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Introduction

Polyamines are alkylamines that, being fully protonated at 
physiological pH, interact electrostatically with negatively 
charged DNA, RNA, proteins, and phospholipids (Mandal 
et al. 2013; Nakanishi & Cleveland 2021; Sagar et al. 2021; 
Yu et al. 2015). As a result, polyamines play critical roles in 
replication, transcription, and translation and are important 
for cell signaling, functioning of the cytoskeleton, cell dif-
ferentiation, cell proliferation, gene regulation, and apopto-
sis (Pegg 2009; Sagar et al. 2021). Endogenous polyamines 
are synthesized in all organisms and their levels are tightly 
maintained and regulated by synthesis, degradation, dietary 
and cellular uptake, and release (Nakanishi & Cleveland 
2021; Ray et al. 2015; Sivashanmugam et al. 2017). Several 
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Abstract
Mammalian cells tightly regulate the shift between catabolism and anabolism to maintain energy homeostasis during 
starvation. Among other adaptations, cells adapt to nutrient restriction by downregulating translation, the most energy 
consuming cellular process, and inducing autophagy. Polyamines are ubiquitous small polycationic endogenous metabo-
lites indispensable for cellular growth and viability. They regulate both autophagy and translation processes, coordinating 
an intriguing metabolic hub during cellular adaptation to starvation. Recent studies have highlighted a complex role for 
polyamines during starvation and a growing body of evidence underscores various nutrients and nutrient-sensing pathways 
that modulate autophagy through their influence on the mammalian target of rapamycin complex 1 (mTORC1) signal-
ing. mTORC1 is a master regulator of cellular anabolism, including translation. Less explored is how these coordinated 
systems adapt and respond to starvation. This scoping review explores how changes in polyamine metabolism and related 
molecules orchestrate the adaptive crosstalk between autophagy, mTORC1, and translation to ensure that the mammalian 
cell conserves energy to maintain essential cellular functions during starvation. Our review highlights that spermidine and 
one of its major cellular targets, translation initiation factor 5A (eIF5A), facilitate translation of transcription factor EB 
(TFEB) to induce autophagy during starvation. Starvation suppresses mTORC1 activity, leading to reduced ribosome bio-
genesis and translation while promoting autophagy to meet cellular energy demands. We discuss the adaptive mechanisms 
by which reduced levels of acetyl-CoA, amino acids, EP300, glucose, insulin, and S-adenosylmethionine inhibit mTORC1 
and simultaneously induce autophagy. Additionally, we describe the adaptive role that glucagon, Sestrin2, and urea play 
to inhibit mTORC1 and how eIF5A, glucagon, spermidine, and TFEB induce autophagy.
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tight regulatory mechanisms ensure that cellular polyamine 
levels are kept within a narrow range and altered polyamine 
levels have been associated with neurological abnormali-
ties, malignancies and age-associated diseases across vari-
ous experimental models and clinical pathologies (Madeo 
et al. 2018; Moinard et al. 2005; Pegg 2009; Zwighaft et al. 
2015). Polyamines exhibit a plethora of metabolic functions, 
though the full range of their roles is still being discovered. 
In humans, polyamines are acquired through three sources: 
intestinal microorganisms, biosynthesis (endogenous), and 
dietary intake (exogenous) (Pinkerton & Barrientos 2023; 
Sagar et al. 2021). One recent focus has been on the impor-
tance of polyamines during different phases of nutrient avail-
ability, including diet-induced obesity and fasting (Hofer et 
al. 2024a, b; Mund et al. 2025; Ramos-Molina et al. 2019). 
In humans, cross-sectional studies report higher circulating 
spermidine (Spd) and spermine (Spm) in obese adults and 
children, including a study in obese children showing ele-
vated Spm levels associated with metabolic and inflamma-
tory markers (Codoñer-Franch et al. 2011). A clinical study 
on bariatric surgery showed altered circulating polyamine 
profiles, supporting the dynamic regulation of polyamines 
with weight change and possibly reflecting a fasting-like 
metabolic state after bariatric surgery (Ocaña-Wilhelmi et 
al. 2020). Fasting and diet-induced obesity, however, do not 
represent a simple metabolic mirror image of each other and 
their complex and distinct physiological impact remains to 
be fully elucidated.

Amino acids serve as essential molecules for translation 
as well as precursors for polyamines, neurotransmitters, 
hormones, purines, pyrimidines, and vitamins. Mammalian 
cells use 20 amino acids to synthesize proteins, including 
both essential and non-essential amino acids. Starvation 
increases muscle protein breakdown in order to release 
amino acids into the circulation with an ultimate goal to 
supply cells with energy (Torres et al. 2023). Thirteen amino 
acids are purely glucogenic, two are solely ketogenic, and 
five can be either glucogenic or ketogenic, in which their 
carbon skeleton is used to produce glucose (via gluconeo-
genesis) and ketone bodies (via ketogenesis), particularly 
during starvation (Emery 2013; McGrath et al. 2023). The 
removal of the carbon skeleton from these amino acids pro-
duces a toxic byproduct, ammonia, which is converted to 
urea via the hepatic urea cycle, a pathway that is referred to 
as ureagenesis (McGuinness 2026). Argininosuccinate syn-
thetase 1 (ASS1) is a regulatory enzyme in the urea cycle 
that catalyzes metabolism of citrulline to argininosuccinate 
that, in turn, is metabolized to arginine (Arg) and fumarate 
by argininosuccinase (Hong et al. 2024; Hu et al. 2023). 
Arginase 1 (ARG1) catalyzes the conversion of Arg to urea 
and ornithine (Orn) through the urea cycle (Fox 2022). 
ARG2 catalyzes the same reaction but is mainly found in 

mitochondria of cells from the kidney, small intestine, and 
brain (Fox 2022; Grohmann et al. 2017). In essence, urea is 
the end product of protein catabolism and is excreted into 
urine. Other intermediate molecules produced as part of the 
ureagenesis pathway, such as fumarate and precursors for 
the polyamine pathway (Arg and Orn), are used in other 
metabolic pathways to support cell growth (Sivashanmu-
gam et al. 2017). Anorexia nervosa has served as a repre-
sentation of a human model of chronic starvation (Amorim 
et al. 2023). Numerous reports have indicated that blood 
urea nitrogen (BUN) is elevated in patients with anorexia 
nervosa (Caregaro et al. 2005; Lampert & Lau 1976; Okabe 
1993; Stheneur et al. 2024; Tomita et al. 2014). While 
renal and pre-renal factors can cause serum BUN levels to 
increase, the elevated BUN is also explained by the fact that 
starvation leads to excessive protein degradation followed 
by ureagenesis and amino acid oxidation to generate glu-
cose and ketone bodies through gluconeogenesis and keto-
genesis pathways, respectively (McGuinness 2026; Saxton 
& Sabatini 2017).

Mammalian cells undergo a series of adaptive biochemi-
cal and physiological responses to cope with the stress of 
energy restriction, including the downregulation of pro-
tein synthesis- the most energetically costly cellular pro-
cess. While numerous studies have indicated molecular 
mechanisms and pathways that are important for cell sur-
vival during starvation (Bhowmick et al. 2024; Glick et al. 
2010), less clear is how these pathways are coordinated and 
dynamically adjusted to preserve cell viability and energy 
balance under starvation conditions.

Cellular catabolism of energy-rich macromolecules 
(carbohydrates, lipids, and proteins) provides fuel in the 
form of ATP throughout multiple biochemical reactions 
that mostly are endergonic in nature (Karimi et al. 2021, 
2024). These metabolic reactions are regulated by hor-
mones including cortisol, insulin, glucagon and triiodothy-
ronine (T3) to ensure adequate ATP supply in fed and fasted 
states (McGrath et al. 2023). Mammals have developed 
robust adaptive mechanisms to sustain energy homeostasis. 
The metabolic adaptations to a lack of calorie intake begin 
with the mobilization of stored glycogen from the liver and 
muscle (phase I), followed by the degradation of expend-
able proteins from muscle and oxidation of stored lipids 
from adipose tissue (phase II), and finally the degradation 
of essential proteins from all organs (phase III), marking a 
conceptual change from “fasting” to “starvation” (Lenaerts 
et al. 2006). Achieving a sustainable cellular homeostatic 
balance is complex and requires coordination of signal-
ing networks to rapidly adjust the level of nutrients, such 
as glucose and amino acids, and other molecules, such as 
polyamines and hormones, to meet the specific demands of 
different organs in mammals.
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Limited access to macronutrients during fasting is known 
to play a major role in inducing cellular macroautophagy 
(referred to hereafter as autophagy) in cells and model organ-
isms (Mariño et al. 2014b). Evolutionarily, autophagy is a 
process that recycles cellular building blocks, as an adaptive 
response, to maintain energy homeostasis during starvation 
and cell damage (Bröer & Bröer 2017; Laplante & Sabatini 
2012; Li et al. 2023; Metur 2024). Autophagy begins with 
the formation of a double membrane vesicle, engulfing cel-
lular cargo to form an autophagosome that, upon maturation, 
fuses with lysosomes (Russell et al. 2014). In the resulting 
autolysosome, luminal acid hydrolases degrade cellular 
proteins, lipids, carbohydrates, nucleic acids, and organelles 
(Russell et al. 2014). In addition to autophagy’s role to sup-
ply cells with nutrients, it is a critical cellular mechanism to 
eliminate superfluous materials such as damaged organelles 
and misfolded proteins that, when accumulated, may lead to 
toxic aggregates, liver tumor, neurodegenerative diseases, 
and various metabolic disorders (Ichimiya et al. 2020; 
Metur 2024; Metur & Klionsky 2024). Thus, autophagy 
plays an important role in maintaining the balance between 
degradation and nutrient/energy-supply, thereby supporting 
energy homeostasis (Metur 2024; Metur & Klionsky 2024; 
Russell et al. 2014). Autophagy is carried out by autophagy-
related proteins (ATGs) (Chotechuang 2010; Metur 2024; 
Wesselborg & Stork 2015). Over 40 genes are involved in 
autophagy, of which 18 have been identified to be essential 
for autophagosome formation in mammals (Metur 2024; 
Noda et al. 2009). The synthesis of ATGs is regulated at 
transcriptional, post-transcriptional, translational, and post-
translational levels (Lei & Klionsky 2023; Metur 2024).

Two well-known cellular signaling mechanisms serve 
as coordinators of cellular metabolism in the fed and fasted 
state to integrate metabolic information into autophagy 
regulation, the AMP-activated protein kinase (AMPK) and 
mammalian target of rapamycin (mTOR) (Y. Liu & Gu 
2022). While AMPK mainly senses glucose and the energy 
balance and becomes activated by a low ATP/ADP ratio to 
induce catabolism, mTOR is activated when the cells are 
enriched by nutrients and energy, as indicated by a high cel-
lular ATP/ADP ratio (Y. Liu & Gu 2022; Y.-P. Wang & Lei 
2018).

The regulatory serine/threonine kinase protein mTOR 
integrates signals from amino acids, oxygen, cell growth 
and proliferation, growth factors, and stress to maintain 
metabolic homeostasis (Dazert & Hall 2011; Laplante & 
Sabatini 2012; Russell et al. 2014). mTOR, evolutionarily 
conserved in all eukaryotes, is located in the cytoplasm 
of mammalian cells and is an essential part of the mTOR 
complex 1 (mTORC1) and mTOR complex 2 (mTORC2) 
(Lamming & Sabatini 2013; Sabatini 2017). Dysregulation 
of mTOR signaling is implicated in a variety of diseases 

including cancer (hematologic malignancies, skin, prostate, 
breast, and head and neck cancer), inflammation, neurode-
generation, and diabetes (Dazert & Hall 2011; Huang 2020). 
Both mTORC1 and mTORC2 are large subcomplexes with 
six and seven known protein components, respectively 
(Laplante & Sabatini 2012). mTORC1 is a major repres-
sor of autophagic flux (Saxton & Sabatini 2017). A growing 
amount of evidence indicates that mTORC1’s inactivation 
during nutrient deprivation plays an important role in the 
regulation of transcription, translation, and autophagy (Fîl-
fan et al. 2017; Grohmann et al. 2017; Sailer 2012). In addi-
tion, mTORC1 is able to sense nitrogen availability and, as 
a result, responds to the availability of amino acids, particu-
larly Arg, Leucine (Leu), and Methionine (Met) in mam-
mals (Lauinger & Kaiser 2021).

In this scoping review, our objective was to explore how 
the biosynthesis of polyamines, urea, and the translational 
apparatus were affected during starvation and how these 
are coordinated and integrated with other molecules and 
pathways to support energy homeostasis during starva-
tion. Our review highlights several mechanisms of how a 
lack of nutrients triggers metabolic pathways and decreases 
mTORC1 activity, orchestrating the suppression of trans-
lation, and upregulation of autophagic flux. This review 
aims to summarize contributions of various molecules such 
as amino acids, acetyl-CoA, E1A binding protein p300 
(EP300), insulin and glucagon hormones, Spd, eukaryotic 
initiation factor 5A (eIF5A), S-adenosylmethionine (SAM), 
and glucose that are directly or indirectly engaged to affect 
mTORC1 and autophagy during starvation.

Methods

In this scoping review, we have focused on the roles of cel-
lular molecules and pathways that affect autophagy and 
translation during starvation. We have specifically kept our 
focus on the mammalian system to understand how energy 
homeostasis is maintained and how metabolic reprogram-
ming is coordinated to protect mammals against the impact 
of starvation. The protocol for this review was formally 
registered on the online systematic review Open Science 
Framework (OSF) (​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​7​6​0​​5​/​O​​S​F​.​I​O​/​S​Z​V​
W​5).

The scoping review approach was undertaken based on 
the Joanna Briggs Institute (JBI) methodology in accordance 
with The Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) for scoping reviews (Aroma-
taris and Riitano 2014; Page et al. 2021; Peters et al. 2015). 
We conducted an electronic literature search for available 
evidence to address the study objective. While scoping 
reviews typically use the Population, Concept, Context 
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Exclusion criteria

We excluded articles containing medication use, because 
medications can change how an organism reacts to starva-
tion. In addition, we excluded studies not written in English 
or where the full text was missing, or that did not include 
mammals, or were related to binge eating/purging disorders 
(bulimia).

Selection process

Four authors (screeners) of this review study participated in 
the review of published abstracts to ensure that each pub-
lished article matched inclusion criteria and the article was 
relevant to our review study. In any case in which there was 
an uncertainty whether an abstract would produce any use-
ful information, screeners decided to include the abstract 
into our extraction spreadsheet for a further review and 
analysis of its full-text.

Data extraction and synthesis

All extractions were carried out by screeners. With keeping 
the PRISMA flow diagram in mind, we followed a structured 
process to extract any necessary data into an Excel spread-
sheet. Data extraction from each study included multiple 
study characteristics/domains that included information for 
authors, title of the study, journal name, year, aims/purpose, 
population and sample size, source of evidence, method-
ology, and outcomes of the published articles. We used a 
color code approach to indicate that at least two indepen-
dent authors agreed that the identified results from abstracts 
matched the inclusion criteria. When necessary, authors 
provided comments in the Excel spreadsheet to inform each 
other about why an abstract was relevant or irrelevant. After 
the search and extraction of data were complete, duplica-
tions and irrelevant extracted data were removed from the 
Excel spreadsheet.

Our preliminary search terms did not include “mTORC1” 
or “autophagy”, however, they surfaced as recurring key 
themes linked to starvation and translation during the full-
text review of eligible articles. As a result, we included 
their adaptive roles in our study. For the synthesis of data, 
we focused on the following pathways or mechanisms that 
were affected during starvation when reviewing a full-text 
article for any relevant data: ureagenesis, amino acids, 
polyamines, hormones (insulin and glucagon), translation, 
eIF5A, autophagy, and apoptosis. When all full-text articles 
were retrieved, the first and corresponding authors evalu-
ated the suitability of all relevant full-text articles. Find-
ings from relevant primary research papers, theses, book 
chapters, and review articles were summarized to generate 

(PCC) framework, we adapted the Population, Intervention, 
Comparison, Outcome (PICO) structure to ensure that our 
search strategy captured specific intervention (polyamines, 
protein biosynthesis, and ureagenesis) during mammalian 
starvation. Four databases were included: Google Scholar, 
ScienceDirect, PubMed and Web of Science (text avail-
ability: abstract and full text). Our search began on October 
10th, 2024. The following subsections describe the search 
terms, strategies, selection process, data extraction, and 
synthesis.

Search terms

We used a wide-range of terms in our literature search. The 
search terms used in our study were as follow: i) Google 
Scholar ("Mammals" AND "Starvation" AND "Poly-
amines" AND "(Protein biosynthesis OR Translation)" 
AND "Urea”); ii) ScienceDirect ("Mammals" AND "Star-
vation" AND "Polyamines" AND (“Protein biosynthesis 
OR Translation”) AND "Urea"); iii) PubMed ("Mammals" 
AND "Polyamines" AND "Starvation", “Polyamines" AND 
"Starvation “, “Anorexia Nervosa" AND "Polyamines", and 
"Anorexia Nervosa" AND "Urea”; and iv) Web of Science 
(“Mammals” AND “Polyamines” AND “Starvation”, “Poly-
amines” AND “Starvation”, “Anorexia Nervosa” AND 
“Polyamines”, and “Anorexia Nervosa” AND “Urea”). We 
did not limit our search to any specific date. As a result, the 
time frame of publication for the abstracts and articles was 
between 1972 to March 2025.

Search strategy

We conducted a literature search and focused on published 
peer-reviewed studies, as well as gray literature. In order to 
ensure that we accurately selected pertinent data, at least 
two authors screened each title and abstract to assess their 
suitability and ensure that the abstract matched the inclu-
sion criteria. When an article provided supporting back-
ground information for our research objective, even if it was 
not directly related to starvation, such as with cancer, we 
retrieved the full-text article to ensure that we did not miss 
any relevant information.

Inclusion criteria

In our search engine, we used our search terms and included 
all relevant articles, full texts, and abstracts. In addition, we 
screened the reference list of articles to identify potentially 
relevant information. If a full article was not accessible but 
the abstract indicated that the data would be relevant in our 
review study, we used our library system to order the article.
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to suggest that autophagy and apoptosis are interconnected, 
i.e., if autophagy is not initiated to support cell survival in 
damaged cells, apoptosis is activated to induce an efficient 
clearance of cell debris (Fîlfan et al. 2017; Kroemer et al. 
2010).

Ornithine decarboxylase (ODC) is the initial enzyme in 
the polyamine biosynthetic pathway. ODC is a rate-limiting 
enzyme that catalyzes the conversion of Orn to the diamine 
putrescine (Put), in a pyridoxal phosphate (PLP)-depen-
dent reaction. Put is further catalyzed to Spd, a triamine, 
and Spm, a tetraamine, by spermidine synthase (SRM) and 
spermine synthase (SMS), respectively (Fig.  2) (Carter et 
al. 2022; Nakanishi & Cleveland 2021; Proietti et al. 2020; 
Zahedi et al. 2022). It is widely accepted that the biosyn-
thesis of polyamines is determined mainly by ODC activity 
(Schertel & Eichler 1991).

The levels of cellular polyamines are tightly regulated as 
they play essential roles in a variety of cellular functions, 
including stabilization of DNA, regulation of gene expres-
sion, RNA processing, functioning of cytoskeletons, trans-
lation and post-translation modification, pathogenesis of 
cancer, and neural growth and development (Childs et al. 
2003; Grohmann et al. 2017; Munro et al. 1975; Sagar et al. 
2021; Zahedi et al. 2022). In the urea cycle, Orn interacts 
with carbamoyl phosphate to produce citrulline, a reaction 
catalyzed by ornithine transcarbamylase. Furthermore, Orn 
serves as a substrate for ornithine δ-aminotransferase (OAT) 
to produce the amino acid proline (Pro) (Grohmann & 
Bronte 2010). Orn is thereby an essential intermediate mol-
ecule in the synthesis of Arg, polyamines, and Pro, as well 
as for the disposal of the ammonia produced from amino 
acid catabolism, via the urea cycle (Fig. 2) (Grohmann et al. 
2017; Narayan and Kashyap 2021).

During starvation, the increased catabolism of proteins 
and the oxidation of amino acids leads to increased urea 
cycle activity (Urschel 2007; Viola and Bronte 2007). Since 
the activation of mTORC1 to control translation depends on 
the availability of amino acids (particularly Leu and Arg) 
(Takahara et al. 2020), it is likely that the degradation of 
amino acids and, consequently, the production of urea, will 
negatively impact mTORC1's effect on protein synthesis. 
Emerging evidence suggests that urea is no longer merely 
a wasteful or inert byproduct of protein metabolism (Iva-
novski et al. 2005; H. Wang et al. 2019). For instance, in 
mice it was shown that urea (or its byproduct, cyanate) car-
bamylates mTOR and inhibits mTORC1- ribosomal protein 
6 kinase (S6K) dependent protein synthesis in dendritic 
cells which highlights a regulatory role that urea plays in 
mTORC1 signaling (H. Wang et al. 2019). Further research, 
however, is required to fully clarify the role of urea in its 
effects on mammalian cells.

a rough draft of synthesis. A fifth author joined our team to 
review the above data and participate in the synthesis of the 
manuscript. Thereafter, all five authors reviewed and edited 
the draft to ensure that the study’s objective and the out-
come of the study was clear, unbiased, and accurate.

Results

Characteristics of included work

A total of 797 records were identified from four databases and 
upon reviewing the abstracts, a total of 641 of the abstracts 
did not match the inclusion criteria. Our search process 
resulted in identifying 113 full-text articles. After excluding 
additional 40 full-text articles, due to not being related to 
the objective as described in the following PRISMA flow 
diagram, a total of 73 full-text studies remained and were 
included for this review (Fig. 1).

We mapped full-text articles to a series of characteristics 
as described in the methods. The nature of the eligible stud-
ies was five book chapters, twelve theses, thirty review stud-
ies, thirteen animal studies, six clinical studies, and seven in 
vitro cell culture studies. Table 1 summarizes the character-
istics of the identified full-text scientific literature resources 
containing data that assisted us in meeting our objective. As 
shown in Table 1, our data indicate that starvation impacts 
a variety of cellular molecules as well as biochemical and 
nutrient-sensing pathways. More detailed data are presented 
in the following results and discussions sections.

Metabolic roles of polyamines in ureagenesis during 
starvation

Polyamines are polycationic organic molecules with two 
or more amino groups (Fig. 2). The amino acid Arg plays 
an important role in the synthesis of polyamines. ARG1 is 
mainly found in the cytoplasm of hepatic cells and cata-
lyzes the conversion of Arg to Orn through the urea cycle 
(Fig. 2) (Fox 2022; G. Wu and Morris 1998). Experiments 
with primary cultures of rat aortic smooth muscle cells indi-
cated that polyamine biosynthesis was reduced or increased 
when the expression of ARG1 was inhibited or stimulated, 
respectively (Fox 2022; Morris 2007; L. H. Wei et al. 2001). 
Accordingly, ARG1 serves as a regulatory factor in poly-
amine biosynthesis (Morris 2007).

High levels of Arg promotes mTORC1-facilitated cell 
growth and Arg starvation prevents mTORC1 from sensing 
the availability of amino acids (Albaugh et al. 2017; Alex-
androu et al. 2018; Blagih 2015). In addition, Arg starvation 
causes autophagy and apoptosis (Albaugh et al. 2017; Chan-
gou et al. 2014). There is a considerable body of evidence 
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Fig. 1  Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flow diagram used to indicate the number of 
reports that were searched and identified from the four databases for 

the scoping review process (Page et al. 2021). A total 797 articles were 
identified in the initial search and upon stepwise review, a total of 73 
eligible articles were included in this study
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brain and kidney (Ginguay et al. 2017). Expression levels of 
OAT are downregulated in the mouse small intestine after 
24 h of fasting (Lenaerts et al. 2006). Much of our under-
standing regarding adaptive neuroendocrine responses dur-
ing prolonged starvation stems from studying patients with 
anorexia nervosa (Amorim et al. 2023). In a retrospective 
study that investigated laboratory parameters from clinical 
records of adolescents with anorexia nervosa, serum urea 

As mentioned earlier, Orn plays multifactorial roles in 
mammalian cells. During limited protein turnover or low 
Arg levels, OAT works in a reverse reaction to produce Orn 
from proline precursors (glutamate γ-semialdehyde and 
Δ1-pyrroline-5-carboxylate) (Nelson et al. 2021) (Fig.  2). 
The synthesized Orn is then used in the urea cycle to pro-
duce citrulline and Arg. OAT is found in the mitochondrial 
matrix of most tissues, particularly in the liver, intestine, 

Table 1  The signaling role of various molecules that result in different cellular metabolic outcomes during starvation
Molecule Activity 

or levels
Proposed metabolic 
outcome

Key studies

Acetyl-CoA ↓ ↑Autophagy (Mariño et al. 2014b; Pietrocola et al. 2015; Schroeder et al. 2014; Zhou et al. 2019)
↓EP300 (Mariño et al. 2014a)
↓mTORC1 (Mariño et al. 2014b)

Amino acids ↓ ↑Autophagy (Albaugh et al. 2017; Changou et al. 2014; Kelly & Pearce 2020; Lauinger & Kai-
ser 2021; Neves et al. 2015; Z. Wu et al. 2015; Zhou et al. 2019)

↑Apoptosis (Albaugh et al. 2017; Z. Wu et al. 2015; Zhou et al. 2019)
↓mTORC1 (Bröer & Bröer 2017; Gu et al. 2017; Hong et al. 2024; Kelly & Pearce 2020; Li et 

al. 2023; Mariño et al. 2014a, b; Morris 2016; Pinkerton & Barrientos 2023; Ray et 
al. 2015; Viola & Bronte 2007)

↓Translation (Torres et al. 2023)
↓45S pre-rRNA (Munro et al. 1975)
↓S6K (Chotechuang 2010; Morris 2016)
↑AZ (Ray et al. 2012)
↑Sestrin2 (Wolfson et al. 2016)
↓eIF-2B (Gross & Rubino 1989)
↑4E-BP1 (Ray et al. 2012)

Carbohydrates (par-
ticularly glucose)

↓ ↑Autophagy (Kiffin 2010; Neves et al. 2015)
↓mTORC1 (Blagih 2015; Lee et al. 2009; Li et al. 2023; Metur & Klionsky 2024; Saxton & 

Sabatini 2017)
Glucagon ↑ ↑Autophagy (Kiffin 2010; Ruan et al. 2017; Shen & Czaja 2019)

↓mTORC1 (Naito et al. 2013)
Hypusinated eIF5A ↑ ↑Autophagy (Hofer et al. 2024b)
Insulin ↓ ↑Autophagy (Kiffin 2010; Naito et al. 2013; Shen & Czaja 2019)
mTORC1 ↓ ↑Autophagy (J.-K. Liu 2022; Metur & Klionsky 2024; Pinkerton & Barrientos 2023; Saxton & 

Sabatini 2017; Settembre et al. 2012)
↑Gluconeogenesis (Saxton & Sabatini 2017)
↓Translation (Bröer & Bröer 2017)
↓5S rRNA and tRNA (Kantidakis et al. 2010; Laplante & Sabatini 2012)
↑Lifespan (J.-K. Liu 2022)

Ornithine 
δ-aminotransferase

↓ ↑Ornithine (Lenaerts et al. 2006)

Ornithine 
transcarbamylase

↓ ↑Polyamines (Weber et al. 1972)

Polyamines ↓ ↑ODC (Schertel & Eichler 1991)
↓eIF-2B (Gross & Rubino 1989)

SAM ↓ ↑Autophagy; 
↓mTORC1

(Ouyang et al. 2020)

↑SAMTOR (Gu et al. 2017)
Spermidine ↑ ↑Autophagy; 

↑Lifespan
(Hofer et al. 2024b)

Urea ↑ ↓mTORC1 (H. Wang et al. 2019)
AZ, antizyme; EP300, E1A-associated protein p300; eIF-2B, eukaryotic initiation factor-2B; eIF5A, eukaryotic initiation factor 5A; mTORC1, 
mammalian target of rapamycin complex 1; ODC, Ornithine decarboxylase; rRNA, ribosomal RNA; SAM, S-adenosylmethionine; tRNA, 
transfer RNA; S6K, ribosomal protein 6 kinase; upward arrow indicates “increase” and downward arrow indicates “reduction” in the molecular 
levels or metabolic outcomes during starvation
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modulates the effector properties of central cellular com-
ponents of innate and adaptive immunity to fight bacte-
ria, viruses, and parasites (Fîlfan et al. 2017; Klionsky et 
al. 2021; Levine et al. 2011; Rubinsztein et al. 2012). For 
instance, there is data that indicates that autophagy stimu-
lation might be useful against vascular disease by stimu-
lating cholesterol efflux to inhibit necrotic core formation 
and lipid accumulation (Fîlfan et al. 2017; Michiels et al. 
2016). Upregulation of autophagy is recognized as one of 
the key cellular responses to nutrient deprivation (Russell et 
al. 2014). As an example, mice starved for 24–48 h display 
increased numbers of autophagosomes in most tissues and 
starvation for 24 h leads to the down-regulation of proteins 
involved in protein synthesis and amino acid metabolism 
(Lenaerts et al. 2006; Mizushima 2010). Autophagy is a 
critical cellular mechanism to maintain adequate levels of 
amino acids for both protein synthesis and gluconeogenesis 
(Neves et al. 2015). The effects of aging on the regulation 
of rat liver autophagy have shed more light on the impact of 
fasting on autophagy in mammals. Rats’ livers show acti-
vated autophagic flux after overnight fasting. However, this 
induced autophagy was delayed already after 6 months of 
age and almost undetectable at older age, which was ame-
liorated by caloric restriction (Del Roso 2003). It has been 
reported that autophagy particularly responds to the cellu-
lar levels of Arg, Met, and the branched chain amino acids 

was found to be 25% higher compared with the reference 
value (Pires et al. 2020). While the neuroendocrine impact 
on ureagenesis is yet to be established, elevated urea lev-
els underscore the adaptive role of amino acid oxidation 
during starvation. In addition, since the pathophysiology 
and neurobiological implications of anorexia nervosa may 
affect laboratory data, the observed elevated ureagenesis 
should be interpreted within the complexity and confound-
ing effects of anorexia nervosa. In a rat model, animals 
in the fast state had 60% less ornithine transcarbamylase 
activity in comparison to the fed state (Weber et al. 1972). 
These data suggest that when urea production is elevated 
during starvation, excessive Orn is pulled into metabolic 
demands such as Pro production and polyamines biosyn-
thesis through interactions or competitions between OAT 
and ODC (Fig. 2). The impact of starvation to downregulate 
OAT and to suppress ornithine transcarbamylase suggests 
an adaptive mechanism whereby Orn may be channeled into 
polyamine biosynthesis.

Metabolic roles of polyamines in autophagy during 
starvation

Autophagy dysfunction is involved in different human 
diseases (Alzheimer's, Huntington's, diabetes, and differ-
ent kinds of tumors and neurodegenerative diseases) and 
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Fig.  2  The multifactorial roles of ornithine in mammals: Ornithine 
(Orn), in the cyclic pathway of ureagenesis, is synthesized from 
arginine and plays a central role in the biosynthesis of proline, urea, 
and polyamines. The rate-limiting enzyme, ornithine decarboxylase, 
uses Orn to catalyze the biosynthesis of putrescine (Put). Subsequent 
metabolism of Put produces spermidine (Spd) which is converted to 

spermine (Spm) with spermidine synthase and spermine synthase, 
respectively. These three small molecules (Put, Spd, and Spm) are 
the only polyamines that are synthesized in mammals. The reversible 
pathway (green) that produces Orn from proline precursors includes 
two intermediate products that are not shown here. Reactions that are 
part of the urea cycle are highlighted in orange
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CD8 + T cell responses to infection and vaccines in aged 
mice in an autophagy-dependent manner (Kelly & Pearce 
2020; Puleston et al. 2014).

In addition to Arg, Met is also required for polyamine 
biosynthesis, as a source of an aminopropyl moiety (Fig. 3) 
(Parkhitko et al. 2020; Sagar et al. 2021; R. Wu 2020). 
Met serves as a substrate for glutathione formation, initia-
tion and elongation of translation, and in the formation of 
SAM. SAM is important for polyamine biosynthesis and as 
a methyl donor in numerous metabolic reactions (Chisari 
et al. 2021; Montalbano et al. 2023; Vernieri et al. 2016). 
Met interacts with ATP to generate SAM, a reaction cata-
lyzed by methionine adenosyltransferase (MAT) (Ouyang 
et al. 2020). It is well documented that SAM is the sole 
methyl group donor involved in the methylation of DNA, 
RNA, and histones. In addition, SAM is essential for the 
biosynthesis of the polyamines Spd and Spm and for the 
regulation of autophagy in mammals (Ouyang et al. 2020). 
In 2017, Gu et al. identified a new critical protein called 

(BCAAs) (Albaugh et al. 2017; Lauinger and Kaiser 2021; 
Russell et al. 2014; R. Wu 2020).

Cellular levels of polyamines are tightly regulated by 
coordinated biosynthesis, degradation, uptake, and efflux 
(Holbert et al. 2020; C. Zhang et al. 2025). Dysregulated 
polyamine profiles are implicated in aging, cognitive impair-
ment, and various cancers (particularly skin and colon can-
cer) while an optimal quantity of polyamines is suggested 
to delay cardiovascular diseases and to increase longevity 
(Sagar et al. 2021). The polyamine Spd is known to decrease 
with aging in humans (Alsaleh et al. 2020; Eisenberg et al. 
2009; Fîlfan et al. 2017). While the mechanisms govern-
ing biological aging are complex, growing evidence implies 
that Spd plays a regulatory role in aging via autophagy by 
promoting longevity in multiple organisms (Eisenberg et al. 
2009, 2016; Ghosh et al. 2020; J.-K. Liu 2022; Madeo et 
al. 2019; Minois et al. 2012; Pinkerton & Barrientos 2023; 
H. Zhang et al. 2019). In addition, Spd plays a key role in 
maintaining immune resilience, particularly, by enhancing 

Fig.  3  The versatile roles of methionine in polyamine biosynthe-
sis, mTORC1 signaling, induction of autophagy, and production of 
homocysteine. In the fed state (green color) methionine is converted 
to S-adenosylmethionine (SAM) by the methionine adenosyltransfer-
ase enzyme (MAT). S-adenosylmethionine decarboxylase (SAMDC) 
catalyzes the removal of the carboxyl group from SAM to form decar-
boxylated S–adenosylmethionine (dcSAM) which serves as the donor 
of the aminopropyl group required for the synthesis of spermidine 

(Spd) and spermine (Spm). SAM also undergoes further metabolism 
to S-adenosylhomocysteine (SAH) which is then hydrolyzed into 
adenosine and homocysteine by SAH hydrolase enzyme. On the other 
hand, when there is limited methionine (orange color), SAMTOR 
is activated to inhibit mTORC1 and induce autophagy. The upward 
arrow indicates “increase” and the downward arrow indicates “reduc-
tion” in the molecular levels or metabolic outcomes during starvation. 
SAMTOR, S-adenosylmethionine sensor upstream of mTORC1
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reaction catalyzed successively by deoxyhypusine synthase 
(DHPS) and deoxyhypusine hydroxylase (DOHH) (Cano 
et al. 2008; Park & Wolff 2018; Sagar et al. 2021). It has 
been shown that eIF5A is one of the most expressed proteins 
in activated T cells and dysregulation of the hypusination 
process is associated with various pathological conditions, 
including cancer and diabetes (Hukelmann et al. 2016; Pul-
eston et al. 2017; Wątor et al. 2023). To this date, no other 
mammalian proteins have been identified to undergo this 
unique post-translational modification. Recent studies have 
indicated that this sole hypusination process is key during 
fasting in many organisms (Hofer et al. 2024b).

The role of hypusinated eIF5A is to support translation 
of proteins that have polyproline residues (Tseng 2023). 
Cryo-EM has shown that the hypusine moiety contacts A76 
of the CCA-end of the P-site tRNA to stabilize the region 
which ultimately rescues the stalled ribosome and promotes 
peptide bond formation for Pro-Pro residues (Melnikov et 
al. 2016; Pavlov et al. 2009; Schmidt et al. 2016; Schul-
ler et al. 2017; Wątor et al. 2023, 2023). Among other pro-
teins, hypusinated eIF5A is important for the translation 
of transcription factor EB (TFEB) in B cells of both mice 
and humans (Fig.  4A) (H. Zhang et al. 2019). TFEB is a 
mammalian autophagosomal and lysosomal master regula-
tor of autophagy and therefore links polyamines to global 
autophagy regulation via TFEB translation. Consequently, 
mouse and human TFEB variants contain one and two trip-
roline motifs, respectively, which explains how hypusinated 
eIF5A controls TFEB translation (H. Zhang et al. 2019).

Metabolic roles of spermidine and acetyl-CoA in 
EP300-mediated autophagy during starvation

Another mechanism by which Spd may control autophagy 
is via histone acetyltransferase activity. Spd competitively 
inhibits the acetyltransferase enzyme, EP300, which results 
in an overall reduction of acetylation levels of histones. 
Altered histone acetylation leads to a significant upregu-
lation of multiple ATGs in different organisms, including 
human cells (Eisenberg et al. 2009; Li et al. 2023; Neves et 
al. 2015; Pietrocola et al. 2015). Since fasting causes inhibi-
tion of EP300 and stimulation of autophagy (Hofer et al. 
2022; Kaushik et al. 2021) the above Spd mechanism sug-
gests that during starvation, elevated Spd levels might be 
required to coordinate EP300 inhibition in order to promote 
autophagic flux (Fig. 4 A and B).

The influence of acetyl-CoA on autophagy is also medi-
ated by EP300 (Fig.  4B). Acetyl-CoA plays a crossroad 
role during the metabolism of macronutrients. In mammals, 
acetyl-CoA is produced through the metabolism of carbo-
hydrates, proteins, and lipids; it enters the citric acid cycle 
to produce energy-rich molecules, incluing GTP, NADH, 

S-adenosylmethionine sensor upstream of mTORC1 (SAM-
TOR) (Gu et al. 2017). When mammalian cells are starved 
for Met, SAM levels are reduced causing SAMTOR to 
associate with another protein, GTPase activating protein 
toward Rags-1 (GATOR1). The SAMTOR-GATOR1 com-
plex ultimately results in the inhibition of mTORC1, hence 
inducing autophagy (Gu et al. 2017; Kitada et al. 2020; Lau-
inger & Kaiser 2021). These data emphasize the important 
role that Met plays in the activation of autophagy (Fig. 3).

In addition to the critical role that Met plays in autoph-
agy, cellular Met’s availability is crucial for the synthesis 
of Spd and Spm. The enzyme S-adenosylmethionine decar-
boxylase (SAMDC) catalyzes the conversion of SAM to 
decarboxylated S–adenosylmethionine (dcSAM) which 
provides the aminopropyl group in the Spd and Spm mole-
cules (Fig. 3) (Ray et al. 2014). SAMDC has a short half-life 
(20–60 min) that implies it performs specific cellular tasks 
that require rapid activity and turnover (Ast 1995). Further 
research, however, is necessary to elucidate the precise cel-
lular role that SAMDC plays during starvation. Outside 
of its role in polyamine catabolism, SAM is converted to 
S-adenosylhomocysteine (SAH), and upon donation of its 
methyl group, it can then be hydrolyzed into adenosine and 
homocysteine by SAH hydrolase enzyme (Fig. 3) (Lauinger 
& Kaiser 2021).

Less is known about the direct changes of polyamine 
metabolism during fasting. Recently, it was shown that 
fasting increases Spd levels in yeast, flies, mice, human 
plasma, and peripheral blood mononuclear cells (PBMCs), 
while Orn and Put largely decreased in many murine tis-
sues (Hofer et al. 2024b). Given its role in autophagy regu-
lation, Spd biosynthesis is indeed key to fully elicit elevated 
autophagy upon fasting (Hofer et al. 2024b).

Polyamines are known to increase the efficiency and 
fine-tune the translation of a specific set of genes referred 
to as “polyamine modulon” in both prokaryotic and eukary-
otic organisms, including mammals (Igarashi & Kashi-
wagi 2011). Relevant examples here are genes that code 
for eIF5A and antizyme proteins in humans (Proietti et al. 
2020). A role for eIF5A in autophagy regulation was dem-
onstrated by the observation that autophagy induction or 
starvation increased the association of eIF5A with ribo-
somes in Michigan Cancer Foundation-7 cells (MCF-7 cells 
are human breast cancer cell line), which in turn promotes 
autophagosome formation (Lubas et al. 2018). This offers 
one explanation for how polyamines impact the autophagic 
machinery.

The translation initiation factor, eIF5A, plays an essential 
role in regulating and enhancing the process of autophagy 
and relies on Spd for its unique post-translational modifica-
tion and activation. Briefly, Spd donates its aminobutyl moi-
ety to Lys50 of the eIF5A to form the hypusine residue, a 
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pathway between acetyl-CoA and mTORC1 in adipogenesis 
and lipogenesis during starvation.

Metabolic role of mTORC1 signaling in translation 
and transcription during starvation

mTORC1 targets and controls the translational apparatus, 
prominently the translation initiation factor 4E-binding pro-
tein 1 (4E-BP1) and S6K (Bröer and Bröer 2017; Christian 
2002; Hong et al. 2024; Pinkerton and Barrientos 2023; 
Russell et al. 2014; Z. Wei et al. 2021). Briefly, mTORC1 
phosphorylates 4E-BP1 at multiple sites, which causes 
dissociation of 4E-BP1 from the eukaryotic initiation fac-
tor eIF4E, leading to 5′cap-dependent mRNA translation 
(Chotechuang 2010; Saxton and Sabatini 2017). mTORC1 
directly phosphorylates S6K which plays a critical role in 
facilitating mRNA transcription, splicing, and protein syn-
thesis (Morris 2016; X. Wu et al. 2022).

The inhibition of mammalian translation is also an adap-
tive response to amino acid starvation to conserve energy 
resources. A consequence of amino acid starvation is the 
suppression of eukaryotic initiation factor 2B (eIF-2B) in 
rabbit reticulocyte lysate. The function of eIF-2B is to cata-
lyze the exchange of GTP for GDP bound to eIF2 during 
the initiation of translation (to convert inactive eIF2-GDP 

and FADH2. Reduced levels of cellular acetyl-CoA trigger 
autophagy in mammals (Mariño et al. 2014b; Schroeder et 
al. 2014; Zhou et al. 2019). This occurs because acetyl-CoA 
is the essential substrate for the acetyltransferase enzyme 
EP300, which transfers acetyl groups to key autophagy pro-
teins (ATG5, ATG7, ATG12, and LC3). By acetylating these 
proteins, EP300 inhibits their pro-autophagic activity, so 
when acetyl-CoA levels drop, this inhibition is lifted, allow-
ing autophagy to proceed (Mariño et al. 2014b). Reduced 
levels of acetyl-CoA might also have other consequences 
which can trigger autophagy, for instance, changes in other 
histone acetylases and a reduced ATP/AMP ratio promot-
ing AMPK activity. It is worth noting that reduced levels of 
acetyl-CoA or a direct inhibition of EP300 by other methods 
results in a rapid activation of AMPK and inactivation of 
mTORC1, which suggests that these two nutrient-sensing 
pathways are functionally connected to each other (Mariño 
et al. 2014a).

Furthermore, mTORC1 stimulates adipogenesis and 
lipogenesis in white adipose tissue (WAT) (Torres et al. 
2023). Since acetyl-CoA is an important precursor for the 
biosynthesis of fatty acids, its role during starvation might 
extend to the regulation of lipid metabolism. Further studies, 
however, are needed to indicate whether there is a signaling 

Fig.  4  Induction of autophagy by different mechanisms and mol-
ecules during starvation. A. Spermidine's effect on eIF5A stimulates 
the translation of TFEB, which subsequently induces autophagy. In 
addition, spermidine-mediated suppression of EP300 during starva-
tion ultimately results in the induction of autophagy. B. Acetyl-CoA-
mediated suppression of EP300 results in the induction of autophagy. 

C. The impact of mTORC1 inhibition on transcription of autophagic 
genes, ribosome biogenesis, and translation, that results in autophagy. 
Upward arrow indicates “increase” and downward arrow indicates 
“reduction” in the molecular levels or metabolic outcomes during star-
vation. eIF5A, Eukaryotic initiation factor 5A; EP300, E1A-associated 
protein p300; TFEB, Transcription factor EB
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Antizyme is implicated in the regulation of 
autophagy and polyamine metabolism during 
starvation

The intracellular polyamine levels are regulated at several 
steps which includes their dietary uptake, cellular biosyn-
thesis, microbial biosynthesis, organismal distribution, 
as well as degradation and excretion. ODC activity deter-
mines, to a large extent, the levels of tissue polyamines 
and degradation of ODC is accelerated by high levels of 
polyamines (Pegg 2009; Ray et al. 2015). A major cellular 
inhibitor of polyamine biosynthesis is the ODC-inhibiting 
protein antizyme (AZ), a regulatory protein whose syn-
thesis is increased upon high levels of cellular polyamines 
(Pegg 2009). AZ noncovalently forms AZ-ODC complexes 
to inhibit ODC activity and promote its degradation (Iva-
nov & Atkins 2007; Ramos-Molina et al. 2014). High cel-
lular levels of Spd directly induce the synthesis of AZ to 
inhibit ODC via a negative feedback mechanism, thereby 
balancing cellular polyamine biosynthesis in response to 
the metabolites’ availability (Ray et al. 2014; Stegehake 
et al. 2015). This polyamine-conferred regulatory process 
involves a unique + 1 ribosomal frameshifting mechanism 
that is triggered by increasing polyamine levels, allowing 
the AZ’s correct translation (Ivanov & Atkins 2007; Ray 
et al. 2014, 2015). It has been demonstrated that this poly-
amine-driven induction may be dependent on mTORC2, as 
inhibition of mTORC2 suppresses production of AZ even 
when polyamine levels are high (Ray et al. 2015). Amino 
acid starvation leads to the inhibition of mTORC1 and acti-
vation of mTORC2 which ultimately results in the induction 
of AZ synthesis (Ray et al. 2012). Taken together, these data 
suggest that starvation activates multiple, parallel pathways, 
inhibiting mTORC1 to increase autophagy and requir-
ing mTORC2 activity to allow AZ facilitated inhibition of 
polyamine synthesis. mTORC2 signaling is less understood 
and is beyond the scope of our study. While a direct link 
between mTORC1 and AZ synthesis has not been estab-
lished yet, it is known that activation of mTORC1 induces 
polyamine synthesis (Gomes et al. 2017). The inhibition of 
mTORC1 and global translation during starvation has been 
linked to changes in polyamine anabolism, thereby increas-
ing autophagy while also limiting polyamine-controlled 
translation.

Metabolic role of glucose in mTORC1 signaling 
during starvation

The fundamental roles that glucose, insulin and glucagon 
play in regulating energy homeostasis during periods of 
food deprivation has been extensively studied and is beyond 
the scope of this review. However, we found intriguing data 

to active eIF2-GTP). As a result, the suppressed eIF-2B 
inhibits the activation of eIF2-GTP, which ultimately blocks 
translational initiation (Gross & Rubino 1989).

Ribosome biogenesis is essential for maintaining a func-
tioning translational apparatus; however, it is also metaboli-
cally expensive (Szaflarski et al. 2022). mTORC1 directly 
controls translation rates by regulating ribosome biogen-
esis (Fig.  4C). In addition, mTOR signaling is inhibited 
during starvation to promote transcription of genes that 
are involved in autophagy (Fig. 4C) (Russell et al. 2014). 
mTORC1 facilitates the transcription of 5S rRNA and trans-
fer RNA (tRNA), which promotes translation (Kantidakis 
et al. 2010; Laplante and Sabatini 2012). Furthermore, 
mTORC1 activity affects translation rates by controlling 
transcriptional factors. For instance, it regulates RNA poly-
merase I (Pol I) activity by promoting ribosomal RNA tran-
scription through a process involving protein phosphatase 
2A (PP2A) and transcription initiation factor IA (TIF-IA). 
TIF-IA is also a regulatory factor that responds to nutrient 
and growth-factor availability (Laplante and Sabatini 2012; 
Mayer et al. 2004).

Transcription of 45S pre-rRNA results in eukaryotic 
18S, 5.8S and 28S rRNAs production. These rRNAs then 
combine with ribosomal proteins to form the 40S and 60S 
ribosomal subunits, which ultimately assemble into the 80S 
ribosome (Fyfe et al. 2018). Synthesis of the 45S pre-rRNA 
in rats’ liver is inhibited after 24-h starvation which ulti-
mately suppresses translation (Munro et al. 1975). Since 
mTORC1 promotes RNA polymerase I, which in turn 
promotes synthesis of 45S pre-RNA, mTORC1 stimulates 
ribosome biogenesis to support translation during the fed 
state. The data described above suggest that the inhibition 
of mTORC1 is an adaptive response during starvation to 
reduce the cellular energy expenditure caused by the trans-
lational apparatus.

Apart from the regulation of general translation, 
mTORC1 also controls regulation of TFEB that is necessary 
for maintaining adequate lysosome biogenesis during high 
autophagic flux (Russell et al. 2014) (Fig.  4C). Thereby, 
TFEB is one of the nexuses where polyamine-specific and 
mTORC1-specific control of autophagy converge. In the 
fed state, mTORC1 phosphorylates and thereby inhibits 
TFEB, limiting its nuclear translocation and the expression 
of TFEB-dependent genes that are necessary for lysosomal 
biogenesis. In the starvation state, mTORC1 is inhibited and 
TEFB is dephosphorylated/activated, which was shown in 
murine primary hepatocytes (Settembre et al. 2012). It is, 
however, unclear whether the nuclear translocation of TFEB 
during starvation occurs in all eukaryotic cell types equally.
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effects, inhibits inflammation, and has protective roles in 
metabolic diseases (J.-K. Liu 2022; Seale et al. 2024). The 
above-described roles of BCAAs, particularly Leu, along 
with activation of mTORC1 and inactivation of Sestrin2, 
underscore the important adaptive role BCAAs, Sestrin2, 
mTORC1, and autophagy play during starvation.

Integrated molecular mechanisms of energy 
homeostasis

The adaptive roles that the above molecules, hormones, 
and metabolic pathways play to stimulate autophagy and 
inhibit mTORC1 and translation during starvation are listed 
in Table 1. Our work describing the biosynthesis, metabo-
lism, and nutrient-sensing interactions of these pathways is 
expected to enhance the comprehension of cellular adapta-
tion and energy homeostasis during starvation.

Information presented in Table 1 demonstrates the com-
plexity of a multifaceted adaptation process of mammalian 
cells during starvation. The synchronized interplay between 
lack of essential molecules (amino acids, carbohydrates, 
polyamines, SAM), hormones (glucagon, insulin), pro-
teins (metabolic enzymes, eIF5A, ribosomal proteins) and 
biochemical processes (mTORC1, translation, autophagy) 
reveal that mammalian cells are evolutionarily developed 
and equipped to maintain homeostasis under starvation. To 
mobilize a cascade of pathways and molecules to respond to 
starvation is a complex, yet coordinated survival unit, that 
operates under the sophisticated “command and control” 
center (CNS and endocrine system) in mammals. While 
Table  1 summarizes key results, it is non-comprehensive. 
Continued research studies are essential to map additional 
or precise molecular pathways that are involved in adaptive 
mechanisms during starvation.

Discussion

Pre-clinical and clinical studies in the last decades have 
suggested an overlapping, but sometimes distinct effects of 
fasting and caloric restriction (CR) on physiology, health 
and cell biology (Koppold et al. 2024). Most strikingly, CR 
and fasting have been suggested to delay cellular aging pro-
cesses and the progression of multiple age-associated dis-
eases (Di Francesco et al. 2018; Mattson et al. 2018). Several 
studies across different populations indicate that practicing 
CR reduces the mortality rate of humans (Kagawa 1978; 
Most et al. 2017; Strøm et al. 1951; Willcox et al. 2007). 
However, the exact molecular mechanisms underlying these 
observations in humans are not fully understood. Mammals 
have evolutionary conserved multiprotein complexes to rap-
idly sense energy, adapt, and recruit a cascade of signaling 

relevant to our study that warrants a brief mention here. Our 
review indicated an interplay among glucose, BCAAs, insu-
lin, and mTORC1 signaling during starvation.

The link between glucose and mTORC1 is supported 
by the role of glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) in glycolysis. GAPDH directly and negatively 
regulates mTORC1 signaling (Lee et al. 2009). During 
starvation (when glucose is less available), GAPDH binds 
the small GTPase protein Rheb, preventing it from binding 
mTOR and thereby inhibiting mTORC1 signaling (Lee et al. 
2009). This inhibitory mechanism suggests that during low-
glucose conditions, the suppression of glycolytic flux serves 
to inhibit mTORC1 through an adaptive mechanism which 
ultimately results in conserving cellular energy expenditure. 
In the above study, the authors also used Tuberous sclerosis 
1 (TSC1)-deficient cells and AMPK-silenced cells which 
indicated that the GAPDH-Rheb pathway occurred inde-
pendently of the AMPK axis.

Insulin, a hormone released in response to high carbohy-
drate levels, acts as a key signal that activates the mTORC1 
pathway and suppresses autophagy (Naito et al. 2013; Neves 
et al. 2015). In response to starvation, insulin decreases and 
glucagon increases which ultimately leads to an induction 
of autophagy (Bergamini et al. 2007; Kiffin 2010). Addi-
tionally, it is suggested that autophagy is differentially regu-
lated by insulin in a tissue-dependent manner in the liver 
and skeletal muscle of mice (Naito et al. 2013).

During starvation, hormonal levels of glucagon increase 
cellular BCAAs uptake and stimulate their oxidation to 
produce ATP (Bifari & Nisoli 2017; Neinast et al. 2019). 
BCAAs include the essential amino acids Leu, valine (Val), 
and isoleucine (Ile) that mammals obtain from animal or 
plant-based foods. They are hydrophobic, metabolized in 
extrahepatic tissues (mostly in the adipose tissue, skeletal 
muscle, and the brain), and constitute approximately 35% 
of essential amino acids in mammals (Bifari & Nisoli 2017; 
Neinast et al. 2019). Leu has been suggested as the most 
potent amino acid to activate mTORC1 (Avruch et al. 2009; 
Kiffin 2010; Morris 2016; Pinkerton & Barrientos 2023). 
It plays important roles in the regulation of protein synthe-
sis, energy metabolism, and immune functions (Rehman et 
al. 2023). Furthermore, BCAAs levels are often elevated in 
individuals with obesity and type 2 diabetes, likely contrib-
uting to disruptions of mTOR signaling in these metabolic 
diseases (Torres et al. 2023). The underlying mechanism 
for mTORC1 activation is Leu's direct binding to Sestrin2, 
a negative regulator of mTORC1 (Wolfson et al. 2016). 
In essence, Sestrin2 serves as a Leu sensor for mTORC1 
signaling and plays a key role in cellular metabolism and 
maintaining homeostasis (J.-K. Liu 2022; Wolfson et al. 
2016). Importantly, Sestrin2 is a stress response protein 
that enhances autophagy, possesses potent antioxidant 
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increased levels of corticosterone and enhanced intestinal 
expression of ODC, ultimately resulting in increased poly-
amine content (Nsi-Emvo et al. 1996). Similarly, ODC activ-
ity was shown to be higher in the liver of arginine-starved 
rats than in control rats (Schertel & Eichler 1991). Con-
versely, other studies found that starvation led to a marked 
decrease in ODC activity, including liver of starved rats 
(Conover et al. 1980; Domschke & Söling 1973; Eloranta 
& Raina 1977). Similarly, ODC activity and polyamines 
levels were reduced in the small intestinal mucosa of rats 
that were starved for 48 h (Yang et al. 1999). Given the use 
of different cell types and lengths of starvation, a universal 
temporal pattern of ODC expression and activity is lacking 
during starvation. Further studies in mammals are needed 
to elucidate the role of ODC, and ultimately polyamine 
metabolism during starvation. Based on recent studies, it’s 
largely proven that starvation increases the biosynthesis of 
Spd. Two earlier studies, however, demonstrated that during 
24 and 56 h of starvation, the liver of lactating rats (Brosnan 
et al. 1983) and rats liver (Seiler et al. 1981), respectively, 
produced lower levels of Spd. It is unclear whether the 
marked decrease in liver weights and the physiology of the 
mammary glands in lactating rats played a role in the levels 
of Spd in these data.

Regulation of protein synthesis during starvation

The translational apparatus plays a central role in synthesiz-
ing proteins required for cellular functions and structures 
(Fedry et al. 2024; Jia et al. 2024). Translation is one of 
the most energetically costly pathways in both prokaryotic 
and eukaryotic organisms. It is estimated that approximately 
30% of total cellular ATP energy is used during translation in 
mammals (Buttgereit & Brand 1995). During starvation, the 
cell activates autophagy, a crucial protective mechanism to 
resist the nutrient threat. This process involves the degrada-
tion of cellular components within the lysosome, liberating 
molecules like amino acids (Kelly & Pearce 2020). These 
recycled amino acids then serve as a vital nutrient bank, sus-
taining essential intracellular metabolic pathways and pro-
moting cellular survival and energy homeostasis. Therefore, 
during starvation and alongside autophagy, a tightly regu-
lated inhibition of translation is required to ensure efficient 
cellular energy conservation.

Translation is one of the main targets of mTORC1 sig-
naling. Our review study supports the essential role of 
mTORC1 as a major hub in the regulation of translation. 
mTORC1 enhances ribosomal biogenesis, phosphoryla-
tion of S6K, and activation of translation initiation factor, 
eIF4E (Bröer & Bröer 2017; Chotechuang 2010; Christian 
2002; Hong et al. 2024; Laplante & Sabatini 2012; Li et al. 
2023; Pinkerton & Barrientos 2023; Rousseau et al. 1996; 

molecules to survive starvation. In this review study, we 
have explored existing literature and applied a reconnais-
sance strategy to shed more light on the interplay between 
starvation, polyamines (and their precursors), autophagy, 
and protein synthesis in mammalian cellular adaptation. 
Among several metabolic pathways that are affected during 
starvation, metabolism of polyamines and biosynthesis of 
proteins, including their adaptive mechanisms in mTORC1 
signaling and autophagy, have played a central role in our 
study and are discussed in the following sections.

Regulation of polyamine metabolism during 
starvation

The functions of polyamines have been extensively studied 
in tumors, aging, and immunity, and an interest to explore 
the role of polyamine biosynthesis in clinical translational 
research has steadily grown over recent years. There are 
several enzymes that control polyamine biosynthesis and a 
broad range of molecules that are involved throughout poly-
amines metabolism. Recently, acute bouts of fasting were 
shown to temporarily increase Spd levels and hypusinated 
eIF5A suggesting a more complex interplay between star-
vation and polyamine biosynthesis (Hofer et al. 2024b). 
Since hypusinated eIF5A enhances and controls transla-
tion of TFEB, at least in B cells (H. Zhang et al. 2019), this 
mechanism may represent an important temporal window 
in ensuring sufficient lysosomal biogenesis to support sus-
tained autophagy during fasting. Interestingly, Spm and, to 
a lesser extent, Spd, has been shown to stimulate mTORC1 
activity in the absence of amino acids (Ray et al. 2015). 
This also supports the notion that temporal increases in 
polyamine levels during starvation have stimulatory effects 
on mTORC1 through an as-yet-unknown adaptive mecha-
nism. This is highlighted by findings that ODC1-deficient 
yeast cells have a delayed mTORC1 shut-off upon amino 
acid starvation (Hofer et al. 2024b). Further research is nec-
essary to understand how polyamines regulate mTORC1 
during amino acid starvation, which may be crucial for 
understanding the simultaneous occurrence of high rates 
of autophagy, mTORC1 activity, and translation in many 
tumor types. While the autophagy regulatory mechanism is 
mediated by eIF5A, studies are still needed to establish if 
the translational control of TFEB by hypusinated eIF5A is 
consistent across different mammalian cells. Additionally, it 
remains to be determined whether eIF5A-mediated stimula-
tion of autophagic flux affects mTORC1 signaling during 
starvation.

Our review study revealed contrasting data regarding 
the production of polyamines and expression or activity of 
ODC during starvation. In a study in which preweaned rats 
were investigated, starvation at postnatal day 12 resulted in 
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anabolism. The inverse relationship between autophagy and 
mTORC1 serves our cells to sustain cellular homeostasis 
during starvation. Essentially, when nutrients are limited, 
our cells mobilize a series of molecules and pathways to 
downregulate mTORC1 and upregulate autophagy to pro-
mote energy conservation and bolster cellular resistance 
against stressful conditions such as starvation. As high-
lighted earlier, there is a growing body of evidence that dys-
regulations of one or both pathways contribute to a variety 
of human diseases, including aging. Aging is recognized as 
a major risk factor for the development of cancer and meta-
bolic disorders such as obesity and type 2 diabetes (Cornu et 
al. 2013). In addition, aging significantly decreases the total 
body protein synthesis in humans (Bifari & Nisoli 2017). 
Overall, regulation of autophagy and mTORC1 and their 
impact on translation highlights the imperative and evolu-
tionary roles that they have played in the survival of mam-
malian cells.

A simple holistic view that indicates that there is an adap-
tive crosstalk between autophagy, mTORC1, and translation 
is shown in Fig. 5. Our review study indicates that starvation 
changes the levels of at least 12 molecules or pathways to 

Russell et al. 2014). Since amino acids are not only involved 
in protein synthesis but also in being oxidized to produce 
energy, the activation of mTORC1 is tightly associated 
with changes in the plasma levels of amino acids (Saxton 
& Sabatini 2017). When plasma levels of amino acids are 
high, mTORC1 is activated to promote translation through 
its stimulatory effect on the eIF4E and S6K. Conversely, 
amino acid depletion inactivates mTORC1, leading to the 
repression of eIF4E-dependent translation and the induction 
of proteolysis through autophagy (Bröer & Bröer 2017). 
Altogether, these data suggest that the cell's most significant 
adaptation during starvation is the inhibition of mTORC1 to 
downregulate the translational apparatus and conserve cel-
lular energy.

Regulation of autophagy and mTORC1 during 
starvation

Autophagy and the mTORC1 signaling pathway are two 
opposing processes in mammalian cellular metabolism that 
are regulated by the levels of nutrients and cellular energy. 
Autophagy drives catabolism, while mTORC1 promotes 

Fig. 5  A simple holistic view of three cellular processes, autophagy, 
mTORC1, and translation that, in an adaptive and integrated man-
ner, are affected during starvation in mammals. The effects of cellular 
molecules that change during starvation and influence mTORC1 or 
autophagy (or both) in mammalian cells are illustrated. Upward arrows 

indicate “increase” and downward arrows indicate “reduction” in the 
molecular levels or metabolic outcomes during starvation. EP300, 
E1A-associated protein p300; eIF5A, eukaryotic initiation factor 5A; 
mTORC1, mammalian target of rapamycin complex 1; SAM, S-ade-
nosylmethionine; TFEB, transcription factor EB
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in metabolic and nutrient availability to the regulation of 
autophagy. Sensing nutrient availability and coordinating 
autophagy regulation, mTORC1 activity, and ultimately 
translation processes involve a cascade of multiple cellu-
lar molecules and pathways. During starvation, polyamine 
anabolism increases levels of Spd followed by the activa-
tion of hypusinated eIF5A. While not fomally established 
under starvation conditions, translation of TFEB to promote 
autophagy is regulated by active eIF5A in some cell types, 
presenting an example of adaptive polyamine-autophagy-
translation interplay. Emerging evidence indicates that 
polyamines take part in an adaptive crosstalk that sustains 
energy homeostasis during starvation in mammals. In addi-
tion, starvation increases glucagon, urea and Sestrin2 result-
ing in the inhibition of mTORC1 which ultimately results 
in the induction of autophagy. Similarly, reduced levels of 
acetyl-CoAs, amino acids, EP300, glucose, insulin, and 
SAM suppresses mTORC1 and enhances autophagy. Inhi-
bition of mTORC1 results in the reduction of ribosome 
biogenesis and translation factors that ultimately lead to the 
suppression of the translational apparatus. While the inhibi-
tion of translation conserves a significant amount of cellular 
energy, the autophagy process assists the cell in meeting cel-
lular energy needs during starvation. In sum, we illustrated 
how different nutrients and nutrient-sensing pathways are 
mobilized to promote an adaptive crosstalk between autoph-
agy, mTORC1, and translation to ensure that the mamma-
lian cell survives the threat of starvation. Yet, more studies 
are required to explore the adaptive roles signaling mole-
cules play in translation, mTORC1, and autophagy which 
ultimately may offer insights into possible therapeutic tar-
gets for uncoupling these mechanisms in treating various 
disorders.
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directly or indirectly inhibit mTORC1 to induce autophagy. 
While eIF5A, glucagon, sestrin2, Spd, TFEB, and urea lev-
els increase, the levels of acetyl-CoA, amino acids, EP300, 
glucose, insulin and SAM decrease during starvation in 
order to inhibit mTORC1 or induce autophagy (Fig. 5). It 
is likely that these molecules and pathways are uniquely 
positioned to exert their cellular impact on autophagy 
and mTORC1 and are not substituted by each other or by 
other molecules or pathways. The full interplay between 
autophagy and mTORC1 is complex and remains to be fully 
established. As a result, it is important to emphasize here 
that the above number of molecules and pathways shown 
in Table 1 or Fig.  5 is non-exhaustive and further studies 
are needed to identify other underlying molecular mecha-
nisms that support cellular survival during starvation. Fig-
ure 5 summarizes that while mTORC1 and translation are 
inhibited, autophagy is induced to conserve and replenish 
energy reserves to ensure an adequate pool of nutrients is 
available to assist the mammalian cell in surviving the threat 
of starvation.

Strengths and limitations

This review study has several strengths. One is that we used 
four different databases to ensure that we have reviewed 
as many articles as possible to address the objective of our 
study. Another strength is that at least two authors reviewed 
all abstracts twice to ensure that relevant information was 
included in our study. In order to minimize bias in our 
review analysis, we included contrasting data with a hope 
that future studies will shed more light on different results. 
Another strength is that we mapped a diverse set of mol-
ecules or pathways to starvation. Lastly, our findings can 
serve as an educational resource to educate students to max-
imize their understanding of the adaptive roles that cellular 
molecules and pathways play during starvation in mammals.

A few limitations exist. Non-English language studies 
were excluded from our review, representing a potential 
limitation in the comprehensiveness of our findings. Fur-
thermore, our review, although focused on mammalian 
systems, was complicated by the presence of organ- and 
cell-specific variations and different lengths of starvation 
(including in vitro cell culture systems), making the deduc-
tion of a universal model challenging.

Conclusions

Autophagy is a key cellular adaptive process that, among 
other roles, recycles cellular cargo to sustain energy homeo-
stasis during starvation. The growth- and translation-
promoting kinase mTORC1 centrally links fluctuations 
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