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Abstract
Proline is a non-essential amino acid with key roles in protein structure/function and maintenance of cellular redox homeo-
stasis. It is available from dietary sources, generated de novo within cells, and released from protein structures; a noteworthy 
source being collagen. Its catabolism within cells can generate ATP and reactive oxygen species (ROS). Recent findings 
suggest that proline biosynthesis and catabolism are essential processes in disease; not only due to the role in new protein 
synthesis as part of pathogenic processes but also due to the impact of proline metabolism on the wider metabolic network 
through its significant role in redox homeostasis. This is particularly clear in cancer proliferation and metastatic outgrowth. 
Nevertheless, the precise identity of the drivers of cellular proline catabolism and biosynthesis, and the overall cost of main-
taining appropriate balance is not currently known. In this review, we explore the major drivers of proline availability and 
consumption at a local and systemic level with a focus on cancer. Unraveling the main factors influencing proline metabolism 
in normal physiology and disease will shed light on new effective treatment strategies.
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Background

Proline is a non-essential proteinogenic amino acid that is 
available from both diet and endogenous synthesis. It has 
a unique cyclic structure—a pyrrolidine ring in which the 
side chain is connected to the amino group to form a second-
ary amine—that confers the amino acid significant rigidity. 
This makes proline an important structural component of 
proteins, providing the tight turns often required between 
secondary structural elements and allowing both cis- and 
trans- conformation in protein backbones (Chow et al. 2018; 
Lummis et al. 2005). Another particular role of proline is its 
apparent essentiality during stress situations (Hayat et al. 
2012). Through its function as an osmolyte, antioxidant, 
signaling molecule, and even a metal chelator, it has been 
shown to combat stress conditions in plants (Hayat et al. 

2012). However, this appears to be concentration-dependent, 
as while supplementation of exogenous proline was shown 
to increase stress tolerance, high-doses-induced toxicity in 
plants (Roy et al. 1993). Modulation of proline concentra-
tions in mammalian cells has more recently been described, 
particularly in the context of disease. Although it is not yet 
clear under what conditions this occurs, concepts arising 
from the study of plants suggest that proline synthesis and 
degradation may play an essential role in response to cellular 
stress, as well as conventional roles in protein synthesis. It 
is, therefore, crucial to explore the drivers of proline uptake 
and metabolism and their association with disease, as this 
may identify opportunities to alter the pathogenesis of some 
human diseases, including cancer. In this review, we will 
discuss our current knowledge of the determinants of proline 
availability and consumption—both at the cellular and sys-
temic level—with a particular focus on cancer as a disease in 
which this has been studied. We will also discuss the concept 
of proline synthesis and degradation as a metabolic hub to 
maintain redox homeostasis and the implications of this for 
systemic proline availability.
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Systemic proline metabolism

Despite the ability of mammalian cells to synthesize pro-
line, dietary sources of proline are thought to be essen-
tial to maintain healthy function (Watanabe et al. 1999; 
Yam et al. 2019). In normal conditions, dietary proteins 
are hydrolyzed in the small intestine to release proline 
and hydroxyproline (Fig. 1), the latter arising from post-
translational modification of prolyl residues. Of particular 
importance in this process are prolidases, which specifi-
cally hydrolyze prolyl or hydroxyprolyl dipeptides (Wu 
et al. 2011). The intestinal microbiota is thought to pref-
erentially catabolize hydroxyproline over proline, produc-
ing acetate and propionate as a result, which can be fur-
ther metabolized both locally, and by the liver (Wu et al. 
2011). Absorption from the lumen is then facilitated by 
 Na+-dependent IMINO transporters, the  Na+-independent 
L-proline transporter, and the neutral brush-border (NBB) 
system, which shuttles neutral amino acids (Wu et  al. 
2011). While enterocytes utilize significant proportions 
of this proline,  ~ 60% is thought to reach the plasma 
(Wu et al. 2011) (Fig. 1). In proline-deficient conditions, 
enterocytes have been suggested to at least partially com-
pensate, increasing their endogenous synthesis of proline. 
However, up to 50% of this is absorbed on first pass by 
the liver (Yam et al. 2019), leaving the remaining proline 

for uptake by other organs. Normal plasma concentra-
tions have been reported as relatively high (100–250 μM 
Schmidt et al. 2016; Mc et al. 1957; Frame 1958; Mar-
tinez et al. 1993) when compared to other amino acids. 
Interestingly, the blood–brain barrier (BBB) restricts the 
entry of several amino acids, including proline (Oldendorf 
1971; Sershen and Lajtha 1976; Yudilevich et al. 1972). 
Nevertheless, tumors themselves and brain metastasis 
development can disrupt BBB vasculature, resulting in the 
so-called brain-tumor-barrier (BTB), a leakier and per-
meabilized vasculature, allowing the influx/efflux of mol-
ecules that cannot access the brain in normal physiology 
and promotes accumulation of waste products (Arvanitis 
et al. 2020). This clearly has implications for the metabolic 
network of the central nervous system, altering the nutrient 
availability and requirements during disease.

Interestingly, plasma concentrations of proline and 
hydroxyproline are often perturbed in patients with some 
chronic pathologies such as diabetes and cancer, as well as 
through more well-described inborn errors of metabolism 
(Fig. 1). Increased blood hydroxyproline levels have been 
suggested as a biomarker of hepatic fibrosis and associ-
ated with other diseases where fibrosis is a hallmark (Gabr 
et al. 2016). Increased plasma proline has been observed in 
patients affected by type 2 diabetes, obesity, insulin resist-
ance (Liu et al. 2016), and as a result of cancer-associated 
cachexia (Newton et al. 2019) (Fig. 1). In a Drosophila 

Fig. 1  Schematic representation of systemic proline metabolism in 
health and disease. In normal conditions, proline and hydroxyproline 
are assimilated from the diet in the small intestine and about 60% 
will be released by enterocytes into the circulation. During disease, 

enhanced hydroxyproline levels are associated with bone tumours and 
hepatic fibrosis, whereas increased systemic proline levels mirror car-
cinogenesis, diabetes and cachexia
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tumor model, it was shown that cachexic muscles released 
increased proline through the upregulation of two potential 
proline transporters, SLC36A1 and SLC36A4 (Newton et al. 
2019). Interestingly, hyperprolinemia itself has also been 
shown to lead to metabolic consequences through amino 
acid toxicity and dysregulated β-cell function in INS1-E 
insulinoma cells and isolated mouse islets (Liu et al. 2016). 
Under these circumstances, insulin promoter factor 1 (Pdx1) 
mRNA expression was found to be increased, while the 
acetyl-CoA carboxylase 1 (ACC1)-AMPK axis was down-
regulated, indicating re-wiring of β-cell phenotype (McAn-
ulty 2007). This dysfunction driven by chronic high levels of 
proline manifested as impaired insulin secretion, and there-
fore systemic dysregulated glucose homeostasis.

Another example of systemic alterations in proline 
homeostasis is observed in inborn errors of metabolism 
(Mitsubuchi et al. 2008). For instance, hyperprolinemia 
type I is a result of proline dehydrogenase (PRODH) defi-
ciency, with patients presenting with velo-cardio-facial 
syndrome and often developing schizophrenia (Mitsubuchi 
et al. 2008). Hyperprolinemia type II is caused by a lack 
of the enzyme that contributes to the degradation of pro-
line, ALDH4A1 (Fig. 2), and is associated with significant 
urea cycle dysfunction, manifesting in hyperammonemia, 

hypoornithinemia, hypocitrullinemia and hypoargininemia 
(Mitsubuchi et al. 2008).

Although dietary proline contributes significantly to 
proline availability, endogenous sources can contribute 
considerably (and sometimes pathogenically) to the overall 
proline pool. The mechanisms that maintain local proline 
levels—whether protein (particularly collagen) degradation 
or enhanced synthesis—are not entirely clear.

Local proline metabolism: synthesis

Local proline concentrations are the result of a balance 
struck between availability from plasma, local use/degrada-
tion and local synthesis/release. The latter is the result of 
a balance between endogenous synthesis and the result of 
proteolysis—in particular, the proline-rich structural pro-
tein, collagen. When proline availability or requirements 
change—perhaps as the result of the anabolic drive that 
characterizes cancer or a change in exogenous availability 
due to perturbations in vascular flow—the compensatory 
changes required in this fine balance can significantly alter 
the wider cellular metabolic network.

Proline supply/demand and the wider metabolic network 
are significantly linked as proline synthesis and degradation 

Fig. 2  Proline metabolism at a glance. The three main carbon 
sources for proline biosynthesis are glucose, glutamine and orni-
thine, which foster the reactions of PYCR1, 2 and 3/L. Proline and 
extracellular proline can then be recycled by PRODH during nutri-
ent starvation or metastasis formation. Almost all the reactions of this 
pathway contribute to cellular redox control. Abbreviations: α-KG; 

α-ketoglutarate, GLU; glutamate, P5C; 1-pyrroline-5-carboxylate, 
GSA; glutamate-5-semialdehyde,  NAD+; nicotinamide adenine dinu-
cleotide, NADH; reduced  NAD+,  NADP+; nicotinamide adenine 
dinucleotide phosphate, NADPH; reduced  NADP+,  FAD+; flavin ade-
nine dinucleotide,  FADH2; reduced  FAD+
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are both highly redox-active processes. Proline synthesis, 
whether from glucose, glutamine or ornithine, is coupled 
to oxidation of reduced pyridine nucleotides (NAD[P]H) 
through the activity of Aldehyde dehydrogenase 18 family 
member A1 (ALDH18A1) and/or Pyrroline-5-carboxylate 
reductase 1,2 or 3/L (PYCR1, 2 or 3/L) (Phang et al. 2012) 
(Fig. 2). Conversely, proline degradation involves the activ-
ity of Proline dehydrogenase 1 (PRODH) and Aldehyde 
dehydrogenase 4 family member A1 (ALDH4A1), the for-
mer donating electrons to  FAD+, while the latter reduces 
 NAD+ (Phang 2019). It is therefore clear that proline and 
redox homeostasis are intrinsically linked and part of a criti-
cal network for the maintenance of healthy cells. Conversely, 
when redox homeostasis is challenged, as observed in many 
diseases, this is likely to have implications for endogenous 
proline synthesis and catabolism.

There is a significant and growing body of evidence 
showing that proline is used as a means of maintaining a 
redox homeostasis that permits normal cell function—both 
in cancers and in conditions associated with inflamma-
tion and fibrosis (Hollinshead et al. 2018; Schworer et al. 
2020). Intriguingly, while two of the biosynthetic enzymes, 
PYCR1 and 2 are mitochondrially-localized, PYCR3/L is 
cytosolic (De Ingeniis et al. 2012) (Fig. 2). This could 
suggest that they have contrasting roles, responding to 
perturbations in redox homeostasis in different compart-
ments. This is particularly clear in patients lacking PYCR1 
or 2, as well as models of PYCR1 and 2 deficiency, which 
display phenotypes linked with dysregulated redox control 
(oxidative stress and enhanced apoptosis) (Nakayama et al. 
2015; Reversade et al. 2009). PYCR1 activity has been 
more directly shown to oxidize mitochondrial NADH, 
effectively uncoupling the reducing activity of the TCA 
cycle from the oxidizing activity of the electron trans-
port chain (ETC), and therefore respiration (Hollinshead 
et al. 2018). This metabolic pathway can therefore act as 
a means of allowing continued TCA cycle activity while 
reducing oxygen consumption—permitting the synthesis 
of macromolecular precursors (for new DNA/RNA and 
proteins) when the mitochondrial NADH:NAD+ ratio is 
high. This type of metabolic compensation to correct an 
unfavorable NADH:NAD+ ratio is well-described in the 
cytosol, where a high NADH:NAD+ balance will drive 
the enhanced reduction of pyruvate to form lactate that is 
then excreted from the cell (Tennant et al. 2009). However, 
there is no well-defined mechanism for ‘dumping’ excess 
reducing potential within the mitochondrial matrix other 
than using the malate-aspartate shuttle to move it to the 
cytosol. Indeed, in the matrix, tight coupling of TCA cycle 
activity to respiration is assumed as it maximizes ATP 
generation through the oxidation of carbon sources. How-
ever, the activity of PYCRs in the maintenance of redox 
homeostasis appears to be an additional mechanism, as 

knockdown of any of the PYCR enzymes has been shown 
to result in reduced intracellular lactate (Liu et al. 2015). 
Interestingly, there is recent evidence that some tumors 
import and metabolize lactate to fuel the TCA cycle, which 
would increase the reduction of cytosolic  NAD+ (Faubert 
et al. 2017). The implications of this metabolic activity on 
proline metabolism have not as yet been reported.

In hypoxic conditions, the stabilization of the oxygen sen-
sor HIF-1α through the inhibition of prolyl hydroxylases 
(PHDs) has been shown to increase the secretion of free 
proline into the microenvironment in TGF-β-induced fibro-
blasts (Schworer et al. 2020). This increase was shown to 
be reversed with the addition of alpha-ketobutyrate, which 
acts to normalize the NADH:NAD+ ratio. Knockdown of 
ALDH18A1 to limit proline synthesis and pharmacological 
inhibition of the ETC significantly reduced cell proliferation 
in hypoxia (Liu et al. 2020a). Interestingly, knockdown of 
ALDH18A1 in a xenograft model also sensitized tumors to 
treatment targeting fatty acid synthesis, a highly redox-active 
synthetic pathway (Liu et al. 2020a).

While enhanced proline synthesis under these conditions 
is likely a phenotype to maintain intracellular redox, one 
cannot ignore the result of increased extracellular proline 
supply that arises as a consequence. Two chronic patholo-
gies in which this redox-mediated increase in local proline 
concentrations might play a role are chronic inflamma-
tion and cancer, both of which are associated with signifi-
cant hypoxia. During inflammation, inflammatory cells 
(M2-polarized macrophages and T helper 2 (Th2 cells) 
release cytokines that drive activation of myofibroblasts 
(Wynn 2008) (Fig. 3A). Amongst other phenotypes, this 
subgroup of fibroblasts is specialized in ECM deposition, 
including the synthesis of collagen, 30% of which can be 
prolyl residues (Wynn 2008). While this is an acute process 
during normal wound healing, chronic inflammation can 
drive longer-term fibrosis and tissue remodeling (McAn-
ulty 2007). Fibrosis involves the chronic deposition of col-
lagen in the local tissue, increasing ECM stiffness, leading 
to maladapted tissue architecture (Distler et al. 2019). This 
increased collagen synthesis requires significant amounts 
of proline, which could be derived from local sources as 
previously suggested (Schworer et al. 2020). Another dis-
ease that can be characterized by chronic inflammation and 
often significant hypoxia is cancer (the ‘wound that cannot 
heal’ paradigm). Interestingly, overexpression of PYCR1 has 
been shown in many cancer types and has even been sug-
gested to be directly pro-tumorigenic (Burke et al. 2020). 
ALDH18A1 protein levels and PYCR1 mRNA have also 
been shown as upregulated in cancer-associated fibroblasts 
(CAFs), and silencing of these enzymes perturbed collagen 
formation, in particular collagen type I, α1 (COL1A1)—a 
crucial extracellular matrix (ECM) component (Kay et al. 
2020) (Fig. 3A).
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Interestingly, it has also been reported that hypoxia-
mediated HIF-1α stabilization plays a role in collagen 
deposition via pyruvate-driven α-ketoglutarate (α-KG) pro-
duction, which, in turn, increased collagen hydroxylation 
(Stegen et al. 2019). This process, observed in chondrocytes, 
resulted in increased ossification as the collagen hydroxyla-
tion drove a more protease-resistant matrix (Stegen et al. 
2019). During chronic hypoxia, increased collagen secre-
tion has been observed in hepatic stellate and renal cells. 
In fact, HIF-1α stabilization promotes the transition from 
fibroblasts to myofibroblasts (Corpechot et al. 2002; Orpha-
nides et al. 1997). For this reason, a dysregulated HIF-1α 
signal may result in enhanced matrix stiffness, a condition 
which, in turn, primes fibrosis and cancer (Stegen et al. 
2019). Interestingly, the metabolic support for hydroxyla-
tion of prolyl residues and synthesis of a stiffer collagen 
network may be essential in metastasis formation, as it was 
recently shown that pyruvate is required to drive this process 
in breast cancer (Elia et al. 2019). In agreement with this, 
prolyl 4-hydroxylase alpha 2 (P4HA2), which catalyzes the 
generation of 4-hydroxyproline, has been shown to increase 
matrix stiffness in lung cancer (Pankova et al. 2019).

An alternative means by which proline availability may 
directly alter redox homeostasis is due to the fact that pro-
line itself has been shown to scavenge ROS  (O2

− and  OH•) 
(Kaul et al. 2008; Phang et al. 2012; Smirnoff and Cumbes 
1989) (Fig. 3B). A recent study suggested that proline 
metabolism was changed after myocardial infarction, 

but importantly that proline supplementation was able to 
reduce oxidative stress and apoptosis (Wang et al. 2020). 
Indeed, this phenotype appears to be through more wide-
spread transcriptional changes, as proline supplementa-
tion was able to increase Glutathione peroxidase 1 (Gpx1) 
mRNA levels and downregulate Thioredoxin-interacting 
protein (Txnip)—the inhibitor of the antioxidant system 
thioredoxin, further enhancing the ability of myocytes to 
resist oxidative stress (Wang et al. 2020).

Proline availability not only balances redox homeostasis 
but also influences proteostasis. A previous study has sug-
gested that proline restriction limits proline-tRNA availa-
bility, thus impairing protein synthesis (Loayza-Puch et al. 
2016). As a result of proline shortage, PYCR1 was upregu-
lated to compensate, and in an in vivo model, PYCR1 KO 
halted tumorigenic growth (Loayza-Puch et al. 2016). The 
impact of proline on protein synthesis has also been con-
firmed in another study, where mitochondrial NAD kinase 
2 (NADK2) provides  NADP+, the co-factor essential to 
sustain proline biosynthesis through ALDH18A1. Lack of 
proline impaired cell growth by affecting both protein syn-
thesis as well as purine and pyrimidine synthesis. Supple-
mentation of proline was able to rescue the defect caused 
by the loss of NADK2 (Diehl and Vander Heiden 2021; 
Zhu et al. 2021). Taken together, these data suggest that 
not only protein synthesis but also nucleotide homeostasis 
is influenced by proline levels.

Fig. 3  Overview of the interactions between local and systemic pro-
line metabolism. A Locally M2-macrophages and T  CD4+ cells 
release factors capable of transforming fibroblasts into myofibro-
blasts. In this condition, activated fibroblasts secrete collagen which, 
in turn, can be consumed by macrophages. Chronic changes of the 

equilibrium between collagen synthesis and deposition, cause disease. 
B Local dysfunctions in proline turnover can be compensated by sys-
temic proline metabolism. TGFβ transforming growth factor beta, IL-
13 Interleukin-13, PDGF platelet-derived growth factor, TIMPs tissue 
inhibitors of metalloproteinases, ROS reactive oxygen species
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Integration of systemic and local proline availability, 
therefore, influences the cellular NAD(P)+/NAD(P)H, pro-
tein and nucleotide balance, and in doing so, the ability 
of cells to maintain a healthy metabolic network. In turn, 
perturbations in redox, protein, and nucleotide homeosta-
sis within one cell (or cell type) can directly alter local 
proline availability, thereby potentially influencing the 
state of other nearby cells and further shaping the tissue 
microenvironment.

Local proline metabolism: catabolism

Some cell types are more prone to consume extracellular 
proline. For instance, normal retinal pigment epithelial cells 
consume large amounts of free proline compared to other 
tissues, and export proline-derived TCA cycle intermedi-
ates which are taken up by local photoreceptor cells. This 
interlinked proline metabolic pathway forms a community 
metabolic network that benefits both cell types (Chao et al. 
2017; Yam et al. 2019). On the other hand, M2-like mac-
rophages have been suggested to be a major consumer of 
collagen, although the drivers of this process are not yet 
well-understood (Madsen et al. 2013). An imbalance of the 
collagen cycle—the sum of collagen producers and consum-
ers—towards increased ECM degradation has often been 
observed during disease, such as arthritis (Fig. 3A). In this 
autoimmune disease, type II collagen is attacked by leuko-
cytes, with monocytes/macrophages seemingly central in the 
progression of the disease (Guo et al. 2018). The ability to 
digest the ECM is also crucial for cancer invasion and metas-
tasis. Matrix metalloproteinases (MMPs), enzymes involved 
in the catabolism of ECM are often overexpressed in malig-
nant growths (Kessenbrock et al. 2010). Along with collagen 
degradation, the proline-consuming enzyme PRODH, also 
known as proline oxidase, has been shown to be upregulated 
in breast cancer-derived metastasis (Elia et al. 2017). Inter-
estingly, PRODH was also shown as capable of promoting 
tumor progression in non-small cell lung cancer (NSCLC) 
as part of a network involving a chromatin remodeler, the 
lymphoid-specific helicase (LSH) (Liu et al. 2020b).

PRODH passes electrons from proline to  FADH2 forming 
1-pyrroline-5-carboxylic acid (P5C) in the process (Fig. 2). 
The electrons are then accepted by ubiquinone in the elec-
tron transport chain and will then either be used to pump 
protons (and synthesize ATP) or may leak to generate ROS. 
Indeed, in some organisms, proline has been demonstrated 
to be a key source of ATP, which may well indicate why 
PRODH may be important under some conditions, such as 
metastasis (Scott et al. 2019; Bergers and Fendt 2021; Elia 
et al. 2017) or nutrient starvation (Liu et al. 2012). How-
ever, over-expression of PRODH has also been shown to 
elicit apoptosis through ROS generation (Hu et al. 2007; Liu 
et al. 2009, 2005, 2006, 2008). What determines whether 

ROS or ATP is generated is unknown, and may be dependent 
on the nutrient status of the mitochondria—when the ETC 
is reduced due to a high NADH:NAD+ ratio, ROS may be 
more likely to be generated, while under conditions where 
nutrients are more limited ATP generation may dominate. 
Interestingly, during hypoxia and normal nutrient supply, it 
has been suggested that PRODH overexpression can induce 
autophagy as an alternative means of generating ATP (Liu 
et al. 2012). In apparently contradictory evidence, proline 
supplementation has been suggested to reduce ROS levels at 
an organismal level. In a rat model of cholestasis/cirrhosis, 
proline supplementation was able to reduce serum mark-
ers of oxidative stress after bile duct ligated (BDL) surgery 
(Heidari et al. 2018), while in white shrimp proline supple-
mentation was capable of increasing the total antioxidant 
capacity, PRODH levels and nitric oxide (NO) (Xie et al. 
2015). The same result was shown in Angiotensin-II infused 
rats where proline supplementation decreased urinary  H2O2 
while enhancing NO availability, thereby preventing the 
expected rise in blood pressure (Leal et al. 2019). These 
apparent contradictions may be resolved through the ability 
of proline to act as an antioxidant, which may have ben-
efits systemically, while the local effect of proline (through 
PRODH) may sometimes be pro-oxidative. Interestingly, a 
model of proline auxotrophy has been recently described in 
NADK2-deficient tumors. In this system, loss of mitochon-
drial NADK2, one of the two enzymes which phosphorylates 
 NAD+ to  NADP+, depleted the mitochondrial  NADP+ pool, 
reducing ALDH18A1 activity and thereby the ability of cells 
to synthesize proline (Fig. 3B) (Tran et al. 2021). Impor-
tantly, these cells were dependent on exogenous proline and 
unable to proliferate in proline-starved microenvironments 
(Tran et al. 2021). The same is observed in fibroblasts from 
NADK2-deficient patients, which are incapable of sustaining 
proline biosynthesis and demonstrate NADPH deficiency 
(Pomerantz et al. 2018). These individuals show increased 
systemic proline levels, suggesting that systemic proline 
metabolism can compensate for local and intracellular pro-
line deficiencies, but this is unable to resolve the effects on 
tissue redox homeostasis.

Proline cycling

Through this review, the proline synthetic and catabolic 
pathways utilizing PYCR enzymes and PRODH, respec-
tively, have been considered as linear. However, it is also 
possible for these pathways to act as part of a proline cycle 
whose role it is to shuttle proline and its intermediates 
between the mitochondria and cytosol to move reducing 
potential between these compartments. Some interesting 
findings support these interlinked pathways being coordi-
nately regulated, acting as a redox balancing network rather 
than a cycle per se. One of the most intriguing findings 
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is that lactate, produced as a result of a high cytosolic 
NADH:NAD+ ratio, can inhibit PRODH at physiologi-
cally relevant concentrations (Kowaloff et al. 1977). This 
would likely inhibit this enzyme within hypoxic areas of 
solid tumors, and the proline cycle might not be active under 
these conditions.

Targeting proline metabolism

Over the past decades, a significant body of evidence has 
shed light on the metabolic regulation of proline availability 
and consumption, intersecting systemic with local factors. 
Nevertheless, there are still many open questions, includ-
ing the role of PYCR3/L in disease or how to effectively 
and specifically target proline metabolism. Some experi-
mental approaches have trialed the use of inhibitors against 
PYCR1 or PRODH. Interestingly, no inhibitor for PYCR2 
or PYCR3/L has yet been developed, but given the subtle 
differences in the regulation of these three enzymes, it is 
likely essential to better understand these to unravel the 
most relevant targets when treating specific phenotypes. 
The exploration of the microenvironment and the systemic 
dynamics have revealed some new targetable subgroups of 
cells in which proline metabolism is altered during disease. 
However, specificity may be challenging, with on-target 
side-effects potentially limiting in terms of a viable thera-
peutic window. Despite this, with recent evidence promot-
ing the essentiality of proline biosynthesis in CAFs, specific 
microenvironmental conditions in which PYCR activity may 
be essential, and the role of PRODH in metastasis, targeting 
specific areas of cancer biology is very attractive.

Concluding remarks

Increased proline availability in the environment is the result 
of local and systemic metabolic integration, and often exerts 
a protective effect—leveraged in the context of disease to 
support proliferation and survival. Even if a short exposure 
to enhanced proline levels seems beneficial, chronic over-
load or depletion of proline can cause, respectively, toxic-
ity and apoptotic signaling. Yet, the circumstance in which 
proline becomes a crucial vulnerability is still not clear and 
must be further explored, not only in the local or systemic 
environment but also from a temporal perspective. Indeed, 
proline biosynthetic enzymes might be upregulated even 
before the detectable disease appears, for instance, during 
fibrosis and obesity, both of which are known drivers of 
cancer. Continued metabolic modeling is required to fully 
understand the underpinning biology of the proline biosyn-
thetic and catabolic machinery, how it responds to different 
microenvironmental conditions as well as crosstalk between 
cell types within more complex organ structures. Only then 

will we be able to predict those situations where pharmaco-
logically targeting enzymes in this pathway may be possible 
through a potentially tight therapeutic window.

Author contributions All authors conceived the concept of the review, 
performed literature searches, wrote and edited the manuscript.

Funding LAV is supported through Cancer Research UK Grant Num-
ber A26982, RLW is in part supported through Cancer Research UK 
Grant Number A24747.

Data availability Not applicable.

Code availability Not applicable.

Declarations 

Conflicts of interest Not applicable.

Ethical approval Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Arvanitis CD, Ferraro GB, Jain RK (2020) The blood-brain barrier and 
blood-tumour barrier in brain tumours and metastases. Nat Rev 
Cancer 20(1):26–41. https:// doi. org/ 10. 1038/ s41568- 019- 0205-x

Bergers G, Fendt SM (2021) The metabolism of cancer cells during 
metastasis. Nat Rev Cancer 21(3):162–180. https:// doi. org/ 10. 
1038/ s41568- 020- 00320-2

Burke L, Guterman I, Palacios Gallego R, Britton RG, Burschowsky 
D, Tufarelli C, Rufini A (2020) The Janus-like role of proline 
metabolism in cancer. Cell Death Discov 6:104. https:// doi. org/ 
10. 1038/ s41420- 020- 00341-8

Chao JR, Knight K, Engel AL, Jankowski C, Wang Y, Manson MA, 
Gu H, Djukovic D, Raftery D, Hurley JB, Du J (2017) Human 
retinal pigment epithelial cells prefer proline as a nutrient and 
transport metabolic intermediates to the retinal side. J Biol Chem 
292(31):12895–12905. https:// doi. org/ 10. 1074/ jbc. M117. 788422

Chow WY, Forman CJ, Bihan D, Puszkarska AM, Rajan R, Reid DG, 
Slatter DA, Colwell LJ, Wales DJ, Farndale RW, Duer MJ (2018) 
Proline provides site-specific flexibility for in vivo collagen. Sci 
Rep 8(1):13809. https:// doi. org/ 10. 1038/ s41598- 018- 31937-x

Corpechot C, Barbu V, Wendum D, Kinnman N, Rey C, Poupon R, 
Housset C, Rosmorduc O (2002) Hypoxia-induced VEGF and 
collagen I expressions are associated with angiogenesis and 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1038/s41568-020-00320-2
https://doi.org/10.1038/s41568-020-00320-2
https://doi.org/10.1038/s41420-020-00341-8
https://doi.org/10.1038/s41420-020-00341-8
https://doi.org/10.1074/jbc.M117.788422
https://doi.org/10.1038/s41598-018-31937-x


1786 L. A. Vettore et al.

1 3

fibrogenesis in experimental cirrhosis. Hepatology (baltimore, 
MD) 35(5):1010–1021. https:// doi. org/ 10. 1053/ jhep. 2002. 32524

De Ingeniis J, Ratnikov B, Richardson AD, Scott DA, Aza-Blanc P, 
De SK, Kazanov M, Pellecchia M, Ronai Z, Osterman AL, Smith 
JW (2012) Functional specialization in proline biosynthesis of 
melanoma. PLoS ONE 7(9):e45190. https:// doi. org/ 10. 1371/ journ 
al. pone. 00451 90

Diehl FF, Vander Heiden MG (2021) Mitochondrial NADPH is a pro at 
pro synthesis. Nat Metab 3(4):453–455. https:// doi. org/ 10. 1038/ 
s42255- 021- 00381-z

Distler JHW, Györfi A-H, Ramanujam M, Whitfield ML, Königshoff 
M, Lafyatis R (2019) Shared and distinct mechanisms of fibro-
sis. Nat Rev Rheumatol 15(12):705–730. https:// doi. org/ 10. 1038/ 
s41584- 019- 0322-7

Elia I, Broekaert D, Christen S, Boon R, Radaelli E, Orth MF, Ver-
faillie C, Grunewald TGP, Fendt SM (2017) Proline metabolism 
supports metastasis formation and could be inhibited to selectively 
target metastasizing cancer cells. Nat Commun 8:15267. https:// 
doi. org/ 10. 1038/ ncomm s15267

Elia I, Rossi M, Stegen S, Broekaert D, Doglioni G, van Gorsel M, 
Boon R, Escalona-Noguero C, Torrekens S, Verfaillie C, Ver-
beken E, Carmeliet G, Fendt SM (2019) Breast cancer cells rely 
on environmental pyruvate to shape the metastatic niche. Nature 
568(7750):117–121. https:// doi. org/ 10. 1038/ s41586- 019- 0977-x

Faubert B, Li KY, Cai L, Hensley CT, Kim J, Zacharias LG, Yang C, 
Do QN, Doucette S, Burguete D, Li H, Huet G, Yuan Q, Wigal T, 
Butt Y, Ni M, Torrealba J, Oliver D, Lenkinski RE, Malloy CR, 
Wachsmann JW, Young JD, Kernstine K, DeBerardinis RJ (2017) 
Lactate Metabolism in human lung tumors. Cell 171(2):358-371 
e359. https:// doi. org/ 10. 1016/j. cell. 2017. 09. 019

Frame EG (1958) The levels of individual free amino acids in the 
plasma of normal man at various intervals after a high-protein 
meal. J Clin Invest 37(12):1710–1723. https:// doi. org/ 10. 1172/ 
JCI10 3763

Gabr SA, Alghadir AH, Sherif YE, Ghfar AA (2016) Hydroxyproline 
as a biomarker in liver disease. In: Preedy VR (ed) Biomarkers in 
liver disease. Dordrecht, pp 1–21

Guo Q, Wang Y, Xu D, Nossent J, Pavlos NJ, Xu J (2018) Rheuma-
toid arthritis: pathological mechanisms and modern pharma-
cologic therapies. Bone Res 6(1):15. https:// doi. org/ 10. 1038/ 
s41413- 018- 0016-9

Hayat S, Hayat Q, Alyemeni MN, Wani AS, Pichtel J, Ahmad A (2012) 
Role of proline under changing environments: a review. Plant Sig-
nal Behav 7(11):1456–1466. https:// doi. org/ 10. 4161/ psb. 21949

Heidari R, Mohammadi H, Ghanbarinejad V, Ahmadi A, Ommati MM, 
Niknahad H, Jamshidzadeh A, Azarpira N, Abdoli N (2018) Pro-
line supplementation mitigates the early stage of liver injury in 
bile duct ligated rats. J Basic Clin Physiol Pharmacol 30(1):91–
101. https:// doi. org/ 10. 1515/ jbcpp- 2017- 0221

Hollinshead KER, Munford H, Eales KL, Bardella C, Li C, Escribano-
Gonzalez C, Thakker A, Nonnenmacher Y, Kluckova K, Jeeves M, 
Murren R, Cuozzo F, Ye D, Laurenti G, Zhu W, Hiller K, Hodson 
DJ, Hua W, Tomlinson IP, Ludwig C, Mao Y, Tennant DA (2018) 
Oncogenic IDH1 mutations promote enhanced proline synthe-
sis through PYCR1 to support the maintenance of mitochondrial 
redox homeostasis. Cell Rep 22(12):3107–3114. https:// doi. org/ 
10. 1016/j. celrep. 2018. 02. 084

Hu CA, Donald SP, Yu J, Lin WW, Liu Z, Steel G, Obie C, Valle 
D, Phang JM (2007) Overexpression of proline oxidase induces 
proline-dependent and mitochondria-mediated apoptosis. 
Mol Cell Biochem 295(1–2):85–92. https:// doi. org/ 10. 1007/ 
s11010- 006- 9276-6

Kaul S, Sharma SS, Mehta IK (2008) Free radical scavenging poten-
tial of L-proline: evidence from in vitro assays. Amino Acids 
34(2):315–320. https:// doi. org/ 10. 1007/ s00726- 006- 0407-x

Kay EJ, Paterson K, Sumpton D, Stepanova E, Boldrini C, Hernandez-
Fernaud JR, Dhayade S, Gjerga E, Shaw R, Neilson LJ, Koulouras 
G, McGregor G, Lilla S, Jamieson C, Hedley A, Johnson RM, 
Park M, Miller C, Kamphorst JJ, Loayza-Puch F, Saez-Rodriguez 
J, Blyth K, Zagnoni M, Zanivan S (2020) Metabolic control of 
tumour extracellular matrix production in cancer-associated fibro-
blasts. bioRxiv. https:// doi. org/ 10. 1101/ 2020. 05. 30. 125237

Kessenbrock K, Plaks V, Werb Z (2010) Matrix metalloproteinases: 
regulators of the tumor microenvironment. Cell 141(1):52–67. 
https:// doi. org/ 10. 1016/j. cell. 2010. 03. 015

Kowaloff EM, Phang JM, Granger AS, Downing SJ (1977) Regulation 
of proline oxidase activity by lactate. Proc Natl Acad Sci USA 
74(12):5368–5371. https:// doi. org/ 10. 1073/ pnas. 74. 12. 5368

Leal J, Teixeira-Santos L, Pinho D, Afonso J, Carvalho J, de Lourdes 
BM, Albino-Teixeira A, Fraga S, Sousa T (2019) l-proline sup-
plementation improves nitric oxide bioavailability and counter-
acts the blood pressure rise induced by angiotensin II in rats. 
Nitric Oxide 82:1–11. https:// doi. org/ 10. 1016/j. niox. 2018. 10. 
007

Liu Y, Borchert GL, Donald SP, Surazynski A, Hu CA, Weydert CJ, 
Oberley LW, Phang JM (2005) MnSOD inhibits proline oxidase-
induced apoptosis in colorectal cancer cells. Carcinogenesis 
26(8):1335–1342. https:// doi. org/ 10. 1093/ carcin/ bgi083

Liu Y, Borchert GL, Surazynski A, Hu CA, Phang JM (2006) Pro-
line oxidase activates both intrinsic and extrinsic pathways for 
apoptosis: the role of ROS/superoxides, NFAT and MEK/ERK 
signaling. Oncogene 25(41):5640–5647. https:// doi. org/ 10. 
1038/ sj. onc. 12095 64

Liu Y, Borchert GL, Surazynski A, Phang JM (2008) Proline oxidase, 
a p53-induced gene, targets COX-2/PGE2 signaling to induce 
apoptosis and inhibit tumor growth in colorectal cancers. Onco-
gene 27(53):6729–6737. https:// doi. org/ 10. 1038/ onc. 2008. 322

Liu Y, Borchert GL, Donald SP, Diwan BA, Anver M, Phang JM 
(2009) Proline oxidase functions as a mitochondrial tumor 
suppressor in human cancers. Cancer Res 69(16):6414–6422. 
https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 09- 1223

Liu W, Glunde K, Bhujwalla ZM, Raman V, Sharma A, Phang JM 
(2012) Proline oxidase promotes tumor cell survival in hypoxic 
tumor microenvironments. Can Res 72(14):3677–3686. https:// 
doi. org/ 10. 1158/ 0008- 5472. CAN- 12- 0080

Liu W, Hancock CN, Fischer JW, Harman M, Phang JM (2015) Pro-
line biosynthesis augments tumor cell growth and aerobic gly-
colysis: involvement of pyridine nucleotides. Sci Rep 5:17206. 
https:// doi. org/ 10. 1038/ srep1 7206

Liu Z, Jeppesen PB, Gregersen S, Bach Larsen L, Hermansen K 
(2016) Chronic exposure to proline causes aminoacidotoxicity 
and impaired beta-cell function: studies in vitro. Rev Diabet 
Stud RDS 13(1):66–78. https:// doi. org/ 10. 1900/ RDS. 2016. 13. 
66

Liu M, Wang Y, Yang C, Ruan Y, Bai C, Chu Q, Cui Y, Chen C, Ying 
G, Li B (2020a) Inhibiting both proline biosynthesis and lipogen-
esis synergistically suppresses tumor growth. J Exp Med. https:// 
doi. org/ 10. 1084/ jem. 20191 226

Liu Y, Mao C, Wang M, Liu N, Ouyang L, Liu S, Tang H, Cao Y, Liu 
S, Wang X, Xiao D, Chen C, Shi Y, Yan Q, Tao Y (2020b) Can-
cer progression is mediated by proline catabolism in non-small 
cell lung cancer. Oncogene 39(11):2358–2376. https:// doi. org/ 10. 
1038/ s41388- 019- 1151-5

Loayza-Puch F, Rooijers K, Buil LC, Zijlstra J, Oude Vrielink JF, 
Lopes R, Ugalde AP, van Breugel P, Hofland I, Wesseling J, van 
Tellingen O, Bex A, Agami R (2016) Tumour-specific proline 
vulnerability uncovered by differential ribosome codon reading. 
Nature 530(7591):490–494. https:// doi. org/ 10. 1038/ natur e16982

Lummis SC, Beene DL, Lee LW, Lester HA, Broadhurst RW, Dough-
erty DA (2005) Cis-trans isomerization at a proline opens the pore 

https://doi.org/10.1053/jhep.2002.32524
https://doi.org/10.1371/journal.pone.0045190
https://doi.org/10.1371/journal.pone.0045190
https://doi.org/10.1038/s42255-021-00381-z
https://doi.org/10.1038/s42255-021-00381-z
https://doi.org/10.1038/s41584-019-0322-7
https://doi.org/10.1038/s41584-019-0322-7
https://doi.org/10.1038/ncomms15267
https://doi.org/10.1038/ncomms15267
https://doi.org/10.1038/s41586-019-0977-x
https://doi.org/10.1016/j.cell.2017.09.019
https://doi.org/10.1172/JCI103763
https://doi.org/10.1172/JCI103763
https://doi.org/10.1038/s41413-018-0016-9
https://doi.org/10.1038/s41413-018-0016-9
https://doi.org/10.4161/psb.21949
https://doi.org/10.1515/jbcpp-2017-0221
https://doi.org/10.1016/j.celrep.2018.02.084
https://doi.org/10.1016/j.celrep.2018.02.084
https://doi.org/10.1007/s11010-006-9276-6
https://doi.org/10.1007/s11010-006-9276-6
https://doi.org/10.1007/s00726-006-0407-x
https://doi.org/10.1101/2020.05.30.125237
https://doi.org/10.1016/j.cell.2010.03.015
https://doi.org/10.1073/pnas.74.12.5368
https://doi.org/10.1016/j.niox.2018.10.007
https://doi.org/10.1016/j.niox.2018.10.007
https://doi.org/10.1093/carcin/bgi083
https://doi.org/10.1038/sj.onc.1209564
https://doi.org/10.1038/sj.onc.1209564
https://doi.org/10.1038/onc.2008.322
https://doi.org/10.1158/0008-5472.CAN-09-1223
https://doi.org/10.1158/0008-5472.CAN-12-0080
https://doi.org/10.1158/0008-5472.CAN-12-0080
https://doi.org/10.1038/srep17206
https://doi.org/10.1900/RDS.2016.13.66
https://doi.org/10.1900/RDS.2016.13.66
https://doi.org/10.1084/jem.20191226
https://doi.org/10.1084/jem.20191226
https://doi.org/10.1038/s41388-019-1151-5
https://doi.org/10.1038/s41388-019-1151-5
https://doi.org/10.1038/nature16982


1787Proline metabolism and redox; maintaining a balance in health and disease  

1 3

of a neurotransmitter-gated ion channel. Nature 438(7065):248–
252. https:// doi. org/ 10. 1038/ natur e04130

Madsen DH, Leonard D, Masedunskas A, Moyer A, Jürgensen HJ, 
Peters DE, Amornphimoltham P, Selvaraj A, Yamada SS, Bren-
ner DA, Burgdorf S, Engelholm LH, Behrendt N, Holmbeck K, 
Weigert R, Bugge TH (2013) M2-like macrophages are responsi-
ble for collagen degradation through a mannose receptor-mediated 
pathway. J Cell Biol 202(6):951–966. https:// doi. org/ 10. 1083/ jcb. 
20130 1081

Martinez M, Frank A, Diez-Tejedor E, Hernanz A (1993) Amino acid 
concentrations in cerebrospinal fluid and serum in Alzheimer’s 
disease and vascular dementia. J Neural Transm Park Dis Dement 
Sect 6(1):1–9. https:// doi. org/ 10. 1007/ BF022 52617

Mc MR, Lund CC, Oncley JL (1957) Unbound amino acid concentra-
tions in human blood plasmas. J Clin Invest 36(12):1672–1679. 
https:// doi. org/ 10. 1172/ JCI10 3568

McAnulty RJ (2007) Fibroblasts and myofibroblasts: their source, func-
tion and role in disease. Int J Biochem Cell Biol 39(4):666–671. 
https:// doi. org/ 10. 1016/j. biocel. 2006. 11. 005

Mitsubuchi H, Nakamura K, Matsumoto S, Endo F (2008) Inborn errors 
of proline metabolism. J Nutr 138(10):2016S-2020S. https:// doi. org/ 
10. 1093/ jn/ 138. 10. 2016S

Nakayama T, Al-Maawali A, El-Quessny M, Rajab A, Khalil S, Stoler 
JM, Tan WH, Nasir R, Schmitz-Abe K, Hill RS, Partlow JN, Al-
Saffar M, Servattalab S, LaCoursiere CM, Tambunan DE, Coulter 
ME, Elhosary PC, Gorski G, Barkovich AJ, Markianos K, Poduri 
A, Mochida GH (2015) Mutations in PYCR2, encoding pyrroline-
5-carboxylate reductase 2, cause microcephaly and hypomyelina-
tion. Am J Hum Genet 96(5):709–719. https:// doi. org/ 10. 1016/j. 
ajhg. 2015. 03. 003

Newton H, Wang Y-F, Camplese L, Brown AEX, Hirabayashi S (2019) 
Systemic muscle wasting and coordinated tumour response drive 
tumourigenesis. BioRxiv. https:// doi. org/ 10. 1101/ 785022

Oldendorf WH (1971) Brain uptake of radiolabeled amino acids, amines, 
and hexoses after arterial injection. Am J Physiol 221(6):1629–1639. 
https:// doi. org/ 10. 1152/ ajple gacy. 1971. 221.6. 1629

Orphanides C, Fine LG, Norman JT (1997) Hypoxia stimulates proxi-
mal tubular cell matrix production via a TGF-beta1-independent 
mechanism. Kidney Int 52(3):637–647. https:// doi. org/ 10. 1038/ ki. 
1997. 377

Pankova D, Jiang Y, Chatzifrangkeskou M, Vendrell I, Buzzelli J, Ryan 
A, Brown C, O’Neill E (2019) RASSF1A controls tissue stiff-
ness and cancer stem-like cells in lung adenocarcinoma. EMBO J 
38(13):e100532. https:// doi. org/ 10. 15252/ embj. 20181 00532

Phang JM (2019) Proline metabolism in cell regulation and cancer 
biology: recent advances and hypotheses. Antioxid Redox Signal 
30(4):635–649. https:// doi. org/ 10. 1089/ ars. 2017. 7350

Phang JM, Liu W, Hancock C, Christian KJ (2012) The proline regula-
tory axis and cancer. Front Oncol 2:60. https:// doi. org/ 10. 3389/ fonc. 
2012. 00060

Pomerantz DJ, Ferdinandusse S, Cogan J, Cooper DN, Reimschisel T, 
Robertson A, Bican A, McGregor T, Gauthier J, Millington DS, 
Andrae JLW, Tschannen MR, Helbling DC, Demos WM, Denis S, 
Wanders RJA, Newman JN, Hamid R, Phillips JA 3rd, Collaborators 
of UDN (2018) Clinical heterogeneity of mitochondrial NAD kinase 
deficiency caused by a NADK2 start loss variant. Am J Med Genet 
A 176(3):692–698. https:// doi. org/ 10. 1002/ ajmg.a. 38602

Reversade B, Escande-Beillard N, Dimopoulou A, Fischer B, Chng SC, 
Li Y, Shboul M, Tham PY, Kayserili H, Al-Gazali L, Shahwan M, 
Brancati F, Lee H, O’Connor BD, Schmidt-von Kegler M, Mer-
riman B, Nelson SF, Masri A, Alkazaleh F, Guerra D, Ferrari P, 
Nanda A, Rajab A, Markie D, Gray M, Nelson J, Grix A, Sommer 
A, Savarirayan R, Janecke AR, Steichen E, Sillence D, Hausser I, 
Budde B, Nurnberg G, Nurnberg P, Seemann P, Kunkel D, Zam-
bruno G, Dallapiccola B, Schuelke M, Robertson S, Hamamy 
H, Wollnik B, Van Maldergem L, Mundlos S, Kornak U (2009) 

Mutations in PYCR1 cause cutis laxa with progeroid features. Nat 
Genet 41(9):1016–1021. https:// doi. org/ 10. 1038/ ng. 413

Roy D, Basu N, Bhunia A, Banerjee SK (1993) Counteraction of exog-
enous L-proline with NaCl in salt-sensitive cultivar of rice. Biol 
Plant 35(1):69–72

Schmidt JA, Rinaldi S, Scalbert A, Ferrari P, Achaintre D, Gunter MJ, 
Appleby PN, Key TJ, Travis RC (2016) Plasma concentrations and 
intakes of amino acids in male meat-eaters, fish-eaters, vegetarians 
and vegans: a cross-sectional analysis in the EPIC-Oxford cohort. 
Eur J Clin Nutr 70(3):306–312. https:// doi. org/ 10. 1038/ ejcn. 2015. 
144

Schworer S, Berisa M, Violante S, Qin W, Zhu J, Hendrickson RC, Cross 
JR, Thompson CB (2020) Proline biosynthesis is a vent for TGF-
beta-induced mitochondrial redox stress. EMBO J 39(8):e103334. 
https:// doi. org/ 10. 15252/ embj. 20191 03334

Scott GK, Yau C, Becker BC, Khateeb S, Mahoney S, Jensen MB, Hann 
B, Cowen BJ, Pegan SD, Benz CC (2019) Targeting mitochondrial 
proline dehydrogenase with a suicide inhibitor to exploit synthetic 
lethal interactions with p53 upregulation and glutaminase inhibi-
tion. Mol Cancer Ther 18(8):1374–1385. https:// doi. org/ 10. 1158/ 
1535- 7163. MCT- 18- 1323

Sershen H, Lajtha A (1976) Capillary transport of amino acids in the 
developing brain. Exp Neurol 53(2):465–474. https:// doi. org/ 10. 
1016/ 0014- 4886(76) 90086-8

Smirnoff N, Cumbes QJ (1989) Hydroxyl radical scavenging activity of 
compatible solutes. Phytochemistry 28(4):1057–1060. https:// doi. 
org/ 10. 1016/ 0031- 9422(89) 80182-7

Stegen S, Laperre K, Eelen G, Rinaldi G, Fraisl P, Torrekens S, Van 
Looveren R, Loopmans S, Bultynck G, Vinckier S, Meersman 
F, Maxwell PH, Rai J, Weis M, Eyre DR, Ghesquière B, Fendt 
S-M, Carmeliet P, Carmeliet G (2019) HIF-1α metabolically con-
trols collagen synthesis and modification in chondrocytes. Nature 
565(7740):511–515. https:// doi. org/ 10. 1038/ s41586- 019- 0874-3

Tennant DA, Duran RV, Boulahbel H, Gottlieb E (2009) Metabolic trans-
formation in cancer. Carcinogenesis 30(8):1269–1280. https:// doi. 
org/ 10. 1093/ carcin/ bgp070

Tran DH, Kesavan R, Rion H, Hoseini Soflaee M, Solmonson A, Bezwada 
D, Vu HS, Cai F, Phillips JA, DeBerardinis RJ, Hoxhaj G (2021) 
Mitochondrial NADP + is essential for proline biosynthesis during 
cell growth. Nat Med. https:// doi. org/ 10. 1038/ s42255- 021- 00374-y

Wang J, Xue Z, Lin J, Wang Y, Ying H, Lv Q, Hua C, Wang M, Chen 
S, Zhou B (2020) Proline improves cardiac remodeling following 
myocardial infarction and attenuates cardiomyocyte apoptosis via 
redox regulation. Biochem Pharmacol 178:114065. https:// doi. org/ 
10. 1016/j. bcp. 2020. 114065

Watanabe M, Sugimura K, Yamanoha B (1999) Effect of acute deficiency 
of dietary proline on proline balance in the rat small intestine and 
liver. J Anim Physiol Anim Nutr 82(5):294–304. https:// doi. org/ 10. 
1046/j. 1439- 0396. 1999. 00244.x

Wu G, Bazer FW, Burghardt RC, Johnson GA, Kim SW, Knabe DA, Li 
P, Li X, McKnight JR, Satterfield MC, Spencer TE (2011) Proline 
and hydroxyproline metabolism: implications for animal and human 
nutrition. Amino Acids 40(4):1053–1063. https:// doi. org/ 10. 1007/ 
s00726- 010- 0715-z

Wynn TA (2008) Cellular and molecular mechanisms of fibrosis. J Pathol 
214(2):199–210. https:// doi. org/ 10. 1002/ path. 2277

Xie S-W, Tian L-X, Li Y-M, Zhou W, Zeng S-L, Yang H-J, Liu Y-J 
(2015) Effect of proline supplementation on anti-oxidative capac-
ity, immune response and stress tolerance of juvenile Pacific white 
shrimp, Litopenaeus vannamei. Aquaculture 448:105–111. https:// 
doi. org/ 10. 1016/j. aquac ulture. 2015. 05. 040

Yam M, Engel AL, Wang Y, Zhu S, Hauer A, Zhang R, Lohner D, Huang 
J, Dinterman M, Zhao C, Chao JR, Du J (2019) Proline mediates 
metabolic communication between retinal pigment epithelial cells 
and the retina. J Biol Chem 294(26):10278–10289. https:// doi. org/ 
10. 1074/ jbc. RA119. 007983

https://doi.org/10.1038/nature04130
https://doi.org/10.1083/jcb.201301081
https://doi.org/10.1083/jcb.201301081
https://doi.org/10.1007/BF02252617
https://doi.org/10.1172/JCI103568
https://doi.org/10.1016/j.biocel.2006.11.005
https://doi.org/10.1093/jn/138.10.2016S
https://doi.org/10.1093/jn/138.10.2016S
https://doi.org/10.1016/j.ajhg.2015.03.003
https://doi.org/10.1016/j.ajhg.2015.03.003
https://doi.org/10.1101/785022
https://doi.org/10.1152/ajplegacy.1971.221.6.1629
https://doi.org/10.1038/ki.1997.377
https://doi.org/10.1038/ki.1997.377
https://doi.org/10.15252/embj.2018100532
https://doi.org/10.1089/ars.2017.7350
https://doi.org/10.3389/fonc.2012.00060
https://doi.org/10.3389/fonc.2012.00060
https://doi.org/10.1002/ajmg.a.38602
https://doi.org/10.1038/ng.413
https://doi.org/10.1038/ejcn.2015.144
https://doi.org/10.1038/ejcn.2015.144
https://doi.org/10.15252/embj.2019103334
https://doi.org/10.1158/1535-7163.MCT-18-1323
https://doi.org/10.1158/1535-7163.MCT-18-1323
https://doi.org/10.1016/0014-4886(76)90086-8
https://doi.org/10.1016/0014-4886(76)90086-8
https://doi.org/10.1016/0031-9422(89)80182-7
https://doi.org/10.1016/0031-9422(89)80182-7
https://doi.org/10.1038/s41586-019-0874-3
https://doi.org/10.1093/carcin/bgp070
https://doi.org/10.1093/carcin/bgp070
https://doi.org/10.1038/s42255-021-00374-y
https://doi.org/10.1016/j.bcp.2020.114065
https://doi.org/10.1016/j.bcp.2020.114065
https://doi.org/10.1046/j.1439-0396.1999.00244.x
https://doi.org/10.1046/j.1439-0396.1999.00244.x
https://doi.org/10.1007/s00726-010-0715-z
https://doi.org/10.1007/s00726-010-0715-z
https://doi.org/10.1002/path.2277
https://doi.org/10.1016/j.aquaculture.2015.05.040
https://doi.org/10.1016/j.aquaculture.2015.05.040
https://doi.org/10.1074/jbc.RA119.007983
https://doi.org/10.1074/jbc.RA119.007983


1788 L. A. Vettore et al.

1 3

Yudilevich DL, De Rose N, Sepulveda FV (1972) Facilitated transport 
of amino acids through the blood-brain barrier of the dog studied in 
a single capillary circulation. Brain Res 44(2):569–578. https:// doi. 
org/ 10. 1016/ 0006- 8993(72) 90319-8

Zhu J, Schworer S, Berisa M, Kyung YJ, Ryu KW, Yi J, Jiang X, Cross 
JR, Thompson CB (2021) Mitochondrial NADP(H) generation is 
essential for proline biosynthesis. Science 372(6545):968–972. 
https:// doi. org/ 10. 1126/ scien ce. abd54 91

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/0006-8993(72)90319-8
https://doi.org/10.1016/0006-8993(72)90319-8
https://doi.org/10.1126/science.abd5491

	Proline metabolism and redox; maintaining a balance in health and disease
	Abstract
	Background
	Systemic proline metabolism
	Local proline metabolism: synthesis
	Local proline metabolism: catabolism
	Proline cycling
	Targeting proline metabolism

	Concluding remarks
	References




