyzed by two-tailed Student’s t-test. Bars represent mean ± s.e.m., and each 
circle represents data from a single mouse.
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Results
Metabolic effects of hepatic GS deletion
The deletion of Glul in the hepatocytes of adult mice carrying the 
Glultm3Whla floxed allele (Glultm3Whla fl)8 was achieved by administering 
adeno-associated virus with TBG promoter-driven expression of Cre 
(AAV8-TBG-Cre; Fig. 1b)12,13. While heterozygous deletion of hepatic 
Glul (wild type/∆ (wt/∆)) caused an ~40% decrease in GS expression  
(Fig. 1c,d), homozygous deletion (∆/∆) resulted in complete 
liver-specific loss of GS (Fig. 1c,d and Extended Data Fig. 1a), without 
affecting the expression of ornithine aminotransferase (OAT), another 
metabolic marker of the pericentral zone (Fig. 1c,d). Hereafter, mice 
with liver-specific recombined Glultm3Whla fl alleles are referred to as 
wt/wt, wt/∆ and ∆/∆. GS deletion did not affect body or liver weight 
(Extended Data Fig. 1b,c), and, in accordance with human GS deficiency 
syndrome, the heterozygous deletion of GS did not result in appreciable 
metabolic changes (Fig. 1e–h)14. Despite GS expression being limited to 

in blood circulation. While the mechanism of ammonia toxicity of 
the central nervous system is not fully understood, the clinical mani-
festations of severe hyperammonemia include impaired brain func-
tions, known as hepatic encephalopathy, that can lead to brain injury 
and death8. Hepatic GS is selectively expressed in hepatocytes sur-
rounding the central veins, where residual ammonia that has not been 
detoxified by the urea cycle is incorporated into the amidic group of  
glutamine by an ATP-dependent reaction that uses glutamate 
as cosubstrate8,9 (Fig. 1a). Hence, the role of GS in physiopathol-
ogy has been studied both in relation to its ammonia-clearing and 
glutamine-producing activities4,8–11.

We applied orthogonal pharmacological and genetic approaches 
in mouse and cellular models to show that the metabolic effects of GS 
extend beyond the regulation of its canonical substrates and product 
and connect microbiome and hepatic metabolism by synthesizing 
N5-methylglutamine.
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markers of pericentral zones; scale bar, 1 mm. The insets show magnifications 
of the central vein (c) and portal vein (p); scale bar, 100 µm. The images shown 
are representative of three mice per genotype. d, Immunoblot of liver samples 
obtained from n = 3 mice per genotype. β-Actin is shown as a loading control. 
 e,f, Glutamine levels in wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) livers (e) and 
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analyzed by two-tailed Student’s t-test. Bars represent mean ± s.e.m., and each 
circle represents data from a single mouse.
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Hepatic glutamine synthetase controls 
N5-methylglutamine in homeostasis  
and cancer

Victor H. Villar    1, Maria Francesca Allega    1,2,8, Ruhi Deshmukh    1,8, 
Tobias Ackermann1, Mark A. Nakasone    1, Johan Vande Voorde1, 
Thomas M. Drake1,2,3, Janina Oetjen4, Algernon Bloom2, Colin Nixon    1, 
Miryam Müller    1, Stephanie May    1, Ee Hong Tan1, Lars Vereecke5,6, 
Maude Jans5,6, Gillian Blancke5,6, Daniel J. Murphy1,2, Danny T. Huang    1,2, 
David Y. Lewis    1,2, Thomas G. Bird    1,2,7, Owen J. Sansom    1,2, Karen Blyth    1,2, 
David Sumpton    1 and Saverio Tardito    1,2 

Glutamine synthetase (GS) activity is conserved from prokaryotes to 
humans, where the ATP-dependent production of glutamine  
from glutamate and ammonia is essential for neurotransmission  
and ammonia detoxification. Here, we show that mammalian GS  
uses glutamate and methylamine to produce a methylated glutamine 
analog, N5-methylglutamine. Untargeted metabolomics revealed  
that liver-specific GS deletion and its pharmacological inhibition  
in mice suppress hepatic and circulating levels of N5-methylglutamine.  
This alternative activity of GS was confirmed in human recombinant  
enzyme and cells, where a pathogenic mutation in the active site 
(R324C) promoted the synthesis of N5-methylglutamine over glutamine. 
N5-Methylglutamine is detected in the circulation, and its levels are 
sustained by the microbiome, as demonstrated by using germ-free  
mice. Finally, we show that urine levels of N  5 -m et hy lg lutamine correlate  
with tumor burden and GS expression in a β-catenin-driven model of  
liver cancer, highlighting the translational potential of this  
uncharacterized metabolite.

Glutamine is a non-essential amino acid in mammals that is exclusively 
synthesized by the enzyme glutamine synthetase (GS)1. Despite hav-
ing been isolated from mammalian tissue more than 70 years ago2, 
the pathophysiological role of GS has not been fully elucidated, and 
novel functions have recently been described in endothelium and mac-
rophage biology3,4. Consistent with the role of glutamate and glutamine 

in neurotransmission5 and neurodevelopment6, inactivating point 
mutations in the GS active site cause severe neurodevelopmental 
defects that can cause perinatal death in humans7.

One of the many metabolic functions of the liver is to detoxify 
the ammonia released into the systemic circulation by metabolic pro-
cesses. Liver failure causes an increase in the concentration of ammonia 
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METABOLISM IN THE LIVER 

•  Major function is to provide fuel for the brain, muscle and other tissues 

•  Metabolic hub of the body 

•  Most compounds absorbed from diet must first pass through the liver, which regulates blood 

 levels of metabolites 

•  Regulation of storage and production of energy  

•  Synthesis of molecules for other tissues 

•  Interconversion of nutrients 

•  Storage of some substances  

•  Formation and secretion of bile 

•  Destruction of toxic substances 

•  Depot of iron, vitamins 
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Results
Metabolic effects of hepatic GS deletion
The deletion of Glul in the hepatocytes of adult mice carrying the 
Glultm3Whla floxed allele (Glultm3Whla fl)8 was achieved by administering 
adeno-associated virus with TBG promoter-driven expression of Cre 
(AAV8-TBG-Cre; Fig. 1b)12,13. While heterozygous deletion of hepatic 
Glul (wild type/∆ (wt/∆)) caused an ~40% decrease in GS expression  
(Fig. 1c,d), homozygous deletion (∆/∆) resulted in complete 
liver-specific loss of GS (Fig. 1c,d and Extended Data Fig. 1a), without 
affecting the expression of ornithine aminotransferase (OAT), another 
metabolic marker of the pericentral zone (Fig. 1c,d). Hereafter, mice 
with liver-specific recombined Glultm3Whla fl alleles are referred to as 
wt/wt, wt/∆ and ∆/∆. GS deletion did not affect body or liver weight 
(Extended Data Fig. 1b,c), and, in accordance with human GS deficiency 
syndrome, the heterozygous deletion of GS did not result in appreciable 
metabolic changes (Fig. 1e–h)14. Despite GS expression being limited to 

in blood circulation. While the mechanism of ammonia toxicity of 
the central nervous system is not fully understood, the clinical mani-
festations of severe hyperammonemia include impaired brain func-
tions, known as hepatic encephalopathy, that can lead to brain injury 
and death8. Hepatic GS is selectively expressed in hepatocytes sur-
rounding the central veins, where residual ammonia that has not been 
detoxified by the urea cycle is incorporated into the amidic group of  
glutamine by an ATP-dependent reaction that uses glutamate 
as cosubstrate8,9 (Fig. 1a). Hence, the role of GS in physiopathol-
ogy has been studied both in relation to its ammonia-clearing and 
glutamine-producing activities4,8–11.

We applied orthogonal pharmacological and genetic approaches 
in mouse and cellular models to show that the metabolic effects of GS 
extend beyond the regulation of its canonical substrates and product 
and connect microbiome and hepatic metabolism by synthesizing 
N5-methylglutamine.
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Fig. 1 | Effects of liver GS deficiency on glutamine metabolism. a, GS-catalyzed 
reaction. b, Administration of AAV8-TBG-Cre in mice with wt/wt, Glulwt/tm3Whla fl 
and Glultm3Whla fl/tm3Whla fl genotypes results in mice with wt/wt, wt/∆ and ∆/∆ livers, 
respectively. c, Serial sections of mouse liver stained by IHC for GS and OAT, two 
markers of pericentral zones; scale bar, 1 mm. The insets show magnifications 
of the central vein (c) and portal vein (p); scale bar, 100 µm. The images shown 
are representative of three mice per genotype. d, Immunoblot of liver samples 
obtained from n = 3 mice per genotype. β-Actin is shown as a loading control. 
 e,f, Glutamine levels in wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) livers (e) and 

sera (f) measured by LC–MS. g,h, Glutamate levels in the livers (g) and sera (h) 
of wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) mice. i, Ammonia concentration in 
blood samples from wt/wt (n = 11) and ∆/∆ (n = 12) mice. j,k, Glutamine (j) and 
glutamate (k) levels in the blood collected from mice 4 h after administration 
of vehicle (n = 4) and MSO (n = 4). l, Glutamine levels in the liver, brain, muscle 
and pancreas from mice treated as in j (n = 4 vehicle, n = 4 MSO). Data in e–l were 
analyzed by two-tailed Student’s t-test. Bars represent mean ± s.e.m., and each 
circle represents data from a single mouse.
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Results
Metabolic effects of hepatic GS deletion
The deletion of Glul in the hepatocytes of adult mice carrying the 
Glultm3Whla floxed allele (Glultm3Whla fl)8 was achieved by administering 
adeno-associated virus with TBG promoter-driven expression of Cre 
(AAV8-TBG-Cre; Fig. 1b)12,13. While heterozygous deletion of hepatic 
Glul (wild type/∆ (wt/∆)) caused an ~40% decrease in GS expression  
(Fig. 1c,d), homozygous deletion (∆/∆) resulted in complete 
liver-specific loss of GS (Fig. 1c,d and Extended Data Fig. 1a), without 
affecting the expression of ornithine aminotransferase (OAT), another 
metabolic marker of the pericentral zone (Fig. 1c,d). Hereafter, mice 
with liver-specific recombined Glultm3Whla fl alleles are referred to as 
wt/wt, wt/∆ and ∆/∆. GS deletion did not affect body or liver weight 
(Extended Data Fig. 1b,c), and, in accordance with human GS deficiency 
syndrome, the heterozygous deletion of GS did not result in appreciable 
metabolic changes (Fig. 1e–h)14. Despite GS expression being limited to 

in blood circulation. While the mechanism of ammonia toxicity of 
the central nervous system is not fully understood, the clinical mani-
festations of severe hyperammonemia include impaired brain func-
tions, known as hepatic encephalopathy, that can lead to brain injury 
and death8. Hepatic GS is selectively expressed in hepatocytes sur-
rounding the central veins, where residual ammonia that has not been 
detoxified by the urea cycle is incorporated into the amidic group of  
glutamine by an ATP-dependent reaction that uses glutamate 
as cosubstrate8,9 (Fig. 1a). Hence, the role of GS in physiopathol-
ogy has been studied both in relation to its ammonia-clearing and 
glutamine-producing activities4,8–11.

We applied orthogonal pharmacological and genetic approaches 
in mouse and cellular models to show that the metabolic effects of GS 
extend beyond the regulation of its canonical substrates and product 
and connect microbiome and hepatic metabolism by synthesizing 
N5-methylglutamine.
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Fig. 1 | Effects of liver GS deficiency on glutamine metabolism. a, GS-catalyzed 
reaction. b, Administration of AAV8-TBG-Cre in mice with wt/wt, Glulwt/tm3Whla fl 
and Glultm3Whla fl/tm3Whla fl genotypes results in mice with wt/wt, wt/∆ and ∆/∆ livers, 
respectively. c, Serial sections of mouse liver stained by IHC for GS and OAT, two 
markers of pericentral zones; scale bar, 1 mm. The insets show magnifications 
of the central vein (c) and portal vein (p); scale bar, 100 µm. The images shown 
are representative of three mice per genotype. d, Immunoblot of liver samples 
obtained from n = 3 mice per genotype. β-Actin is shown as a loading control. 
 e,f, Glutamine levels in wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) livers (e) and 

sera (f) measured by LC–MS. g,h, Glutamate levels in the livers (g) and sera (h) 
of wt/wt (n = 9), wt/∆ (n = 9) and ∆/∆ (n = 12) mice. i, Ammonia concentration in 
blood samples from wt/wt (n = 11) and ∆/∆ (n = 12) mice. j,k, Glutamine (j) and 
glutamate (k) levels in the blood collected from mice 4 h after administration 
of vehicle (n = 4) and MSO (n = 4). l, Glutamine levels in the liver, brain, muscle 
and pancreas from mice treated as in j (n = 4 vehicle, n = 4 MSO). Data in e–l were 
analyzed by two-tailed Student’s t-test. Bars represent mean ± s.e.m., and each 
circle represents data from a single mouse.
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Fig. 3 | Untargeted metabolomics reveals N5-methylglutamine as a GS 
product. a,b, Manually curated volcano plots obtained from an untargeted 
metabolomic analysis of livers from wt/wt (n = 9) and ∆/∆ (n = 12) mice (a) or 
from mice treated with vehicle (n = 4) or MSO (n = 4) (b). Data were analyzed 
by analysis of variance and Tukey honest significant difference post hoc test. 
c, Extracted ion chromatograms of one representative liver sample from 
mice described in a and b. FTMS +p ESI, Fourier transform mass spectometry 
in positive polarity coupled with electrospray ionisation. d,e, Levels of the 
compound with formula C6H12N2O3 in the livers of wt/wt (n = 9), wt/∆ (n = 9) and 
∆/∆ (n = 12) mice (d) or in the livers collected from mice 4 h after administration 
of vehicle (n = 4) or MSO (n = 4) (e). f,g, Levels of the compound with formula 
C6H12N2O3 in the sera (f) or blood (g) of mice described in d and e. Data in d–g were 
analyzed by two-tailed Student’s t-test. h, Relative levels of the compound with 
formula C6H12N2O3 in the blood of vehicle-treated (n = 4) or MSO-treated (n = 4) 
mice. MSO was administered immediately after the first blood collection at 0 h. 
For each metabolite, the percentage of the maximal peak area values averaged 

at each time point is reported. Data were analyzed by two-tailed Student’s t-test. 
Circles represent mean ± s.e.m. (n = 4). i, Mirror plot of MS/MS spectra from 
wt/wt liver samples (n = 2) comparing parent and fragment ions generated 
from the compound with formula C6H12N2O3 (top) to glutamine (bottom). The 
inset shows a magnified m/z range of 161.0 to 161.2 showing the ion of interest 
(m/z 161.0920) and a coisolated ion (m/z 161.1366). The structures of putative 
glutamine fragments are shown (Extended Data Fig. 2b). j, Overlaid extracted 
ion chromatograms of m/z 161.0920 obtained from a wt/wt liver sample (n = 1, 
C6H12N2O3 unknown), D,L-N5-methylglutamine standard, L-N2-methylglutamine 
standard and L-homoglutamine standard. The retention times and molecular 
structures of these compounds are shown. k, Mirror plot of MS/MS data from a 
wt/wt liver sample (n = 1) comparing the compound with formula C6H12N2O3 (top) 
to D,L-N5-methylglutamine standard (bottom). The proposed structures of parent 
and fragment ions derived from D,L-N5-methylglutamine are shown (Extended 
Data Fig. 2c).

Villar et al, Nat Chem Biol, 2022
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enzymes involved in biosynthesis and 
degradation. 

Tissue metabolism is heterogeneous



OVERVIEW 
•  In mammals, nutrients (carbohydrates, 

lipids and proteins) are enzymatically 
hydrolyzed. 

•  Intestine epithelial cells absorb relatively 
small molecules that reach liver through 
blood circulation, mainly through portal 
vein. 

•  Hepatocites transform diet compounds 
in compounds that generate energy or 
to precursors necessary for other 
tissues. 

•  These molecules reach their destination 
through blood circulation. 

•  To answer the organism needs, liver 
has a high metabolic flexibility. 

•  This flexibility derives in first istance 
from the 5-10 folds higher rate of 
modulation of the expression of hepatic 
enzymes involved in biosynthesis and 
degradation. 

Tissue metabolism is heterogeneous

OVERVIEW 



Systemic Metabolism



Systemic Metabolism







Tissue Metabolism







Cellular Metabolism



What is Cellular Metabolism?
Cellular metabolism is a collective term that denotes a wide set of 
biochemical processes whereby small molecules (called “metabolites”) 
change in abundance over time and in the steady states that 
characterize various physiologic conditions. 
Metabolites are small molecules that supply the cell with energy, 
structural constituents and the materials to enable the synthesis of other 
macromolecules such as DNA or proteins.  



What is Cellular Metabolism?

Underscoring the importance of metabolic reactions in cellular and organismal fidelity, 
it is estimated that more than 30% of human genes are involved in metabolism 
(Human Metabolome Database 5.0), accounting for ~3,000 possible chemical 
reactions. Defects in these pathways or their regulation can result in human disease, 
with inborn errors of metabolism thought to underlie over 1,300 disorders. The vast 
complexity of human metabolism necessitates a high degree of organization.  

Cellular metabolism is a collective term that denotes a wide set of 
biochemical processes whereby small molecules (called “metabolites”) 
change in abundance over time and in the steady states that 
characterize various physiologic conditions. 
Metabolites are small molecules that supply the cell with energy, 
structural constituents and the materials to enable the synthesis of other 
macromolecules such as DNA or proteins.  
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Energy 
“production” 

(ATP, GTP, NAD(P)H)



Energy 
“production” 

(ATP, GTP, NAD(P)H)

“Break down” nutrients to produce biomolecules for energy exchange 
CATABOLISM
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Macromolecules compose 70/80%* of the cell mass

Palm & Thompson, Nature, 2017

* different in quiescent/proliferating

*
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Catabolism and Anabolism determine energy balance

which can be stored in high-energy molecules.



Catabolism transfers energy to ATP 
and electron donors



Catabolism transfers energy to ATP 
and electron donors

NADH and FADH2 donate electrons to ETC 
to generate ATP (mitochondria)

NADPH donates electrons for 
reductive biosynthesis 
(e.g.: lipid synthesis)



NADH and NAD cannot cross the mitochondrial 
membrane 

In cells with functioning mitochondria and 
oxygen available, NADH is shuttled into the 
mitochondria via the malate-aspartate shuttle 
with electrons transferred to the electron 
transport chain (this is relatively slow) 

Rates of NADH usage and compartmentalization 
are dictated by multiple conditions (i.e.: hypoxia, 
differentiation stage, etc) 

Catabolism and Anabolism determine energy balance



Mitochondrial DNA
(many copies, maternally inherited, 37 genes, 13 in OXPHOS)

Mitochondria
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Catabolism and Anabolism determine energy balance

…and levels of intracellular metabolic intermediates!!
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Glycolytic flux provides substrates for biosynthetic 
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Glycine, 
Serine Folates

Phospho-Lipids

Glycans

Nucleotides

ATP,  
TCA cycle intermediates

Lactate + NAD+



Catabolism and Anabolism coexist in each cell



Catabolism and Anabolism coexist in each cell

…and their equilibrium is tightly regulated by sensing mechanisms!!
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Main catabolic pathways

In eukaryotes, catabolic pathways converge to generate acetyl-CoA - a pivotal metabolite



Main catabolic pathways

In eukaryotes, catabolic pathways converge to generate acetyl-CoA - a pivotal metabolite

Oxidative processes 
(require NAD+ and generate NADH)



Main catabolic pathways

of ketone bodies (which relies on acetyl-CoA, see below) while
activating bioenergetic pathways that utilize ketone bodies in
extrahepatic tissues (Dittenhafer-Reed et al., 2015). Hepato-
cytes can also obtain acetyl-CoA from ethanol (Cederbaum,
2012; Lundquist et al., 1962). In this case, ethanol is first con-
verted into acetaldehyde in the cytosol by alcohol dehydroge-
nase IB (class I) beta polypeptide (ADH1B). Acetaldehyde freely
diffuses to the mitochondrial matrix, where it is converted into
acetate by aldehyde dehydrogenase 2 family (ALDH2). Finally,
themitochondrial enzyme acyl-CoA synthetase short-chain fam-
ily, member 1 (ACSS1) employs acetate to produce acetyl-CoA
(Fujino et al., 2001). This metabolic circuitry may explain why

ethanol ingestion causes protein acetylation preferentially in he-
patic mitochondria (Fritz et al., 2013).
Generation of Cytosolic Acetyl-CoA
In physiological and normoxic conditions, glycolysis- or b-oxida-
tion-derived mitochondrial acetyl-CoA represents the major
source of cytosolic acetyl-CoA upon transportation (see below).
That said, there are at least two relatively ubiquitous metabolic
circuitries through which cells actually produce acetyl-CoA in
the cytosol (Figure 1B).
First, cytosolic acetyl-CoA can originate from glutamine

reductive carboxylation, especially when glycolysis is blocked
(Yang et al., 2014), in hypoxic conditions (Metallo et al., 2012),

Figure 1. Mitochondrial and Nucleo-Cytosolic Bioenergetic Metabolism of Acetyl-CoA in Mammalian Cells
(A–D) Acetyl coenzyme A (acetyl-CoA) is a key metabolic intermediate. Generally, the majority of cellular acetyl-CoA is generated (A) and consumed (C) in the
mitochondrial matrix, in the context of the oxidative metabolism of glycolytic pyruvate (Pyr), free fatty acids (FFAs), branched-chain amino acids (BCAAs), or
ketone bodies within the tricarboxylic acid (TCA) cycle. Acetyl-CoA can also be generated in the cytosolic compartment (B), where it supports several anabolic
reactions, including lipogenesis, steroidogenesis, and the synthesis of specific amino acids (D). In some malignant cells, the pyruvate dehydrogenase complex
(PDC), ATP citrate lyase (ACLY), and acyl- CoA synthetase short-chain family, member 2 (ACSS2) are also found in the nucleus and produce acetyl-CoA therein.
Of note, both mitochondrial and nucleo-cytosolic acetyl-CoA pools are critically involved in protein acetylation reactions. ACAA2, acetyl-CoA acyltransferase 2;
ACAC, acetyl-CoA carboxylase; ACAD, acyl-CoA dehydrogenase; ACAT1, acetyl-CoA carboxylase 1; ACAT2, acetyl-CoA acetyltransferase 2; Ace, acetate; Ach,
acetaldehyde; ACO1, aconitase 1, soluble; ACSS1, acyl-CoA synthetase short-chain family, member 1; ADH1B, alcohol dehydrogenase IB (class I), beta
polypeptide; ALDH1A1, aldehyde dehydrogenase 1 family, member A1; ALDH2, aldehyde dehydrogenase 2 family; BCAT1, branched chain amino-acid
transaminase 1, cytosolic; BCAT2, branched chain amino-acid transaminase 2, mitochondrial; BCKD, branched-chain a-ketoacid dehydrogenase; BDH1,
3-hydroxybutyrate dehydrogenase, type 1; b-OHB, D-b-hydroxybutyrate; Cit, citrate; CPT1, carnitine palmitoyltransferase 1; CPT2, carnitine palmitoyl-
transferase 2; ECH, enoyl-CoA hydratase; ER, endoplasmic reticulum; Eth, ethanol; FASN, fatty acid synthase; Gln, glutamine; GLS, glutaminase; GLUD1,
glutamate dehydrogenase 1; GOT1, glutamic-oxaloacetic transaminase 1, soluble; HADH, hydroxyacyl-CoA dehydrogenase; HAT, histone acetyltransferase;
HMGCL, 3-hydroxymethyl-3-methylglutaryl-CoA lyase; HMGCR, 3-hydroxy-3-methyl-glutaryl-CoA reductase; HMGCS1, 3-hydroxy-3-methylglutaryl-CoA
synthase 1, HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2, IDH1, isocitrate dehydrogenase 1; KAT, lysine acetyltransferase; MPC1, mitochondrial
pyruvate carrier 1; MPC2, mitochondrial pyruvate carrier 2; NAT, Na acetyltransferase; NEA, non-enzymatic acetylation; OXCT, 3-oxoacid CoA transferase.

Cell Metabolism 21, June 2, 2015 ª2015 Elsevier Inc. 807

Cell Metabolism

Review

Pietrocola et al, Cell Metab, 2015



Acetyl-CoA is a central metabolite because:

• It is at the cross-road of all catabolic pathways 
• It is the building block for the synthesis of several 

macromolecules (fatty acids, sterols, glycans) 
• It regulates protein acetylation 
• It is compartmentalized 
• Its levels fluctuate constantly 
• Highly regulated / controlled / monitored



Main catabolic pathways: carbohydrates

acetyl-CoA



Central carbon metabolism: glycolysis
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Main catabolic pathways: lipids

Diet comprises a large set of lipid species, 
but two primarily enter the circulation: 

Fatty acids (as TAGs) 
Cholesterol (as LDL/HDL particles)
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Diet comprises a large set of lipid species, 
but two primarily enter the circulation: 

Fatty acids (as TAGs) 
Cholesterol (as LDL/HDL particles)



Main catabolic pathways: fatty acids oxidation (FAO)

• Fatty acids are incorporated into the 
cell by dedicated transporters (e.g.: 
CD36) 

• Fatty acids are activated by CoA 
ligation 

• An acyl-carnitine shuttle brings them 
into the mitochondria 

• Beta-ox of FA occurs in the 
mitochondrial matrix 

• Beta-ox is a cyclic reaction that breaks 
FAs into multiple acetyl-CoA molecules 
(ANAPLEROSIS) 

• Palmitoyl-CoA + 7CoA + 7NAD+ + 
7FAD + 7H2O →→ 8Acetyl-CoA + 
7NADH + 7FADH2 + 7H+ 

• Ton of ATP



Main catabolic pathways: cholesterol is metabolically inert



Main catabolic pathways: proteins and amino acids



Main catabolic pathways: proteins and amino acids

Transaminases swap nitrogen to and from different amino acid 
carbon backbones 

Nitrogen groups can be funneled into nucleotide biosynthesis, 
synthesis of other amino acids, synthesis of bioactive amines, or the 
urea cycle



Main catabolic pathways: amino acids



Main catabolic pathways: amino acids

Glutaminolysis

Glutamine is the most abundant EAA in the circulation



Multi-layer view of cell catabolism



Unconventional catabolic pathway: AUTOPHAGY

• Self degradation of cellular proteins/structures within dedicated acidic 
compartments (lysosomes) 

• Specific (targets exhausted proteins/organelles, or specific proteins) 
• Inhibited in nutrient-replete conditions 
• Triggered by nutrient sensors through the recruitment of ULK1 initiation complex 
• Requires autophagy-related genes/proteins (ATGs) 
• Marker: lipoylation of LC3



Catabolism can be opportunistic 



Multi-layer view of cell catabolism



Cells can utilize non-canonical nutrients

Ketone bodies are small, water-soluble 
lipids (containing ketone group) that are 
produced in excess during fed state and 
can be mobilized as alternative energy 
source. 

Also: lactate, uridine, inosine, SCFA, formate, vitamins, still growing……… 



Cells can utilize non-canonical nutrients

Ketone bodies are small, water-soluble 
lipids (containing ketone group) that are 
produced in excess during fed state and 
can be mobilized as alternative energy 
source. 

Also: lactate, uridine, inosine, SCFA, formate, vitamins, still growing……… 

CARBON SOURCE: molecule that can provide carbon units to living cells for 
biosynthetic purposes 



Main anabolic pathways
Typically linked to catabolic pathways (ex: glycolysis branching pathways)



Pentose Phosphate Pathway (PPP)

oxidative

non-oxidative

Generate pentose phosphates



Serine/glycine pathway is a branch of glycolysis

Serine/glycine pathway is branch off 
glycolysis at 3-phosphoglycerate 

3-phosphoglycerate dehydrogenase 
(PHGDH) requires NAD+ (must have 
functional ETC) 

Conversion of serine to glycine 
generate one-carbon folate units for 
methylation (DNA/RNA/protein) and 
nucleotide biosynthesis 

PHGDH is amplified in several cancers

Chandel “Navigating Metabolism”



Mitochondria are major metabolic hubs

DeBerardinis RJ, Thompson CB, Cell Metab, 2008

Main anabolic pathways



DeBerardinis RJ, Thompson CB, Cell Metab, 2008

Main anabolic pathways
Mitochondria are major metabolic hubs



The TCA cycle at the crossroad of 
catabolism and anabolism 



acetyl-CoA
(Cytoplasm)

Fatty Acids

Cholesterol
Vit D
Heme
CoQAspartate

Nucleotides

Heme

Glutamate

Oxaloacetate

The TCA cycle at the crossroad of 
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Fatty acid synthesis

Chandel “Navigating Metabolism”

Fatty acid synthesis is an iterative elongation by 
2-carbon acetyl-CoA units and reduction by 
NADPH 

Acetyl-CoA carboxylase is key enzyme 
regulating fatty acid synthesis 
• ACC uses ATP to carboxylate acetyl-CoA 

and make 3-carbon malonyl-CoA 
• Malonyl-CoA condenses with first with 

acetyl-CoA, then repeatedly with elongating 
fatty acid chain, each time undergoing 
decarboxylation, in effect adding acetyl-CoA 
units (coupling elongation to decarboxylation 
of malonyl-CoA is energetically favorable) 

2 NADPH are used to reduce each acetyl-CoA 
unit

Fatty acid synthesis



Mevalonate Pathway

Occurs in the ER 

Generates sterols (cholesterol) and 
isoprenoids/terpenoids (several anti-oxidants or 
redox-stabilizing prostetic groups) 

Targeted by statins



central signaling elements that regulate basic processes, including cell proliferation, differentia-
tion, and stress responses [36]. The overactivation of upstream proteins and kinases in the
ERK pathway induces various diseases, including cancer, developmental disorders, inflamma-
tion, and neurodegenerative diseases [37]. In fact, ERK activation stimulates the transcriptional
activity of MYC [38], which was dubbed the master regulator of nucleotide metabolism because
of its direct control of pyrimidine and purine synthesis gene expression [7]. While an increased
nucleotide synthesis rate is required for DNA replication in normal proliferating cells, it is tempting
to speculate that the amplification of MYC in cancers could create enhanced expression of nucle-
otide metabolism genes, which would, in turn, abnormally elevate the cellular nucleotide levels

TrendsTrends inin Cell BiologyCell Biology

Figure 1. The de novo pyrimidine and purine synthesis metabolic network. De novo pyrimidine synthesis: carbamoyl-phosphate synthetase 2 (CPS2; E1),
aspartate transcarbamoylase (ATC; E2), and dihydroorotase (DHO; E3) (CAD), a trifunctional multidomain enzyme, catalyzes the first three reaction steps of the de
novo pyrimidine pathway in the cytosol, which uses atoms from glutamine, bicarbonate, aspartate, and ATP to synthesize dihydroorotate. The dihydroorotate
dehydrogenase reaction step occurs in mitochondria. 5′-Phosphoribosyl-pyrophosphate (PRPP), generated from the glucose-derived pentose phosphate pathway
(PPP), is incorporated at the uridine monophosphate synthetase (UMPS) step in the cytosol. Mitochondrial tricarboxylic acid (TCA) cycle intermediates, such as
oxaloacetate, could also be used to generate cytosolic aspartate for de novo pyrimidine synthesis. Pyrimidine synthesis enzymes include dihydroorotate
dehydrogenase (DHODH) and UMPS. The latter is a bifunctional enzyme and has two domains: orotate phosphoribosyl transferase (OPRT, E1) and orotidine-5′-
phosphate decarboxylase (ODC, E2). De novo purine synthesis: glucose metabolism produces glycolytic intermediates that can be used by auxiliary pathways,
including the PPP, to generate PRPP, and the mitochondrial tetrahydrofolate (mTHF) cycle to synthesize glycine, 10N-formyl-THF for incorporation into the purine ring
and 5N,10N-methylene-THF for thymidylate production. The de novo purine pathway requires the coordinated actions of six enzymes to catalyze ten sequential
reactions to synthesize the first purine nucleotide inosine 5′-monophosphate (IMP) from PRPP. IMP is the precursor of AMP and GMP. Purine synthesis enzymes:
ADSL, adenylosuccinate lyase; ATIC, 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase; GART, glycinamide ribonucleotide transformylase; PAICS,
phosphoribosylaminoimidazole carboxylase and phosphoribosylamino-imidazolesuccinocarboxamide synthase; PFAS, phosphoribosylformylglycinamidine synthase;
PPAT, phosphoribosyl pyrophosphate amidotransferase.
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Nucleotide synthesis

Critically different for purines (double ring: 6C+5C) and 
pyrimidines (one ring: 5C)



Nucleotide synthesis

Purines nucleotide synthesis begins with 5-
phosphoribosyl-1-pyrophosphate (PRPP) 
which ultimately is converted to inosine-5’-
monophosphate (IMP) 

Requires glutamine, glycine, aspartate (NAD+), 
one carbon folate units, and lots of ATP 

IMP can be converted to AMP->ADP or GMP-
>GDP (IMP->GMP directly requires NAD+, 
while IMP->AMP requires aspartate) 

Humans cannot catabolize purine rings; partial 
catabolism produces uric acid

Pyrimidine synthesis begins with carbamoyl-
phosphate and aspartate generating the 
pyrimidine base orotate


Requires glutamine, aspartate (NAD+) and ATP


Dihydroorotate dehydrogenase (DHODH) is 
located in the mitochondria (interesting);


Pyrimidine rings can be completely 
catabolized


Different for purines and pyrimidines



proliferation and tumor growth [20,77]. Despite their effectiveness against some cancer types, an-
timetabolites have limitations, suggesting that further research is needed to better understand their
metabolic effects. A detailed understanding of their mechanisms of action and chemoresistance
might result in more effective treatments, especially for solid tumors.

Strategies for targeting pyrimidine metabolism in cancer and immune cells
Cancer cells rewire key metabolic pathways to increase substrate availability for nucleotide syn-
thesis and escape DNA damage induced by chemotherapeutic agents. Brown and colleagues
observed that doxorubicin induced an increase in pyrimidine synthesis in triple-negative breast
cancer (TNBC) cells, associated with the ERK-dependent phosphorylation of CAD on T456,
without any marked changes in phosphorylation of S6K1-dependent site on CAD [78]. Inhibition
of de novo pyrimidine synthesis with leflunomide (a DHODH inhibitor) could enhance the sensitiv-
ity of TNBC cells to doxorubicin. Several DHODH inhibitors, including brequinar, BAY2402234,

TrendsTrends inin Cell BiologyCell Biology

Figure 3. Mechanisms of action of antimetabolites used in cancer therapy. Methotrexate (MTX) is a folate analog that inhibits dihydrofolate reductase (DHFR)
required for de novo nucleotide synthesis and several other metabolic processes. DHFR catalyzes the reduction of dihydrofolate (DHF) to tetrahydrofolate (THF). THF is
required for the action of folate-dependent enzymes and, therefore, is vital for DNA synthesis and methylation reactions. The purine analog 6-mercaptopurine (6MP)
inhibits 5-phosphoribosyl-1-pyrophosphate amidotransferase (PPAT), the first enzyme in de novo purine biosynthesis, as well as hypoxanthine-guanine
phosphoribosyltransferase 1 (HPRT1), a key enzyme in the purine salvage pathway. The pyrimidine analog 5-fluorouracil (5FU) is a synthetic analog of uracil that inhibits
thymidylate synthase, limiting the availability of deoxythymidine nucleotides required for cellular DNA synthesis. Moreover, the FDA recently approved an inosine 5′-
monophosphate dehydrogenase (IMPDH) inhibitor (mycophenolic acid; MPA) for use in organ transplants and in several clinical trials for cancer treatment.
Abbreviations: dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; HPRT1, hypoxanthine phosphoribosyltransferase 1; PRPP, 5′-
phosphoribosyl pyrophosphate.

Trends in Cell Biology
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Nucleotide synthesis is targeted in cancer therapy

MTX was the first drug used (approved) to treat cancer 
(chemotherapy)



Metabolic waste (or sinking) pathways



NATURE REVIEWS | CANCER

REV IEWS

  VOLUME 18 | OCTOBER 2018 | 641

Potential relevance for immunotherapy
We have recently shown that most cancers exhibit 
changes in the expression of two or more UC enzymes, 
which maximize nitrogen rewiring towards anabolic 
routes, thus supporting tumour growth and aggressive-
ness144. The immediate metabolic consequence of UC 
rewiring is the increased availability of UC substrates for 
pyrimidine synthesis by CAD. The increase in pyrim-
idine synthesis alters the ratio between purine and 
pyrimidine levels, favouring pyrimidines. The resultant 
nucleotide pool imbalance promotes a specific identifi-
able mutagenic signature, manifesting as an increase in 
transversion mutations from purine to pyrimidines at 
the DNA and RNA levels (FIG. 3). Because the increased 
abundance of pyrimidines affects DNA replication and 
transcription, the mutated DNA and RNA both contrib-
ute to a detectable increase in transversion mutations 
at the protein level. Interestingly, this genomic change 
augments the synthesis of hydrophobic neopeptides 
and enhances the response to anti-programmed cell 
death 1 (PD1) immunotherapy144 (FIG. 3). In line with 
the results of this study, another promising therapeutic 
approach explores the benefit of combinational ther-
apy of ADI-PEG20 with immunotherapy. ADI-PEG20 
has been shown to upregulate expression of PD1 
ligand 1 (PDL1) in ASS1-deficient tumour cell lines 
and increase T cell infiltration, leading to potentiation 
of PD1 and/or PDL1 antagonists in vivo145, which sup-
ports the exploration of checkpoint blockade therapy in 
ASS1-deficient cancers (TABLE 1). Moreover, a potential 
immunosuppressive state owing to reduced access to 
arginine by the immune compartment is circumvented 
with ADI-PEG20, as its degradation product citrulline 
is recirculated by T cells for arginine biosynthesis126,146. 
Thus, the PD1 antagonist pembrolizumab is being 
combined with ADI-PEG20 in solid tumours, and a 
quadruplet drug combination of ADI-PEG20 with the 
PDL1 inhibitor atezolizumab, pemetrexed and carbo-
platin is being tested in thoracic cancers147. A study of 
co-hARG1-PEG in combination with pembrolizumab 
has also opened, focusing on patients with relapsed 
small-cell lung cancer148,149 (TABLE 1). Further mecha-
nistic insights via repeat biopsies and serum bio-
markers for immunological parameters and the use of 
89Zr-positron emission tomography for imaging PDL1 
induction may enable effective translation of this novel  
immunometabolic approach in patients.

Conclusions and future perspectives
Understanding the metabolic reprogramming in can-
cer may provide a foundation for innovative metabolic 
therapies. To fully capture the prospect of metabolic 
rewiring in cancer, we need to comprehend the balance 
between catabolism and anabolism. The pronounced 
appetite of tumours for nitrogen promotes UC rewir-
ing in multiple cancers. As of yet, the major metabolic 
route affected by UC rewiring in cancer is nucleic acid  
synthesis, specifically pyrimidine synthesis. Not surpri-
singly, CAD enzyme as well as other enzymes involved 
in purine metabolism share high homology with 
UC enzymes, enabling efficient metabolic substrate 
exchange150,151.

Tracking changes in UC enzyme expression to deci-
pher the exchange of nitrogenous substrates between 
the UC and CAD in cancer provides promising ther-
apeutic opportunities. Treating cancers that exhibit a 
rewired UC with pyrimidine synthesis inhibitors (such 
as 5-fluorouracil) or with drugs that further disturb the 
physiological purine to pyrimidine ratio (for example, 
methotrexate152) might prove beneficial in clinical trials. 
In addition, the increased synthesis of immunogenic 
neopeptides suggests that inducing UC dysregulation 
in cancer stimulates the response to immune therapy. 
Lastly, UC intermediates provide substrates essential for 
cancer growth, proliferation and survival. In turn, cancer 
cells will face shortages of these metabolites, which 
could increase their dependence on external nitrogen 
sources, thus leading to therapeutically exploitable cancer 
vulnerabilities.

It is intriguing to hypothesize that cancer cell- 
autonomous alterations in nitrogen usage could influ-
ence systemic nitrogen metabolism. Indeed, concen-
trations of nitrogenous metabolites in the plasma and 
urine of mice and individuals with cancer are altered 
compared with healthy controls, which is in line with the 
potential use of UC enzyme levels as biomarkers for can-
cer diagnosis and therapy144. These studies require fur-
ther exploration with larger animal and patient cohorts 
and yet might indicate that cancer dependence on 
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Fig. 3 | Novel therapeutic vulnerabilities derived from 
urea cycle dysfunction. Urea cycle (UC) activity can be 
perturbed through the upregulation (yellow) or 
downregulation (purple) of enzyme gene expression within 
this cycle. UC dysfunction will result in elevated pyrimidine 
synthesis, in turn leading to the imbalance between these 
nucleotides and purines. Elevated pyrimidine to purine 
ratio will increase the rate of transversion mutations, 
leading to the generation of neoantigens in tumour cells. 
This novel feature of cancers with UC dysfunction could be 
exploited for immunotherapy with checkpoint inhibitors. 
ASS1, argininosuccinate synthase; CP, carbamoyl 
phosphate; CPS1, carbamoyl phosphate synthase 1; 
ORNT1, mitochondrial ornithine transporter 1;  
OTC, ornithine carbamoyltransferase.

Keshet et al, Nat Rev Cancer, 2020

cancer cells (Fig. 1E). Reexpression of shRNA-
insensitiveGDH1 rescued labeling onto glutamate
and downstream metabolites (fig. S5).
Next, we used a liquid chromatography–mass

spectrometrymethod for thedetectionof [15N]NH3

from [15N]amide-glutamine (23) to measure the
amount of [15N]NH3 generated after 8 hours of
treatment with [15N]amide-glutamine. InMCF7
and T47D cells, we found that only 3.5% of the
total ammonia pool derived from glutaminolysis

(fig. S6, A to C). Because ~2% of the glutamate pool
acquired this label in a glutaminase-dependent
manner (fig. S3B), we hypothesized that ammo-
nia recycling from glutaminolysis is highly effi-
cient. We quantified the efficiency of ammonia
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Fig. 1. Glutamine-derived ammonia is recycled. (A) Schematic of
fates of ammonia in cancer. (B) mRNA expression of ammonia-assimilating
enzymes from The Cancer Genome Atlas in cancerous versus normal
tissue. GS (glutamine synthetase), GDH1 (glutamate dehydrogenase), and
CPS1 (carbamoyl phosphate synthetase 1) RNA levels were assessed
using Oncomine.org; values are the mean of fold change (cancer/normal,
where normal = 1.00) measured across the sample size shown at the bottom.
A, ovarian serous cystadenocarcinoma; B, colon adenocarcinoma; C, rectal
adenocarcinoma; D, lobular and ductal breast carcinoma; E, lung adenocarci-
noma; F, squamous lung cell carcinoma; G, endometrial adenocarcinoma;
H, bladder urothelial carcinoma; I, gastric adenocarcinoma; J, glioblastoma;
K, pancreatic adenocarcinoma; L, hepatocellular carcinoma; M, cutaneous

melanoma. (C) Schematic of 15N-isotopologs after treatment with [15N]amide-
glutamine. UMP, uridine monophosphate; PRPP, phosphoribosyl
pyrophosphate; FGAR, 5´-phosphoribosyl-N-formylglycineamide; AMP,
adenosine monophosphate. (D) Isotopolog abundance of unexpected
[15N]amide-glutamine derivatives ± 1 mM BPTES in T47D and MCF7 cell
lines. Values are means ± SEM; n = 4 per condition. (E) Isotope abundance
of [15N]amide-glutamine–derived metabolites in control cells and cells
depleted of GDH (shGDH #1 and shGDH #2). Glu, glutamate M+1; Pro,
proline M+1; Asp, aspartate M+1; Cit, citrulline M+1; Asa, argininosuccinate
M+1; ND, 15N-isotopolog not detected. Values are means ± SEM; n = 4
per condition. (F) Schematic of ammonia recycling. GLS, glutaminase.
****P < 0.0001 (two-tailed t test for all comparisons).

RESEARCH | REPORT

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversit degli Studi di Padova on February 21, 2024



NATURE REVIEWS | CANCER

REV IEWS

  VOLUME 18 | OCTOBER 2018 | 641

Potential relevance for immunotherapy
We have recently shown that most cancers exhibit 
changes in the expression of two or more UC enzymes, 
which maximize nitrogen rewiring towards anabolic 
routes, thus supporting tumour growth and aggressive-
ness144. The immediate metabolic consequence of UC 
rewiring is the increased availability of UC substrates for 
pyrimidine synthesis by CAD. The increase in pyrim-
idine synthesis alters the ratio between purine and 
pyrimidine levels, favouring pyrimidines. The resultant 
nucleotide pool imbalance promotes a specific identifi-
able mutagenic signature, manifesting as an increase in 
transversion mutations from purine to pyrimidines at 
the DNA and RNA levels (FIG. 3). Because the increased 
abundance of pyrimidines affects DNA replication and 
transcription, the mutated DNA and RNA both contrib-
ute to a detectable increase in transversion mutations 
at the protein level. Interestingly, this genomic change 
augments the synthesis of hydrophobic neopeptides 
and enhances the response to anti-programmed cell 
death 1 (PD1) immunotherapy144 (FIG. 3). In line with 
the results of this study, another promising therapeutic 
approach explores the benefit of combinational ther-
apy of ADI-PEG20 with immunotherapy. ADI-PEG20 
has been shown to upregulate expression of PD1 
ligand 1 (PDL1) in ASS1-deficient tumour cell lines 
and increase T cell infiltration, leading to potentiation 
of PD1 and/or PDL1 antagonists in vivo145, which sup-
ports the exploration of checkpoint blockade therapy in 
ASS1-deficient cancers (TABLE 1). Moreover, a potential 
immunosuppressive state owing to reduced access to 
arginine by the immune compartment is circumvented 
with ADI-PEG20, as its degradation product citrulline 
is recirculated by T cells for arginine biosynthesis126,146. 
Thus, the PD1 antagonist pembrolizumab is being 
combined with ADI-PEG20 in solid tumours, and a 
quadruplet drug combination of ADI-PEG20 with the 
PDL1 inhibitor atezolizumab, pemetrexed and carbo-
platin is being tested in thoracic cancers147. A study of 
co-hARG1-PEG in combination with pembrolizumab 
has also opened, focusing on patients with relapsed 
small-cell lung cancer148,149 (TABLE 1). Further mecha-
nistic insights via repeat biopsies and serum bio-
markers for immunological parameters and the use of 
89Zr-positron emission tomography for imaging PDL1 
induction may enable effective translation of this novel  
immunometabolic approach in patients.

Conclusions and future perspectives
Understanding the metabolic reprogramming in can-
cer may provide a foundation for innovative metabolic 
therapies. To fully capture the prospect of metabolic 
rewiring in cancer, we need to comprehend the balance 
between catabolism and anabolism. The pronounced 
appetite of tumours for nitrogen promotes UC rewir-
ing in multiple cancers. As of yet, the major metabolic 
route affected by UC rewiring in cancer is nucleic acid  
synthesis, specifically pyrimidine synthesis. Not surpri-
singly, CAD enzyme as well as other enzymes involved 
in purine metabolism share high homology with 
UC enzymes, enabling efficient metabolic substrate 
exchange150,151.

Tracking changes in UC enzyme expression to deci-
pher the exchange of nitrogenous substrates between 
the UC and CAD in cancer provides promising ther-
apeutic opportunities. Treating cancers that exhibit a 
rewired UC with pyrimidine synthesis inhibitors (such 
as 5-fluorouracil) or with drugs that further disturb the 
physiological purine to pyrimidine ratio (for example, 
methotrexate152) might prove beneficial in clinical trials. 
In addition, the increased synthesis of immunogenic 
neopeptides suggests that inducing UC dysregulation 
in cancer stimulates the response to immune therapy. 
Lastly, UC intermediates provide substrates essential for 
cancer growth, proliferation and survival. In turn, cancer 
cells will face shortages of these metabolites, which 
could increase their dependence on external nitrogen 
sources, thus leading to therapeutically exploitable cancer 
vulnerabilities.

It is intriguing to hypothesize that cancer cell- 
autonomous alterations in nitrogen usage could influ-
ence systemic nitrogen metabolism. Indeed, concen-
trations of nitrogenous metabolites in the plasma and 
urine of mice and individuals with cancer are altered 
compared with healthy controls, which is in line with the 
potential use of UC enzyme levels as biomarkers for can-
cer diagnosis and therapy144. These studies require fur-
ther exploration with larger animal and patient cohorts 
and yet might indicate that cancer dependence on 
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Fig. 3 | Novel therapeutic vulnerabilities derived from 
urea cycle dysfunction. Urea cycle (UC) activity can be 
perturbed through the upregulation (yellow) or 
downregulation (purple) of enzyme gene expression within 
this cycle. UC dysfunction will result in elevated pyrimidine 
synthesis, in turn leading to the imbalance between these 
nucleotides and purines. Elevated pyrimidine to purine 
ratio will increase the rate of transversion mutations, 
leading to the generation of neoantigens in tumour cells. 
This novel feature of cancers with UC dysfunction could be 
exploited for immunotherapy with checkpoint inhibitors. 
ASS1, argininosuccinate synthase; CP, carbamoyl 
phosphate; CPS1, carbamoyl phosphate synthase 1; 
ORNT1, mitochondrial ornithine transporter 1;  
OTC, ornithine carbamoyltransferase.

Keshet et al, Nat Rev Cancer, 2020

cancer cells (Fig. 1E). Reexpression of shRNA-
insensitiveGDH1 rescued labeling onto glutamate
and downstream metabolites (fig. S5).
Next, we used a liquid chromatography–mass

spectrometrymethod for thedetectionof [15N]NH3

from [15N]amide-glutamine (23) to measure the
amount of [15N]NH3 generated after 8 hours of
treatment with [15N]amide-glutamine. InMCF7
and T47D cells, we found that only 3.5% of the
total ammonia pool derived from glutaminolysis

(fig. S6, A to C). Because ~2% of the glutamate pool
acquired this label in a glutaminase-dependent
manner (fig. S3B), we hypothesized that ammo-
nia recycling from glutaminolysis is highly effi-
cient. We quantified the efficiency of ammonia
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Fig. 1. Glutamine-derived ammonia is recycled. (A) Schematic of
fates of ammonia in cancer. (B) mRNA expression of ammonia-assimilating
enzymes from The Cancer Genome Atlas in cancerous versus normal
tissue. GS (glutamine synthetase), GDH1 (glutamate dehydrogenase), and
CPS1 (carbamoyl phosphate synthetase 1) RNA levels were assessed
using Oncomine.org; values are the mean of fold change (cancer/normal,
where normal = 1.00) measured across the sample size shown at the bottom.
A, ovarian serous cystadenocarcinoma; B, colon adenocarcinoma; C, rectal
adenocarcinoma; D, lobular and ductal breast carcinoma; E, lung adenocarci-
noma; F, squamous lung cell carcinoma; G, endometrial adenocarcinoma;
H, bladder urothelial carcinoma; I, gastric adenocarcinoma; J, glioblastoma;
K, pancreatic adenocarcinoma; L, hepatocellular carcinoma; M, cutaneous

melanoma. (C) Schematic of 15N-isotopologs after treatment with [15N]amide-
glutamine. UMP, uridine monophosphate; PRPP, phosphoribosyl
pyrophosphate; FGAR, 5´-phosphoribosyl-N-formylglycineamide; AMP,
adenosine monophosphate. (D) Isotopolog abundance of unexpected
[15N]amide-glutamine derivatives ± 1 mM BPTES in T47D and MCF7 cell
lines. Values are means ± SEM; n = 4 per condition. (E) Isotope abundance
of [15N]amide-glutamine–derived metabolites in control cells and cells
depleted of GDH (shGDH #1 and shGDH #2). Glu, glutamate M+1; Pro,
proline M+1; Asp, aspartate M+1; Cit, citrulline M+1; Asa, argininosuccinate
M+1; ND, 15N-isotopolog not detected. Values are means ± SEM; n = 4
per condition. (F) Schematic of ammonia recycling. GLS, glutaminase.
****P < 0.0001 (two-tailed t test for all comparisons).
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METABOLISM

Metabolic recycling of ammonia via
glutamate dehydrogenase supports
breast cancer biomass
Jessica B. Spinelli,1,2 Haejin Yoon,1 Alison E. Ringel,1 Sarah Jeanfavre,2

Clary B. Clish,2 Marcia C. Haigis1*

Ammonia is a ubiquitous by-product of cellular metabolism; however, the biological
consequences of ammonia production are not fully understood, especially in cancer.
We found that ammonia is not merely a toxic waste product but is recycled into central
amino acid metabolism to maximize nitrogen utilization. In our experiments, human breast
cancer cells primarily assimilated ammonia through reductive amination catalyzed by
glutamate dehydrogenase (GDH); secondary reactions enabled other amino acids, such as
proline and aspartate, to directly acquire this nitrogen. Metabolic recycling of ammonia
accelerated proliferation of breast cancer. In mice, ammonia accumulated in the tumor
microenvironment and was used directly to generate amino acids through GDH activity.
These data show that ammonia is not only a secreted waste product but also a fundamental
nitrogen source that can support tumor biomass.

I
ncreased nutrient consumption can supply
carbon, nitrogen, oxygen, and sulfur to ac-
commodate the extensive bioenergetic, bio-
synthetic, and prosurvival requirements of
rapidly proliferating cells (1–3). As a conse-

quence, such cells generate an excess ofmetabolic
waste products, which are cleared in mammals
through the excretory system. However, in the tu-
mormicroenvironment,metabolicwaste products
such as lactate and ammonia accumulate (4, 5).
Although lactate is well studied in cancer, little is
known about the mechanisms by which cancer
cells manage increased amounts of ammonia
(NH3) generated by glutamine and asparagine
catabolism, denovo cysteine synthesis through the
transsulfuration pathway, and salvage nucleotide
metabolism (6). Ammonia has been considered a
toxic by-product thatmust be exported from cells
and is subsequently cleared through urea cycle
activity in the liver (7–9).
Glutamine has been called a “nitrogen reser-

voir” for cancer cells because of its anabolic role in
nucleotide synthesis (6, 10). However, the role of
glutamine as a nitrogen reservoir is contradicted
in catabolic glutaminemetabolism, because nitro-
gen is liberated as the by-product ammonia (11).
The fate of ammonia in the metabolism of pro-
liferating cells and tumors remains unclear. We
hypothesized that ammonia might be reassimi-
lated into central metabolism to maximize the
efficiency of nitrogen utilization. In this study, we
sought to clarify the role of ammonia as either a
toxic waste product or a biosynthetic metabolite
(Fig. 1A).
Mammals have three enzymes that can over-

come the thermodynamic hurdles of ammonia

assimilation: (i) carbamoyl phosphate synthe-
tase I (CPS1), the adenosine triphosphate (ATP)–
dependent, rate-limiting step of the urea cycle;
(ii) glutamate dehydrogenase (GDH), a NADPH
(reduced nicotinamide adenine dinucleotide
phosphate)–dependent enzyme that catalyzes
the reductive amination of a-ketoglutarate; and
(iii) glutamine synthetase (GS), which catalyzes
the ATP-dependent amination of glutamate to
generate glutamine (12, 13) (fig. S1A). Analysis
of transcriptomic data fromTheCancer Genome
Atlas for the ammonia-assimilating enzymes in
healthy and cancerous tissues revealed that ex-
pression of GS and GDHmRNA is significantly
increased acrossmany cancer subtypes, whereas
CPS1mRNA is increased only in the colon (Fig. 1B).
Among healthy tissues, GS and GDH are ubiqui-
tously expressed andCPS1 is expressed only in the
liver (fig. S1B). Breast cancers display increased
expression of both GS and GDH. Specifically, es-
trogen receptor–positive (ER+) breast cancers have
increased expression of GS and GDH relative to
that in other subtypes (14). Therefore, we used
ER+ breast cancer as a representative model to
probe for ammonia assimilation.
To investigate the fate of glutamine-derived

ammonia, we performed ametabolic tracing anal-
ysis with hydrophilic interaction liquid chroma-
tography tandemmass spectrometry (HILIC-MS)
and assessed the fate of [15N]amide-glutamine,
which liberates [15N]NH3 through glutaminase
activity (15 ). To identify themetabolic derivatives
of [15N]amide-glutamine in an unbiasedmanner,
we developed a method to screen the nitrogen
metabolome,which contained 211 15N-isotopologs
(table S1). The majority of the nitrogen meta-
bolome did not acquire 15N labeling; of 211 15N-
isotopologs, only 33metaboliteswere labeled (fig.
S2). Consistentwith previous studies, [15N]amide-
glutamine was incorporated into asparagine and
nucleotides (10) (Fig. 1C and fig. S3A). We also

identified 15N-isotopologs of proline, aspartate,
branched-chain amino acids (BCAAs), and gluta-
mate, which have no previous biosynthetic con-
nection to the amide nitrogen on glutamine (Fig.
1C and fig. S3B). The labeled nitrogen was liber-
ated as ammonia before production of these
metabolites, which suggests that an ammonia-
recycling pathwaymay synthesize the other glu-
tamine derivatives detected.
To test whether ammonia released during

glutaminolysis was necessary for production of
these unanticipated amide-nitrogen glutamine
derivatives, we treated cells with the glutamin-
ase inhibitor bis-2-(5-phenylacetamido-1,3,4-
thiadiazol-2-yl)ethyl sulfide (BPTES), which at
1 mM is not cytotoxic or cytostatic in T47D and
MCF7 human breast cancer cell lines (16) (fig. S4,
A to C). BPTES treatment significantly decreased
15N-isotopologs of glutamate, proline, and as-
partate, whereas metabolites involved in direct
glutamine metabolism, such as nucleotides and
asparagine, remained labeled (Fig. 1D and fig.
S4D). Addition of ammonia to BPTES-treated
cells restored metabolites depleted by glutamin-
ase inhibition, demonstrating the specific contri-
bution of ammonia (fig. S4E). This is consistent
with findings that ammonia partially rescues pro-
liferative defects in glutamine-deprived breast
cancer cells (17 ).
We examined the potentialmechanismsunder-

lying assimilation of ammonia liberated during
glutaminolysis. Because [15N]amide-glutamine
did not elicit any isotopes of four urea cycle in-
termediates (ornithine, citrulline, argininosuc-
cinate, and arginine), we ruled out the activity
of CPS1 as a mechanism for ammonia assimi-
lation (fig. S2). Instead, our data indicated that
GDH was the primary point of ammonia as-
similation because glutamate is upstream of
proline, aspartate, glutamine, and BCAA syn-
thesis. However, the Michaelis-Menten constant
(Km) of GDH for ammonia is high (approximate-
ly 9 mM) and GDH reportedly favors oxidative
deamination over reductive amination in can-
cer cells (18–21). By contrast, GDH-catalyzed re-
ductive amination is prevalent in the liver, where
there is a sufficient concentration of ammonia
to enable catalysis in this direction (22). We
wondered whether increased concentrations
of ammonia in the tumor microenvironment
might also permit GDH-catalyzed reductive
amination.
To determinewhetherGDHassimilates ammo-

nia generated by glutamine catabolism, we used
short hairpin RNA (shRNA) to deplete cells of
GDH, cultured themwith [15N]amide-glutamine,
and then subjected them tonitrogenmetabolome
scanning (fig. S4F). MCF7 and T47D cell lines
express both GDH1 and GDH2 isoforms, and
shRNAs targeted both isoforms (fig. S4G). The
abundance of 15N-isotopologs of glutamate and
downstream metabolites (proline, aspartate)
was significantly decreased in cells depleted of
GDH (Fig. 1E). Urea cycle intermediates (citrul-
line, argininosuccinate) remained unlabeled in
cells lacking GDH, underscoring the lack of
CPS1-mediated ammonia assimilation in breast
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cancer cells (Fig. 1E). Reexpression of shRNA-
insensitiveGDH1 rescued labeling onto glutamate
and downstream metabolites (fig. S5).
Next, we used a liquid chromatography–mass

spectrometrymethod for thedetectionof [15N]NH3

from [15N]amide-glutamine (23) to measure the
amount of [15N]NH3 generated after 8 hours of
treatment with [15N]amide-glutamine. InMCF7
and T47D cells, we found that only 3.5% of the
total ammonia pool derived from glutaminolysis

(fig. S6, A to C). Because ~2% of the glutamate pool
acquired this label in a glutaminase-dependent
manner (fig. S3B), we hypothesized that ammo-
nia recycling from glutaminolysis is highly effi-
cient. We quantified the efficiency of ammonia
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Fig. 1. Glutamine-derived ammonia is recycled. (A) Schematic of
fates of ammonia in cancer. (B) mRNA expression of ammonia-assimilating
enzymes from The Cancer Genome Atlas in cancerous versus normal
tissue. GS (glutamine synthetase), GDH1 (glutamate dehydrogenase), and
CPS1 (carbamoyl phosphate synthetase 1) RNA levels were assessed
using Oncomine.org; values are the mean of fold change (cancer/normal,
where normal = 1.00) measured across the sample size shown at the bottom.
A, ovarian serous cystadenocarcinoma; B, colon adenocarcinoma; C, rectal
adenocarcinoma; D, lobular and ductal breast carcinoma; E, lung adenocarci-
noma; F, squamous lung cell carcinoma; G, endometrial adenocarcinoma;
H, bladder urothelial carcinoma; I, gastric adenocarcinoma; J, glioblastoma;
K, pancreatic adenocarcinoma; L, hepatocellular carcinoma; M, cutaneous

melanoma. (C) Schematic of 15N-isotopologs after treatment with [15N]amide-
glutamine. UMP, uridine monophosphate; PRPP, phosphoribosyl
pyrophosphate; FGAR, 5´-phosphoribosyl-N-formylglycineamide; AMP,
adenosine monophosphate. (D) Isotopolog abundance of unexpected
[15N]amide-glutamine derivatives ± 1 mM BPTES in T47D and MCF7 cell
lines. Values are means ± SEM; n = 4 per condition. (E) Isotope abundance
of [15N]amide-glutamine–derived metabolites in control cells and cells
depleted of GDH (shGDH #1 and shGDH #2). Glu, glutamate M+1; Pro,
proline M+1; Asp, aspartate M+1; Cit, citrulline M+1; Asa, argininosuccinate
M+1; ND, 15N-isotopolog not detected. Values are means ± SEM; n = 4
per condition. (F) Schematic of ammonia recycling. GLS, glutaminase.
****P < 0.0001 (two-tailed t test for all comparisons).
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recycling from glutamine catabolism by incu-
bating MCF7 cells with [15N2-

13C5]glutamine.
Glutaminolysis generated [15N-13C5]glutamate
(glutamate M+6), and ammonia recycling was
measured by detection of [15N]glutamate (glu-
tamate M+1) (fig. S6D). We calculated the ratio

of the total amount of glutamate (glutamate
M+6 and glutamate M+1) to glutamate directly
generated in glutaminolysis (glutamate M+6)
(fig. S6E). In total, 1.57 molecules of gluta-
mate were generated from a single reaction
of glutaminolysis, indicating a 57% efficiency of

ammonia recycling (fig. S6F). Because both
processes are mitochondrial, localization may
support this high efficiency (24). GDH is a bi-
directional enzyme, so we also tested whether
the catalytic activity of oxidative deamination
or reductive amination was prevalent. In GDH-
depleted cells, ammonia recycling (glutamate
M+1) was decreased, but a-ketoglutarate (M+5)
was unchanged, suggesting a net activity of re-
ductive amination in this system (fig. S6, G and
H). In sum, these data indicate that ammonia
derived from glutaminolysis is recycled by re-
ductive amination catalyzed by GDH to support
the synthesis of glutamate and downstream me-
tabolites (Fig. 1F).
Because numerous reactions other than gluta-

minolysis generate ammonia, we investigated
whether free ammonia could be assimilated into
metabolic pathways. TooptimizeNH4Cl for tracing
studies, we investigated whether exposure to in-
creased concentrationsofNH4Clwas toxic to tumor
cells. Physiological concentrations of ammonia in
plasma are 0 to 50 mM in healthy human adults,
50 to 150 mM in newborns, and up to 1.0 mM in
patients with hyperammonemia (25 ). Supraphy-
siological concentrations of ammonia are toxic to
neurons and are sometimes assumed to be toxic
to tumor cells (7, 26, 27). However, NH4Cl was not
toxic to tumor cells, even at concentrations that
were toxic to primary human astrocytes (Fig. 2A
and fig. S7A). Previous reports have shown that
high concentrations of ammonia induce autoph-
agy in tumor cells (5 ). In MCF7 and T47D cell
lines, light chain 3 II (LC3II) lipidation was not
induced until 10 mM ammonia was added to
media—a concentration exceeding levels of ammo-
nia reported in the tumormicroenvironment (fig.
S7B). Moreover, ammonia concentrations of 0
to 10 mM did not alter uptake of glucose or
glutamine, nor basal respiration (fig. S7, C to
E). Expression of the ammonia-assimilating en-
zymes GS, GDH, and CPS1 was not affected by
increasing ammonia concentration (fig. S7, F to
I), nor did 10 mM ammonia alter the pH of the
culture media (fig. S7J). These data indicate that
supraphysiological concentrations of ammonia
did not induce toxicity or metabolic stress in
breast cancer cells.
We also examined ammonia uptake by cells.

When breast cancer cells were cultured in low
concentrations of ammonia (0 to 1.0 mM), we ob-
served a net output of ammonia, which reverted
to net uptake as the extracellular concentration
of NH4Cl increased above 1 mM (fig. S7K). At
approximately 1.0mMNH4Cl, ammoniawas taken
up from the medium, such that ammonia entry
may be regulated by diffusion. In agreementwith
this result, the characterized mechanism of am-
monium (NH4

+) import and export is through
facilitated diffusion with rhesus glycoproteins
(RhC and RhG) (28). Also, ammonia can diffuse
across the plasma membrane.
We performed steady-state and tracing ex-

periments in the presence of 0.75 mM NH4Cl
because it is the inflection point of ammonia
uptake and secretion and represents a low con-
centration of ammonia that is relevant to the
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Fig. 2. Ammonia is assimilated by GDH to generate amino acids. (A) Propidium iodide (PI) staining
of cells treated with a dose of NH4Cl for 48 hours. Values are means ± SEM from a representative
experiment of three replicates; n = 3. (B) Abundance of keto- and amino acids involved in
transaminase reactions in T47D cells treated with 0.75 mM NH4Cl. Values are means ± SEM from a
representative experiment of two replicates; n = 4. (C) Abundance of 15N-isotopologs in MCF7 and
T47D cells after 8 hours of treatment with 0.75 mM [15N]NH4Cl. (M+1) and (M+2) indicate labeling with
one or two nitrogens, respectively. Values are scaled to account for total intracellular ammonia and
represent means ± SEM; n = 4. (D) Isotopolog abundance of glutamate (M+1) in MCF7 and T47D
cells treated for 8 hours with 0.75 mM [15N]NH4Cl in control and GDH-depleted cells. Values are
scaled to account for total intracellular ammonia and represent means ± SEM; n = 4. (E) Abundance
of 15N-isotopologs for metabolites downstream of glutamate treated for 8 hours with
0.75 mM [15N]NH4Cl in control and GDH-depleted cells. Values are scaled to account for total
intracellular ammonia and represent means ± SEM; n = 4. *P < 0.05, ***P < 0.001, ****P < 0.0001
(two-tailed t test for all comparisons).
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