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Abstract
Background: More than 850 million people worldwide suffer
from acute and chronic kidney diseases (CKD) which are tre-
mendous socioeconomic burdens for society. Currently, the
treatment choices for CKD are limited. There is a great need to
understand the underlyingmechanisms of the development of
CKD in order to develop potential therapeutic strategies.
Summary: The alteration in cellular metabolism has emerged
as an important common pathological mechanism in different
kidney diseases. Metabolic intervening and reprogrammingwill
yield new insights to prevent and slow the progression of
kidney disease. As one essential component of cellular me-
tabolisms in fuel-source preferences (glucose, fatty acids, or
ketones), the polyamine compound metabolism comprising
the metabolites (spermine, spermidine, and putrescine) and
their biosynthetic and catabolic enzymes are an endogenous
pathophysiological regulator that is arising as a potential
therapeutic object formany diseases.KeyMessages: This article
aimed to review current knowledge on polyamine metabolism
and physiological processes, and its potential regulatory and
beneficial roles in immunoregulation, mitochondrial homeo-
stasis, autophagy, DNA damage, and kidney diseases, and thus
provide a novel therapeutic opportunity for kidney diseases.

© 2023 The Author(s).
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Introduction

There are more than 850 million people in the world
suffering from acute and chronic renal diseases; espe-
cially, the incidence of chronic kidney disease (CKD) has
been gradually increasing, affecting 8–16% of the global
population [1, 2]. The cause of kidney diseases is mul-
tifactorial; the growing prevalence of diabetes, hyper-
tension, and aging are the main contributors to the global
rise in CKD [3]. In addition, CKD becomes one of leading
causes of morbidity and mortality worldwide, but many
patients with CKD have limited safe and effective
treatment options and continue to progress to kidney
failure, eventually requiring dialysis or kidney trans-
plantation [4]. A thorough understanding of the path-
ogenesis of CKD is essential for the development of new
therapeutic interventions. Specifically, there is an accu-
mulating body of data supporting the major role of
metabolic disorders in the development of CKD. De-
fective fatty acid oxidation, increased glycolysis, and
abnormal amino acid metabolism have been observed in
the kidney cells of CKD, all of which are critical con-
tributors to the disease [5–7]. Thus, prevention and re-
versal of renal dysfunction by targeted regulation of
metabolism has become one of research focus points.

Polyamines, including spermidine, spermine, and its
precursor putrescine, are ubiquitous and essential bio-
molecules for human cell metabolism. The presence of
polyamine metabolism disorders has been documented in
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a wide range of acute and chronic human diseases and
cancers [8–10], which could serve as a biomarker for the
diagnosis of some diseases [11]. Putrescine is considered
to be a uremic toxin [12], while several studies have
reported that spermine and spermidine exert beneficial
effects on a variety of non-neoplastic diseases [9, 13].
Natural spermine and spermidine are organic cations
containing multiple amino groups (−NH2) that interact
with negatively charged macromolecules, enabling them
to function in a multitude of cellular processes, including
immune response, chromatin organization, gene regu-
lation, cell proliferation and differentiation, and cell
death. Clinical and experimental studies have shown that
the level of polyamines and their regulatory enzymes were
altered in kidney diseases. Considering the multiple
physiological effects of polyamines, supplementing
spermine and spermidine or targeting polyamine regu-
latory proteins has become potential therapeutic strate-
gies for many diseases [13–15]. This review intends to
present current evidence on the role of spermine and
spermidine in improving renal function in human and
animal models. It also focuses on consequent implica-
tions for the management of patients with CKD.

Polyamine Metabolism and Transport

The pioneering studies of Herb and Celia Tabor in
collaboration with Sanford Rosenthal in the late 1950s
first described the quantification and biosynthetic path-
way of polyamine metabolism [16]. Polyamines originate
from both exogenous uptake and endogenous biosyn-
thesis. Intracellular ornithine from the urea cycle is first
decarboxylated to putrescine by the rate-limiting enzyme
ornithine decarboxylase 1 (ODC1). Diamine putrescine is
in turn converted to trimine spermidine by spermidine
synthase (SRM). Spermidine then catalyzes the amino-
propyl transfer reaction through spermine synthase
(SMS) to produce spermine. During the process, me-
thionine is converted to S-adenosylmethionine (AdoMet)
by S-adenosylmethionine synthase (METK). AdoMet
produces the aminopropyl group necessary for SRM and
SMS activities [10, 17] by the second rate-limiting enzyme
in polyamine biosynthesis, S-adenosylmethionine de-
carboxylase (AdoMetDC). Alternatively, spermine can be
directly catabolized to spermidine by spermine oxidase
(SMOX) and produce 3-aminopropanal and H2O2.
Spermine and spermidine are acetylated by spermidine/
spermine N(1)-acetyltransferase 1 (SAT1) to produce
N-acetyl-spermine and N-acetyl-spermidine, which are
secreted from cells or back converted into spermidine and

putrescine by peroxisomal N(1)-acetyl-spermine/sper-
midine oxidase (PAOX) [18, 19]. Eventually, the poly-
amines are excreted in urine and feces.

The dynamic properties of enzymes involved in
polyamine metabolism have been revealed in the studies.
ODC1, as the most critical enzyme in the biosynthetic
pathway, has received the most attention. The half-life of
ODC1 in the kidneys of mice is approximately 23 min
[20]. ODC1 is degraded by the 26S proteasome without
ubiquitination [21], and the regulation of ODC1 is me-
diated by antienzymes (OAZ) (OAZ1, OAZ2, and OAZ3)
and controlled by antienzyme inhibitors (AZIN) such as
AZIN1 and AZIN2 [22, 23]. The properties of other
enzymes in the biosynthetic pathway are limited and
require further exploration. Additionally, the current
understanding of the biochemical characterization of the
key enzymes in polyamine reverse conversion (SAT1,
SMOX, PAOX) includes the expression level, location,
and protein stability of these enzymes. For example, SAT1
is mainly expressed in cytoplasm and mitochondria.
SAT1 turnover is very rapid, with a half-life of approx-
imately 15 min, and undergoes degradation at the 26S
proteasome following polyubiquitination. Of note, SAT1
is a highly inducible enzyme that is elevated in response to
tissue injury and inflammation [24, 25]. The unstable and
readily inducible SAT1 is considered a rate-limiting
enzyme for polyamine reverse conversion. Both PAOX
and SMOX are flavin adenine dinucleotide -dependent
oxidases [26], but they differ in their preferred oxidation
substrates; it has been shown that PAOX is located in the
cytoplasm and peroxisomes [27], while SMOX is located
in the cytoplasm and nucleus [28, 29]. Based on some
factors, SMOX may be the more metabolically important
oxidase of these two enzymes. First, PAOXmRNA level in
HEK-293 cells was much lower than SAT1 and SMOX
mRNA. Second, protein turnover of PAOXwas very slow.
Finally, and most importantly, when transfected into
HEK-293 cells, PAOX had only a slight effect on the
intracellular polyamine pool. Furthermore, SMOX was
also easily induced by various stimuli, and overexpression
of SMOX significantly reduced the pool of available
spermine [27, 30]. These findings could help us develop
drugs that target the enzymes of polyamine metabolism
to correct abnormalities in the polyamine pool caused by
the disease.

In addition to endogenous metabolism, exogenous
uptake can be supplemented by intake of polyamine-rich
foods or secretion from the gut microbiota [9]. As
spermine and spermidine cannot be enzymatically de-
graded in the gastrointestinal tract, oral doses of poly-
amines could be rapidly absorbed from the gut and
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distributed throughout the body [31]. There is limited
information about the precise mechanism of polyamine
transport system in mammals. Extracellular polyamines
can be efficiently taken up by the heparan sulfate side
chain of circulating glypican-1 on the cell surface and
enter the cell by endocytosis [32, 33]. ATP13A2, a
member of P5B-ATPases, exists in lysosomes and is
responsible for the release of polyamines into the cytosol
[34]. Cryo-electron microscopy revealed that spermine
uptake was accomplished through electronegative breaks
arrayed in transmembrane segments 2, 4, and 6 [35]. This
information helps us understand the pathways of poly-
amine uptake in detail and to design drugs that can
interfere with the uptake and excretion of polyamines,
thereby stabilizing the polyamine pool. Immunostaining
of spermine was mainly observed in the cytoplasm but
also in the nucleus [33]. However, the distribution of
polyamines in the cytoplasm is still unknown. Is it present
in subcellular organelles? And is the distribution of
polyamines different in each organelle? Recently, it has
been reported that with the strong selective binding
between the host-guest complexation of amphiphilic
sulfonatocalix [5]arene (SC5A12C) assembly with luci-
genin and spermine and the biocompatibility of
SC5A12C components, ideal bioimaging of spermine in
living cells has been achieved, which can be used to better
monitor the activity process of spermine in cells [36].
Figure 1 schematically shows the basic process of
mammalian polyamine metabolism.

Polyamines in Physiological Processes

Advances in our understanding of polyamine molec-
ular and cellular functions have led to increased interest
in targeting polyamine metabolism for therapeutic ben-
efit. Putrescine is considered to be a uremic toxin, and
little information is available. We focused on the bio-
logical effects of spermine and spermidine. To date,
spermine and spermidine were reported to play impor-
tant roles in many cellular processes, such as maintaining
mitochondrial homeostasis and inhibiting oxidative
stress; improving autophagy; protecting RNA, DNA, and
proteins, affecting cell transcription and translation, and
promoting cell proliferation and differentiation [37];
regulating sodium, potassium, calcium ion channel
[38–40]. These important cellular functions of polyamine
help maintain general cell homeostasis. Spermine and
spermidine have four and three amino groups, respec-
tively, and the more amino groups, the easier it is to
establish polar bonds with different anions and thus exert

biological functions. Spermine and spermidine have
similar biological activities on the surface, but some
experiments demonstrated that spermine had greater
potency [13]. However, the precise biochemical functions
of polyamine remain not fully understood. Figure 2
Scheme of physiological processes influenced by poly-
amine metabolism in humans.

Maintenance of Mitochondrial Homeostasis
The kidney requires adequate energy for maintenance

of homeostasis, blood filtration, nutrient reabsorption,
fluid and electrolyte regulation, acid-base balance, and
blood pressure regulation [41]. Thus, mitochondria are
abundant in the kidney, especially in the tubules. The
dysfunction of mitochondria could result in oxidative
stress and different types of cell death (apoptosis, ne-
crosis, pyroptosis, and ferroptosis), contributing to the
development of kidney disease [42, 43]. Polyamines
maintain mitochondrial homeostasis by regulating
multiple pathways, thereby modulating mitochondrial
respiration [44] and exerting antioxidant and anti-
apoptotic effects [45–47]. Polyamines bind to mito-
chondrial surface phospholipids due to the strong affinity
of basic amines for these lipids [47]. Spermine is trans-
ported or released through mitochondria to inhibit mi-
tochondrial permeability transition (MPT) [48]. MPT
induction is presented as mitochondrial swelling and loss
of membrane potential (ΔΨ). Spermine could prevent
MPT induction through scavenging reactive oxygen
species or electrostatic interaction and restore the mi-
tochondrial bioenergetic function collapsed by MPT
induction [46, 49]. In addition, the late lysosomal
transporter ATP13A2 pumps spermine into the cytosol,
leading to decreased oxidative stress [50]. However,
spermine has also been reported to induce MPT and
apoptosis due to its oxidation to produce toxic metab-
olites [48]. Spermidine has been reported to have effects
similar to spermine, modulating mitochondrial respira-
tion through translation factor eukaryotic initiation
factor 5A (eIF5A) hypusination [44] or directly binding
to mitochondrial trifunctional protein to enhance fatty
acid oxidation [51]. These results provide a reliable basis
for treatment of mitochondrial damage in kidney disease.

Improving Autophagy
Spermine and spermidine are autophagy agonists

[52–54]. Cytoplasmic spermine immunostaining was co-
localized with the autophagosome marker LC3, suggesting
a close correlation between spermine and autophagy [33].
Spermine increases the number of both active autophago-
somes and lysosomes. One study reported that spermine
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increased microtubule acetylation and facilitated the retro-
grade transport of autophagosomes from the cell periphery
to lysosomes located near the nucleus, which assisted the
fusion of autophagosomes and lysosomes and enhanced
autolysosomal flux to clear prion aggregates [55]. Spermine
was also reported to be involved in the induction of auto-
phagy through histone deacetylation and the activation of
p53 transcription and p21 promoter [53]. Furthermore,
spermine boosted autophagy through AMPK-mTOR sig-

naling pathway to improve ischemic cardiomyopathy and
diabetic nephropathy [56, 57]. In addition, spermidine has
been reported to enhance autophagy to protect the lung [58]
and heart [59] and alleviate age-induced memory disorders
[60, 61]. By inhibiting the acetyltransferase E1A-associated
protein P300 (EP300), spermidine increased autophagy flux
as potent as rapamycin [62, 63]. Spermidine promoted
autophagy through eIF5A hypusination and TFEB transla-
tion to reverse B cell senescence [64]. The cardiac protective

Fig. 1. Major process of endogenous biosynthesis and exogenous
uptake of polyamines. ODC1, ornithine decarboxylase 1; SRM,
spermidine synthase; SMS, spermine synthase; SMOX, spermine
oxidase; SAT1, spermidine/spermineN(1)-acetyltransferase 1; PAOX,
peroxisomal N(1)-acetyl-spermine/spermidine oxidase; METK,

S-adenosylmethionine synthase; AdoMet, S-adenosylmethionine;
dcAdoMet, decarboxylated S-adenosylmethionine; AdoMetDC, ad-
enosylmethionine decarboxylase; 3-AAP, 3-acetamidopropanal;
AZIN, antienzyme inhibitors; OAZ, ODC antienzymes. Created
with BioRender.com.
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effect of spermidine in mice could be counteracted by de-
letion of ATG5 [59]. Interestingly, a positive feedback
mechanism was also found by which autophagy itself could
maintain polyamine metabolism [65]. Based on these
findings, the ODC1 inhibitor difluoromethylornithine
(DFMO) is proposed as a novel autophagy inhibitor due to
the depletion of polyamines [54]. These data suggest that
spermine and spermidine may have therapeutic potential as
autophagy modulators.

Protecting DNA, RNA, and Protein
The function of polyamines is profound and extensive,

and they can stabilize chromatin and ribozyme and protect
self-RNA from RNase digestion [66]. In this regard, the
protective effect of spermine is better than spermidine and
putrescine [66]. Polyamine affects the activities of histone
acetyltransferases and deacetylases, a family of ribozymes that
modify gene expression by modulating chromatin structure
[67]. Spermine and spermidine protect replicating DNA
against damage by singlet oxygen [68]. Tubulin is an im-

portant cytoskeletal protein that assembles into various forms
through interactions with a range of cytokines. Observation
of protein structure by solution X-ray scattering and cryo-
transmission electron microscope revealed that spermine
could promote and stabilize tubulin assembly [69]. Depletion
of cellular polyamines by overexpression of SAT1 caused
DNA damage and cell cycle G2 arrest, leading to a complete
arrest of translation and growth in mammalian cells [37, 70].
Combined with previous knowledge, cell proliferation and
differentiation are known to depend on chromatin stability
and gene expression [71, 72]. Thus, a more thorough un-
derstanding of the pathophysiological roles of polyamines
might provide a potential therapeutic opportunity.

Polyamine and Immunoregulation

Inflammation is a major feature of both acute kidney
injury (AKI) and CKD, and persistent inflammation leads to
irreversible renal damage and ultimately organ failure [73].

Fig. 2. Cellular physiological processes mediated by polyamines. MTP, mitochondrial trifunctional protein;
eIF5A, translation factor eukaryotic initiation factor 5A; EP300, E1A-associated protein P300; FAO, fatty acid
oxidation; TCA, tricarboxylic acid cycle; OXPHOS, oxidative phosphorylation; MPT, mitochondrial permeability
transition; ROS, reactive oxygen species. Created with BioRender.com.
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Current research has highlighted the profound roles of
polyamines in the mammalian immune system (shown in
Fig. 3).

Macrophages
Polyamines inhibit macrophage secretion of inflam-

matory factors and regulate their activation and differ-
entiation [44]. A study by William J. Janssen et al. has
shown that macrophages engulfing apoptotic cells in-
creased polyamine import through Rac1 and PI3 kinase-
dependent mechanisms, promoted polyamine accumu-
lation, and inhibited interleukin-1β (IL-1β) and
interleukin-6 release [74]. Compared with other poly-
amines, spermine was more potent in inhibiting the
production of inflammatory cytokines in lipopolysac-
charide (LPS)-stimulated mouse macrophages [75].
Spermine also effectively inhibited the high mobility

group box protein 1-induced release of inflammatory
cytokines in peritoneal macrophages, thereby attenuating
sepsis [76]. A study reported that spermine accumulated
in the cytoplasm of E. piscicida-infectedmacrophages and
inhibited K+ efflux-dependent NLRP3 inflammasome
activation. Moreover, spermine significantly reduced LPS
or nigericin-induced lactate dehydrogenase release, IL-1β
secretion, and caspase-1 activation [77]. It is well known
that macrophages are highly heterogeneous and plastic
and can be activated or polarized under the induction of
different tissue environments and pathogenic factors,
showing different functional phenotypes, mainly divided
into proinflammatory M1 type and anti-inflammatory
M2 type. Spermine was found to improve thioacetamide-
induced acute liver injury, which inhibited liver-resident
macrophage polarization toward the M1 type and pro-
moted M2 polarization by enhancing ATG5-mediated

Fig. 3. Role of polyamines in the immune system. Spermine and
spermidine affect the phenotype and function of immune cells,
including macrophages, T and B cells, dendritic cells, and
monocytes, to play the role of immunomodulator. IL, inter-
leukin; TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ;

TGF-β,transforming growth factor-β; M1, macrophage 1 type;
M2, macrophage 2 type; Th1, T helper 1; Th2, T helper 2; Th17,
T helper 17; Treg, regulatory T cells; Src, proto-oncogene
tyrosine-protein kinase Src; LEA-1, lymphocyte function-
associated antigen 1. Created with BioRender.com.
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autophagy [78]. Similarly, spermidine induced macro-
phage differentiation into M2 phenotype through in-
creasing mitochondrial reactive oxygen species and
autophagy. Adoptive transfer of spermidine-treated
macrophages ameliorated inflammatory bowel disease
in mice [79].

T Cell
A massive increase in polyamine synthesis occurred

during T cell proliferation and activation [80]. Total
polyamine levels were reduced in regulatory T cells
(Tregs) and nonpathogenic T helper 17 (Th17) cells,
compared with pathogenic Th17 cells which secreted
inflammatory factors and promoted inflammation.
Among them, pathogenic Th17 cells had higher levels of
putrescine and acetylputrescine. However, spermidine
and acetylspermidine did not differ within pathogenic
and nonpathogenic T cells, and spermine was not de-
tected [81]. Regulation of polyamine levels could affect
T-cell proliferation and differentiation. Simultaneously
blocking polyamine uptake and inhibiting ODC1-
depleted intracellular polyamine pool to suppress
T-cell proliferation [82]. Similarly, a recent report
demonstrated that polyamine metabolism determined
CD4+ Th cell differentiation and function by regulating
the synthesis of the amino acid hypusine and influencing
tricarboxylic acid cycle and histone acetylation [83].
Additionally, spermine significantly inhibited
CD4+T-cell activation and subsequent T helper 1 (Th1)
and Th17 differentiation through the inhibition of ERK
phosphorylation [84]. Spermidine shifted the polariza-
tion of Th17 cells toward Foxp3+ Treg cells in an
autophagy-related manner [85]. However, supplemen-
tation of spermine and spermidine suppressed release of
inflammatory cytokines but enhanced CD4+ and CD8+
T-cell activation [86]. These data suggest that polyamines
may modulate inflammation by regulating T-cell pro-
liferation and activation. Th1, T helper 2 (Th2), Th17,
and Tregs are the major subsets of effector CD4+ Th cells.
Th1 and Th17 cells are thought to contribute to fibrosis
and inflammation during CKD progression. Th2 cells are
considered to be protective via releasing interleukin-4
(IL-4), and Tregs have been shown to prevent inflam-
mation and promote repair [73]. More research is needed
to explore the effects of polyamines on different subtypes
of T cells and their effects on the kidney.

To date, the research on polyamines and immune cells
mainly focuses on macrophages and T cells, and there is
less information known about other immune cells. An
interventional study demonstrated that consumption of
the polyamine-rich food natto increased the blood levels

of spermine, reduced the expression of lymphocyte
function-associated antigen 1 (LFA-1) onmonocytes, and
suppressed the aging-associated proinflammatory state of
healthy male volunteers [87]. Besides, LFA-1 is closely
associated with the activation of immune function and
the progression of inflammation. Polyamines, especially
spermine, have a strong inhibitory effect on LFA-1 ex-
pression and adhesion ability of human lymphocyte via
enhancing the methylation of integrin subunit alpha L
(ITGAL, combines with the beta 2 chain to form LFA-1)
[88, 89]. In addition, a study published this year found
that the administration of spermidine can reverse the
inhibition state of c-Myc and glycolytic dysfunction in
lymphocyte natural killer cells caused by colon cancer,
restore the killing activity of natural killer cells, and play
the antitumor function [90]. On the other hand, sper-
midine can trigger immunosuppressive indoleamine 2,3-
dioxygenase 1 signaling by directly activating proto-
oncogene tyrosine-protein kinase Src (Src kinase) in
dendritic cells [91]. Group 3 innate lymphoid cells
(ILC3s) are RORγT + lymphocytes, and exogenous
supplementation of putrescine or its biosynthetic sub-
strate ornithine enhanced ILC3 production of
interleukin-22 (IL-22). The absence of ODC1 in ILC3s
significantly reduced IL-22 production, which alleviated
autoimmune colitis but impaired the ability to fight
bacterial infections [92, 93]. These findings also suggest
that the effects of polyamines on immune cells may play
divergent roles in different diseases progression. At
present, the role of polyamines in immune response to
kidney disease is still a mystery. Understanding the po-
tential role of polyamines in regulation of immune system
is attractive to enable the development of appropriately
targeted therapeutic agents for kidney disease.

Polyamines in Kidney Diseases

In 1995, in situ hybridization histochemistry was used
to show the mRNA of Odc1 and Sat1 in different parts of
the kidney of male rats. Odc1 expression was 30-fold
higher in the medulla than in the cortex. Odc1 expression
was mainly distributed in the cortex-medullary junction,
especially in the proximal straight tubular epithelial cells
of the outer medulla. Sat1 expression was higher in the
cortex than in the medulla, concentrated in the tubular
epithelial cells of the vascular pole of the glomeruli and in
the distal straight tubules of the outer medulla [94]. Thus,
polyamines appear to undergo different metabolic fates in
various morphologically and functionally partitioned
parts of the nephron in the kidney. The catabolic enzyme
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Sat1 was upregulated, while anabolic enzymes (Odc1 and
Sms) were downregulated in different models of AKI and
CKD [95]. Although several in vitro and in vivo studies
have investigated the changes of polyamines in the blood
or kidney, the effects of polyamine supplementation in
kidney diseases are still open areas of research. Studies
have found that polyamines and glucocorticoid hor-
mones shared many similarities in their metabolic effects,
including anti-inflammatory and stabilizing chromatin
structure [96]. Although glucocorticoids are well known
for their anti-inflammatory and immunosuppressive
properties in treating kidney diseases such as nephrotic
syndrome, they also cause many adverse reactions.
Whether polyamines could avoid these side effects and
become better drugs for the treatment of kidney disease is
worth further exploration. Figure 4 is a simple scheme of
the involvement of polyamines in different kidney dis-
eases, and details are provided below. Thus, direct renal
action of polyamine would be expected.

Acute Kidney Injury
Clinical observational studies or trials on polyamines

and AKI are still very few. A case-control observational
study reported that patients with high levels of urinary
spermidine before cardiac surgery had an increased risk
of AKI, suggesting that spermidine may be a novel and
promising biomarker to identify those patients at higher
predisposition to develop AKI [97]. However, the role of
polyamines in the blood and urine of patients with AKI in
diagnosis remains to be further studied. Renal ischemia-
reperfusion injury (IRI), nephrotoxic drugs (such as
cisplatin), and sepsis are common risk factors for AKI.
Renal tubular repair may be completed after mild AKI,
but incomplete or maladaptive repair usually occurs after
severe or recurrent AKI, leading to the development of
CKD [98]. Intraperitoneal injection of spermine pro-
tected against IRI-induced renal tubular injury and also
inhibited the apoptosis of tubular epithelial cells in mice
[99], showing potential clinical applications in settings
where AKI might be anticipated, including kidney
transplantation or cardiothoracic surgery. Furthermore,
spermidine supplementation markedly attenuated kidney
dysfunction and tubular damage after IRI by reducing
oxidative stress, lipid peroxidation, and necrosis [100].
Another study determined the protective mechanism of
spermidine during IRI by blocking DNA nitration and
PARP1 activation [101]. Exogenous spermidine signifi-
cantly attenuated cisplatin-induced tubular necrosis and
renal dysfunction but did not affect cell apoptosis [102]. A
recent study revealed that oral supplementation of
spermidine protected against LPS-induced kidney injury

and inflammation by regulating macrophage NLRP3
inflammasome activation and mitochondrial respiration
in an eIF5A hypusination-related pathway [103]. Dys-
regulation of polyamine metabolism-related enzymes is
common in the kidneys of AKI models. Both ODC1 and
SAT1 activities were reported to be significantly altered in
the kidneys of folic acid-induced AKI rats. ODC1 peaked
at 12 h with a 6-fold increase and then declined rapidly.
SAT1 activity also peaked at 12 h but rapidly declined to
levels only slightly above control levels within 18
h. Kidney spermidine levels slightly increased while
spermine levels decreased in these mice [104]. Therefore,
regulation of polyamine biosynthesis and degradation
enzymes can affect polyamine pools and their biological
effects. Manoocher Soleimani’s team reported elevated
expression of SAT1 under various AKI models, including
IRI, LPS, and cisplatin-induced AKI [105–107], and
suggested that SAT1 may be a universal and critical
polyamine-metabolizing enzyme in AKI. Overexpression
of SAT1 in kidney cells resulted in the reduction of in-
tracellular spermine and spermidine concentrations and
increased putrescine concentrations, which caused the
release of toxic metabolites such as H2O2 to affect cell
growth and recapitulated different phenotypic features of
renal IRI [108]. Conversely, ablation of SAT1 or the use of
the polyamine oxidase inhibitor MDL72527 protected
against AKI [105–107]. Therefore, manipulation of
polyamine metabolism might provide a new therapeutic
opportunity for AKI.

Chronic Kidney Disease
CKD is caused by many pathological factors, including

inflammation, energy metabolism disorder, oxidative
stress, cell senescence, with the development of renal
fibrosis. Diabetes and hypertension are the top causes of
CKD, and other causes include aging, glomerulonephritis,
and polycystic kidney disease [1, 3, 109–111]. Early
identification, assessment of prognosis, and selection of
the best treatment options are needed to prevent CKD
progression and reduce the risk of cardiovascular mor-
bidity and mortality. Previous studies have reported
dysregulation of polyamine metabolism in both primary
and secondary CKD, and the beneficial effects of sper-
mine and spermidine supplementation have been con-
firmed in disease models. Therefore, the polyamine
metabolic system is an attractive target for pharmaco-
logical intervention.

Diabetic kidney disease is the main microvascular
complication of diabetes mellitus and the most common
cause of end-stage renal disease (ESRD). The patho-
genesis of diabetic kidney disease is very complex and
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involves hyperglycemia-mediated intracellular metabolic
disturbances, autophagy, oxidative stress, and endo-
plasmic reticulum stress, resulting in the increased me-
sangial matrix, basement membrane thickening, and
extensive persistent proteinuria. Spermine supplements
in type 1 diabetic rats attenuated renal dysfunction and
podocyte injury by inhibiting AMPK-mTOR signaling
pathway [56]. Spermine can also reverse high glucose or
oxidized low-density lipoprotein-induced oxidative stress
and pyroptosis in macrophages by activating Nrf2
pathway [112]. In addition, spermine and spermidine
could reduce body weight and correct glucose and lipid
disorders in diabetic rats [113–115]. The beneficial effect
of spermine and spermidine may be attributed to the
induction of autophagy [116], alleviation of metabolic
endotoxemia, as well as the enhancement of intestinal
barrier function [117]. On the other hand, polyamines

have been widely reported to promote lipolysis of white
adipose tissue and have weight loss effects [52, 118]. It
was unexpected that when metabolomics was used to
explore the renal protective mechanism of the sodium-
glucose cotransporter type 2 inhibitor empagliflozin in
male TALLYHO/Jng (obese and insulin resistant) mice,
they found that empagliflozin downregulated multiple
major polyamine metabolites, spermine, spermidine,
putrescine, and N-acetyl-putrescine in the renal cortex,
among which the content of spermine was reduced by
more than 50% [119]. Unfortunately, the comparison of
renal polyamine levels between diabetic mice and healthy
control mice was lacking in this study, and more studies
are needed to elucidate the underlying mechanisms.

Lupus nephritis (LN), a glomerulonephritis, is one of
the most serious organmanifestations of the autoimmune
disease systemic lupus erythematosus (SLE). Plasma

Fig. 4.Alterations of polyamine metabolism in kidney diseases and
therapeutic effects of polyamine supplementation. The green
background showed the changes in polyamine metabolism in AKI
and CKD, and the pink background indicated the effect of
polyamine supplementation on kidney diseases. AKI, acute kidney
injury; CKD, chronic kidney disease; IRI, ischemia-reperfusion

injury; FSGS, focal segmental glomerulosclerosis; DKD, diabetic
kidney disease; LN, lupus nephritis; UUO, unilateral ureteral
obstruction; LPS, lipopolysaccharide; ODC1, ornithine de-
carboxylase 1; SRM, spermidine synthase; SMOX, spermine oxi-
dase; SAT1, spermidine/spermine N(1)-acetyltransferase 1. Cre-
ated with BioRender.com.
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spermine and spermidine were decreased in 44 patients
with SLE, and spermidine levels were correlated with
complement C3 and urinary protein/creatinine ratio
[120], which may help develop metabolic markers for
disease activity or progression to LN in SLE patients.
Families of patients with childhood-onset SLEmay have a
strong genetic susceptibility. A large clinical study
identified loss-of-function variants in SAT1 by whole
exome sequencing caused X-linked childhood SLE and
evaluated the impact of splice site variants and frameshift
variants by using CRISPR/Cas9-mediated knock-in mice.
The results showed that young hemizygous male and
homozygous female Sat1 p. Glu92leufs*6 knock-in mice
spontaneously developed splenomegaly, glomerular en-
largement with leukocyte infiltration, proteinuria, and
increased expression of type I interferon-induced genes
[121]. In LN pathogenesis, immune complexes involving
DNA binding to anti-DNA autoantibodies are deposited
in the kidney and eventually cause kidney damage.
Spermine could dose-dependently inhibit the interaction
of SLE anti-DNA to calf thymus DNA and promote the
dissociation of preformed immune complexes in plasmas
of patients and normal human subjects [122]. In 1994,
T. J. THOMAS et al. first demonstrated dysregulation of
ODC1 in 3 strains of autoimmune mice with the lpr
genetic background (MRL-lpr/Ipr, C3H-Ipr/lpr, and
C57BL/6J-lpr/lpr, classical animal model of SLE).
Compared to control BALB/c kidney, the ODC1 activity,
and protein levels were higher in the 3 strains of lpr-gene
mice, but the Odc1 mRNA level was lower. The increased
ODC1 activity in the kidneys of these mice was associated
with the development of LN [123]. The levels of poly-
amines were increased in the kidneys of SLE mice (MRL-
lpr/lpr mice), with putrescine being the most obvious.
When DFMO was added to drinking water to inhibit
ODC1 activity and reduce putrescine, it significantly
attenuated renal injury caused by SLE, including glo-
merulonephritis, interstitial inflammation, perivascular
inflammation, and vasculitis [124]. Sex hormones, es-
trogen and testosterone, are known to influence disease
activity and the therapeutic effect of SLE [125]. Testos-
terone and 17-estradiol have been shown to enhance
ODC1 activity and increase the concentrations of sper-
midine and spermine in rat renal tubular epithelial cells,
providing clues that polyamines may be involved in these
effects of the hormones [126]. Collectively, these data
suggest that polyamine pathway could be a novel target
for LN prevention and therapeutic strategies.

Kidney fibrosis is the final and common pathological
feature of CKD progressing to ESRD with different
etiologies. Kidney fibrosis includes glomerular sclerosis,

tubule interstitial fibrosis, arteriosclerosis, and peri-
vascular fibrosis in the vascular system, which progres-
sively leads to loss of renal function [127, 128]. In pa-
tients with CKD, especially with ESRD, putrescine levels
are increased, but spermine and spermidine levels are
decreased in plasma. More significantly, plasma sper-
mine is negatively correlated with serum creatinine and
urea nitrogen [129–131]. This phenomenon may be
related to increased SMOX activity in CKD patients,
which leads to increased spermine degradation [129].
Another study from Japan has shown that there is no
significant difference between spermine and spermidine
in the blood of CKD patients before and after hemo-
dialysis, but hemodialysis caused a decrease in spermine/
spermidine ratio, and this ratio was positively correlated
with skeletal muscle mass index and serum albumin in
hemodialysis patients [132]. Besides, elevated levels of
spermine in the urine were found in children with cystic
fibrosis [133]. Polyamine changes have also been found
in animal models of CKD, such as unilateral ureteral
obstruction (UUO) and 5/6 nephrectomy models, well-
established models of experimental CKD characterized
by interstitial fibrosis. The level of spermine and sper-
midine was downregulated in the obstructed kidney,
which could be explained by the reduction of ODC1
protein in UUO kidneys or TGF-β1-induced renal tu-
bular epithelial cells [134]. However, opposite changes
have been reported, with increased blood spermine and
spermidine in both 5/6 nephrectomy rats at 12-week and
UUO rats at 2-week [135, 136]. A recent study com-
prehensively tested the changes of polyamine in mice at
21 days of unilateral ischemia-reperfusion and showed
that in mice of renal injury, the blood levels of putrescine,
spermidine, and spermine were increased; the content of
putrescine and spermine in kidney tissue were decreased
and spermidine was increased; while the urinary poly-
amine did not significantly change [137]. We speculated
that there are several possible reasons why the afore-
mentioned studies have produced inconsistent results in
humans and mice. First, the etiology of CKD patients
observed in clinical studies has not been classified. Is
there any difference in polyamine metabolism among
patients with different etiologies of CKD? In terms of
animal model of renal fibrosis, UUO and 5/6 nephrec-
tomy mice only partially simulated the pathological
status of CKD patients, which may lead to differences.
Second, animal studies suggested that the increased level
of serum spermine and spermidine in CKD rats was
mainly related to gut microbial dysbiosis. The difference
in gut microbiota composition between rats and humans
or different stage of CKDmay explain the opposite result.
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The different species may not have the same pattern of
polyamine metabolism to resist disease. Third, differ-
ences in experimental methods can lead to different
results. However, more research may be needed to ex-
plore the changes of polyamine metabolism during CKD
development.

Although there is no evidence of the direct beneficial
effect of spermine or spermidine on renal fibrosis, several
studies have reported that polyamines have anti-fibrosis
and antiaging effects in various organs [138, 139]. Exog-
enous spermine supplementation could improve diabetic
myocardial fibrosis [140, 141]. Spermidine attenuated liver
fibrosis [142, 143] and pulmonary fibrosis in animal
models [58]. In vitro studies have demonstrated that de-
pletion of cellular polyamines by DFMO increased the
expression of TGF-β type I receptor [144] and activated
the TGF-β-Smad signaling pathway in intestinal epithelial
cells [145]. DFMO also aggravated TGF-β1-induced
transformation of kidney epithelial cells into a fibroblast
phenotype and the expression of mesenchymal markers,
whereas exogenous polyamine supplementation almost
completely abolished the combined effects of DFMO and
TGF-β1 [146]. The kidney is known to be a prime target
organ of hypertensive damage, and Frank Madeo has
demonstrated that spermidine supplementation amelio-
rated high salt-induced hypertension and inhibited renal
damage, including glomerulosclerosis, renal interstitial
fibrosis, and elevated urinary lipocalin-2 levels in Dahl rats
[59]. This team is also running a phase 3 clinical trial to
evaluate the effect of spermidine on hypertensive patients,
but this study is ongoing, and we look forward to their
findings. Notably, in the heart, ODC1 deficiency and oral
administration of DFMO significantly counteracted 5/
6 nephrectomy-induced polyamine accumulation in car-
diomyocytes and attenuated cardiac hypertrophy, while
addition of putrescine significantly aggravated CKD-
induced cardiac hypertrophy in vivo and in vitro [147].
This difference may be due to the different effects from
different polyamine metabolites. Further experiments are
needed to evaluate the protective effect and side effects of
polyamine metabolism on CKD.

Others
Focal segmental glomerulosclerosis, a type of ne-

phrotic syndrome, is poorly responsive to various
treatments. Tillmann Bork et al. have demonstrated
impaired autophagy and the reduction of ODC1 and
SRM in podocytes of focal segmental glomerulosclerosis
and revealed a positive feedback mechanism by which
spermidine-activated autophagy and autophagy itself
maintained polyamine metabolism [65]. Hence, sper-

midine supplementation provides a new perspective on
treating glomerular disease. Multiple comorbidities as-
sociated with immunosuppressive therapy, including
infections, osteoporosis, and cardiovascular and repro-
ductive effects, remain a concern. CKD patients are prone
to abnormal mineral bone metabolism, which leads to an
increased risk of osteoporosis and fragility fractures.
Warmth exposure promoted polyamine biosynthesis in
the microbiota, leading to higher levels of polyamines in
the body and preventing osteoporosis [148]. Exogenous
spermine and spermidine supplementation could protect
against osteoporosis by preventing bone loss, and its
mechanism is related to the disruption of differentiation
and maturation of osteoclasts [148, 149]. Vascular cal-
cification is a common vascular lesion in CKD patients,
which increases the risk of cardiovascular events and
mortality in patients with CKD. Spermidine treatment
significantly inhibited mineral deposition and osteogenic
differentiation to suppress vascular calcification in both
rat and human vascular smoothmuscle cells by regulating
SIRT1 signaling pathway [150]. Triptolide is widely used
in antitumor and immunosuppressive therapy, but the
severe testicular toxicity largely limits its clinical appli-
cation in humans. Exogenous spermine supplementation
ameliorated triptolide-induced testicular dysfunction.
The protective mechanism of spermine was due to in-
creasing the expression of heat shock protein 70 to im-
prove early and late spermatogenic events [151]. These
results suggest that polyamines can be used in combi-
nation with other drugs to reduce the toxic side effects.

Potential Limitations
Systemic application of polyamines in patients with

kidney disease could potentially be limited by adverse
effects. Attention should be paid to the dosage of spermine
or spermidine supplementation, as low doses can be
protective, but high concentrations of spermine are cy-
totoxic [20, 89]. Furthermore, screening patients with
kidney diseases for spermine or spermidine supplemen-
tation should be carefully performed. According to cur-
rent literature, patients with cancer, certain viral infec-
tions, pulmonary hypertension, and asthma should not
supplement spermine. There have been many reviews on
the close relationship between polyamines and cancer [18,
152, 153]; thus, extra attention needs to be paid to their
serious tumor-causing side effect. A diverse group of
viruses depend on polyamines for replication [154, 155].
Polyamine supplementation might worsen viral infection-
related clinical course and exacerbate kidney dysfunction
including SARS-CoV-2 (COVID-19) infection [156, 157].
However, spermine has also been reported to inhibit the
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replication of vesicular stomatitis virus, a negative single-
stranded RNA rhabdovirus, in Jurkat T cells [158]. When
we consider the use of exogenous polyamine supplemen-
tation, it is important to consider whether the patient has a
certain viral infection. Other aspects include that spermine
administration promoted pulmonary artery smooth muscle
cell proliferation and migration and aggravated vascular
remodeling in a rodent model of pulmonary arterial hy-
pertension [159, 160]; spermine promoted the survival and
activation of human eosinophils [161]; and knockout of
SAT1 or SMOX-induced polyamine accumulation pro-
duced asthma-like features in naive mice [162]. Therefore,
supplementation of spermidine or spermine in such pa-
tients should be carefully reviewed for potential adverse
effects.

Conclusions

As a global health problem, CKD has a devastating
effect on people’s health and life and puts a huge burden
on society. Targeting the universal polyamine system in
kidney diseases regardless of the divergent etiology and
pathogenesis offers a promising strategy because it can be
beneficial to the kidney by modulating multiple patho-
physiological processes likely through reducing inflam-
mation, stabilizing impaired mitochondrial homeostasis
and inhibiting oxidative stress, improving autophagy, and
protecting DNA, RNA, and proteins. However, there are
still unsolved risks and limitations in polyamine utility
due to adverse effects. The indications and contraindi-
cations for the treatment with spermine or spermidine
must be carefully defined in upcoming clinical trials. In

addition, the kidney is a heterogeneous organ composed
of more than 20 types of cells, including renal paren-
chymal cells, vascular cells, and circulating immune cells
involved in kidney pathogenesis. The effects of poly-
amines on the different cells may be different or even
opposite. Thus, specific target-oriented drug delivery
methods need to be considered, and the drug structure
should be optimized to enhance their efficacy and reduce
their toxicity. The suitability and corresponding mech-
anisms of polyamines and related enzymes for thera-
peutic intervention need to be further assessed. Overall,
the polyamine system has exciting potential as a thera-
peutic target that could offer multisystem protection to
improve outcomes for patients with kidney diseases.
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