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Abstract

Significance:Dimeric nicotinamide nucleotide transhydrogenase (NNT) is embedded in the mitochondrial inner
membrane and couples the conversion of NADP+/NADH into NADPH/NAD+ to mitochondrial matrix proton
influx. NNT was implied in various cancers, but its physiological role and regulation still remain incompletely
understood.
Recent Advances: NNT function was analyzed by studying: (1) NNT gene mutations in human (adrenal)
glucocorticoid deficiency 4 (GCCD4), (2) Nnt gene mutation in C57BL/6J mice, and (3) the effect of NNT
knockdown/overexpression in (cancer) cells. In these three models, altered NNT function induced both common
and differential aberrations.
Critical Issues: Information on NNT protein expression in GCCD4 patients is still scarce. Moreover, NNT
expression levels are tissue-specific in humans and mice and the functional consequences of NNT deficiency
strongly depend on experimental conditions. In addition, data from intact cells and isolated mitochondria are
often unsuited for direct comparison. This prevents a proper understanding of NNT-linked (patho)physiology in
GCCD4 patients, C57BL/6J mice, and cancer (cell) models, which complicates translational comparison.
Future Directions: Development of mice with conditional NNT deletion, cell-reprogramming-based adrenal
(organoid) models harboring specific NNTmutations, and/or NNT-specific chemical inhibitors/activators would
be useful. Moreover, live-cell analysis of NNT substrate levels and mitochondrial/cellular functioning with fluo-
rescent reporter molecules might provide novel insights into the conditions under which NNT is active and how
this activity links to other metabolic and signaling pathways. This would also allow a better dissection of local
signaling and/or compartment-specific (i.e., mitochondrial matrix, cytosol, nucleus) effects of NNT (dys)func-
tion in a cellular context. Antioxid. Redox Signal. 41, 927–956.

Keywords: NNT, mitochondria, bioenergetics, redox homeostasis, experimental models, cancer

Introduction

M itochondria, classically recognized as adenosine tri-
phosphate (ATP) producers, consist of a highly folded

mitochondrial inner membrane (MIM) and outer membrane
(MOM) that envelop an aqueous matrix compartment (Bulthuis

et al., 2023). These organelles display interlinked dynamic
changes in their morphology and function (“morphofunction”)
and also play crucial roles in cell physiological processes not
directly related to ATP generation (Weinberg et al., 2015;
Bulthuis et al., 2019). The latter includes reactive oxygen spe-
cies (ROS) production, calcium (Ca2+) homeostasis, apoptosis
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induction, and inflammatory responses. Therefore, it is not sur-
prising that mutations in mitochondrial protein-encoding genes,
as well as other external factors inducing mitochondrial dys-
function, are linked to both (rare) mitochondrial disorders and
more common human pathologies, including diabetes, neurode-
generation, and Parkinson’s disease (Koopman et al., 2012;
Janssen Daalen et al., 2023). With the aim to complement other
works (Vercesi et al., 2018; Nesci et al., 2020; Francisco et al.,
2022; Regan et al., 2022; Grayson and Mailloux, 2023), we
here review the current knowledge regarding the nicotinamide
nucleotide transhydrogenase (NNT). This MIM-embedded pyr-
idine nucleotide transhydrogenase connects mitochondrial
energy metabolism and redox homeostasis (e.g., Danielson and
Ernster, 1963; Kampjut and Sazanov, 2019). Detailed descrip-
tions of the NNT atomic structure and molecular mechanism
are provided elsewhere (Chen and Guillory, 1984; Persson
et al., 1987; White et al., 2000; Cotton et al., 2001; Jackson,
2012; Leung et al., 2015; Metherell et al., 2016; Kampjut and
Sazanov, 2019). Here, we first present a short primer regarding
mitochondrial energy and ROS homeostasis (see sections
“Mitochondrial bioenergetics” and “Role of mitochondria in
ROS homeostasis”), followed by an overview of NNT gene/
protein structure, function, and regulation (see section “The
mitochondrial nicotinamide nucleotide transhydrogenase”).
Next, we review NNT mutations and their consequences in
human patients (see section “NNT gene mutations and disease
in humans”), as well as the impact of Nnt gene mutation in
C57BL/6J mice (see section “Impact of Nnt gene mutations in
C57BL/6J mice”). Then we discuss the results of NNT func-
tional analyses in cell and other models (see section “Analysis
of NNT function in other models”). In the context of the above,
we present the current state-of-the-art regarding the role of
NNT in various forms of cancer (see section “Role of NNT in
cancer cells”).

Mitochondrial bioenergetics

Glucose generally represents the initial substrate for mito-
chondrial ATP generation (Fig. 1A). Following entry into
the cell via glucose transporters, glucose feeds into the gly-
colysis pathway to generate ATP and reduced nicotinamide
adenine dinucleotide (NADH) and pyruvate. Other monosac-
charides such as galactose and fructose also can be glycolyti-
cally converted into pyruvate. In case of galactose, this
conversion requires the Leloir pathway (Holden et al., 2003)
and occurs at a lower rate relative to glucose (Iannetti et al.,
2018). Importantly, glycolysis interfaces with other meta-
bolic pathways, including amino acid metabolism and redox
homeostasis (via the pentose phosphate pathway; PPP). When
glycolysis is highly active, for instance, during mitochondrial
dysfunction and/or high cellular proliferation rates, excess
amounts of pyruvate can be converted into lactate, which is
then transported out of the cell, potentially acidifying the
extracellular environment (Fig. 1A). Normally, the majority of
pyruvate enters mitochondria (Fig. 1B), where it is converted
into acetyl coenzyme A (AcCoA) to fuel ATP production by
the integrated action of the tricarboxylic acid (TCA) cycle
(Fig. 1C) and the oxidative phosphorylation (OXPHOS) sys-
tem (Fig. 1D). The conversion of pyruvate into AcCoA by
pyruvate dehydrogenase (PDH) is irreversible and therefore
carbohydrates can be converted into fats but not vice versa
(Frayn and Evans, 2019). Depending on the cell type and/or

(patho)physiological condition, ATP also can be (co)produced
from alternative substrates such as glutamine and fatty acids
(FAs) entering the TCA cycle (Fig. 1C; Goodpaster and
Sparks, 2017). Mitochondrial ATP production is sustained by
the action of the electron transport chain (ETC), which is
embedded in the MIM (Fig. 1D). The ETC consists of four
complexes (CI–CIV), which abstract electrons from NADH
(generating NAD+ at CI) and succinate (generating reduced
flavin adenine dinucleotide at CII). These electrons are subse-
quently transported to CIII (mediated by coenzyme Q10;
CoQ10) and to CIV (mediated by cytochrome-c; CYTC). At
CIV, electrons are donated to oxygen (O2)-inducing formation
of water (H2O). Energy generated during electron transport is
utilized to expel protons (H+) from the mitochondrial matrix
across the MIM (at CI, CIII, and CIV). As a consequence, the
matrix becomes more alkaline, leading to a trans-MIM pH dif-
ference (DpH), and an inside-negative trans-MIM membrane
potential (Dw). Together, Dw and DpH sustain a matrix-
directed proton-motive force (PMF). The latter is utilized by
the fifth complex (CV or FoF1-ATPase), which mediates the
controlled backflow of H+ into the mitochondrial matrix, to
generate ATP from adenosine diphosphate (ADP) and inor-
ganic phosphate (Pi; Mitchell and Moyle, 1967). Together, the
ETC and CV constitute the mitochondrial OXPHOS system
(Fig. 1D). Electrons can also enter the ETC via alternative
pathways, often in a tissue-specific manner. Examples of such
pathways are the electron donation to CoQ10 by glycerol-3-
phosphate (G3P) dehydrogenase (GPDH), dihydroorotate
dehydrogenase (DHODH), and the electron-transferring fla-
voprotein (ETF)-ubiquinone oxidoreductase (ETFQO; a.k.a
ETFDH; Koopman et al., 2010). Cellular ATP generation is
highly flexible and can rapidly switch from mitochondrial
OXPHOS- to glycolysis-mediated ATP production when the
former pathway is impaired (Liemburg-Apers et al., 2015;
Liemburg-Apers et al., 2016; Bulthuis et al., 2022). In addi-
tion to ATP generation, ETC action also sustains virtually all
other mitochondrial functions, including preprotein import
(Fig. 1E) and metabolite/ion exchange (Fig. 1B, F). These
functions are discussed in detail elsewhere (e.g., Koopman
et al., 2010; Bulthuis et al., 2019; Szabo and Szewczyk,
2023).

Role of mitochondria in ROS homeostasis

Importantly, mitochondria can produce ROS as by-
products of ETC action (Fig. 1G), in particular during patho-
logical conditions (Chenna et al., 2022). Using chemical
inhibitors, 12 mitochondrial production sites of the ROS
hydrogen peroxide (H2O2) were highlighted (Grayson and
Mailloux, 2023): a-ketoglutarate (oxoglutarate) dehydrogenase
(a-KGDH; a.k.a. 2-oxoglutarate dehydrogenase complex com-
ponent E1 [OGHD]), branched chain ketoacid dehydrogenase,
CI (2 sites), CII, CIII, DHODH, ETFQO, oxoadipate dehy-
drogenase, PDH, proline dehydrogenase, and sn-GPDH. A
detailed overview of the applied inhibitors and experimental
conditions is provided in the original study (Grayson and
Mailloux, 2023). H2O2 and other ROS can act as messenger
molecules in physiological cell control and/or induction of
antioxidant signaling (Willems et al., 2015; Sieprath et al.,
2016; Teixeira et al., 2021). However, when ROS levels
become too high, they induce oxidative stress through damag-
ing biomolecules and/or altering redox homeostasis (Halliwell
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FIG. 1. Integration of mitochondrial NNT function in cellular energy metabolism and redox homeostasis. Different
aspects of integrated cellular energy and ROS/redox metabolism are highlighted (see main text for details). The MOM and
IMS are omitted for visualization purposes. Specific parts of this system are indicated: (A) Cellular metabolite entry and
glycolysis, (B) mitochondrial metabolite exchange, (C) TCA cycle-linked systems, (D) OXPHOS system, (E) OXPHOS-
linked ATP/ADP/Pi exchange, uncoupling proteins, and preprotein import, (F) mitochondrial ion exchange, (G) ROS/redox
metabolism, (H) SIRT-mediated protein deacetylation. This figure was compiled from (Huang et al., 2006; Koopman et al.,
2010; Monné et al., 2013; Krengel and Törnroth-Horsefield, 2015; Ronchi et al., 2016; Scalise et al., 2016; Sieprath et al.,
2016; van de Ven et al., 2017; Console et al., 2020; Nesci et al., 2020; Xiao and Loscalzo, 2020; Yoo et al., 2020; Chenna
et al., 2022; Qu et al., 2021). ATP/ADP/Pi, adenosine triphosphate/adenosine diphosphate/inorganic phosphate; IMS, inter-
membrane space; MOM, mitochondrial outer membrane; NNT, nicotinamide nucleotide transhydrogenase; OXPHOS, oxida-
tive phosphorylation; ROS, reactive oxygen species; SIRT, sirtuin; TCA, tricarboxylic acid.
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and Gutteridge, 2015). Under nonpathological conditions,
mitochondrial oxidative stress is effectively antagonized by
various interlocking antioxidant systems (Fig. 1G). These
include manganese superoxide dismutase (MnSOD a.k.a.
SOD2), glutathione reductase (GR), glutathione peroxidases
(GPXs), peroxiredoxins (PRDXs), and thioredoxin reductases
(TRXRs). Importantly, the reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH) functionally sustains several
of the above-mentioned systems (Fig. 1G) and is (co)generated
by NNT.

The Mitochondrial NNT

The NNT/Nnt gene

In humans (Homo sapiens) and mice (Mus musculus), the
genetic information for the NNT protein is localized on the
NNT gene (chromosome 5p12) and Nnt gene (chromosome
13D2), respectively. Both genes encode 22 exons, which con-
tain a mitochondrial targeting sequence (MTS) and three
NNT functional domains (Fig. 2). Domain I (dI) mediates the
binding of NADH and NAD+ in the mitochondrial matrix,
domain II (dII) is the trans-MIM domain, and domain III
(dIII) mediates the matrix binding of NADPH and NADP+.
In human and mouse, NNT/Nnt expression (mRNA levels)
greatly differs between tissues (Fig. 3A, B). Integrating this
information with data on CYTC levels in mouse tissues
(Pagliarini et al., 2008) revealed a linear correlation with Nnt
mRNA expression, in particular for the spleen, lung, placenta,
liver, kidney, and heart (Fig. 3C). This suggests that Nnt
expression levels scale with mitochondrial abundance/mass
in these tissues.

The NNT protein

In humans (Q13423; UniProt; www.uniprot.org), mice
(Q61941), and sheep (Ovis aries; W5PFI3), transcription of
the NNT/Nnt gene yields a full-length NNT preprotein of
1086 amino acids (Fig. 4) The MTS (amino acids 1 to 43) of
this preprotein is cleaved off after mitochondrial import,
yielding a mature protein with a length of 1043 amino acids
and a predicted molecular weight (MW) of *109-kDa.
Phospholipids stimulate the function of NNT (Rydström
et al., 1976), which is catalytically active as a homodimer
(Ormö et al., 1992; Kampjut and Sazanov, 2019). Although
its exact dimerization mechanism is unknown, evidence in
the bacterium Rhodospirillum rubrum suggests that tyrosine
146 in the NADH-binding (dI) part of NNT (i.e., Y189 in
the preprotein; Fig. 4) is important for dimer formation
(Obiozo et al., 2007). Compatible with its catalytic function
(see section “NNT function and redox homeostasis”), the
binding sites for NADH/NAD+, NADPH/NADP+, and H+

are highly conserved within the NNT dimer (Fig. 5). The
NNT protein was readily detectable by Western blotting and
widely expressed in C3H/HeJ mouse tissues (Ripoll et al.,
2012). In this animal model, NNT protein levels increased in
the following order: brain < kidney < lung < heart = skeletal
muscle < liver < pancreas < bone marrow < spleen. This
order does not fully correlate with NNT gene expression data
(Fig. 3), compatible with the lack of correlation between
NNT mRNA levels and NNT protein levels/activity in NNT-
mutated patient cells (Francisco et al., 2024). Western blot
tissue analysis of mice heterozygous for the wild-type (WT)

Nnt allele (B6J-NntW/T mice) demonstrated that NNT protein
levels were below or very close to the detection limit in skel-
etal muscle, lung, spleen, cortex, cerebellum, and brain stem
(Kim et al., 2010). The latter study also reported that NNT
protein levels increased in the following order: lung = skele-
tal muscle < liver < kidney � heart, suggesting that the rela-
tive NNT protein level in tissues might (co)depend on the
used mouse strain, physiological state, and/or experimental
condition.

Post-translational modification of NNT

Analysis of the human and mouse protein sequence (Fig. 4
and Table 2) predicted various lysine post-translational modi-
fications (PTMs). These consisted of two N6-acetyl-lysine
positions (K70, K397) and five N6-succinyl-lysine positions
(K117, K224, K294, K331, K1079). Similarly, experimental
data from the Protein Lysine Modification Database (PLMD
3.0; http://plmd.biocuckoo.org/; Xu et al., 2017) also high-
lighted NNT lysine modifications (Table 2). The latter pri-
marily consisted of acetylation and succinylation, but also
included malonylation and ubiquitination. In the mature pro-
tein (i.e., after MTS cleavage), all lysine modification sites
were located within the matrix-protruding domains of NNT,
rendering them accessible for potential PTM from within the
mitochondrial matrix (Fig. 4). Acetylation, succinylation, and
malonylation represent different types of acyl modifications
that, in mitochondria, appear to be primarily driven by nonen-
zymatic mechanisms. This means that any unmodified lysine
residue can react with acyl-CoA (variants) in the mitochon-
drial matrix in a concentration-dependent manner (Carrico
et al., 2018). In the latter compartment, the reversal of these
modifications (deacylation) is mediated by deacylases (sir-
tuins), in particular via SIRT3, SIRT4, and SIRT5. Interest-
ingly, sirtuins are NAD+-dependent enzymes (Fig. 1H;
Guarente, 2011; van de Ven et al., 2017; Lin et al., 2018).
This suggests the possibility that NNT and SIRTs constitute a
homeostatic regulatory circuit, in which NNT regulates
(local) NAD+ levels and hence SIRT activity, whereas SIRTs
regulate NNT-acetylation levels and thereby NNT activity.
Supporting this idea, acetylome peptide microarray analysis
demonstrated that SIRT4 displayed NAD+-dependent deace-
tylation activity for NNT at K397 (Rauh et al., 2013). In addi-
tion to this autoregulatory mechanism, NNT-mediated
modulation of (local) NAD+ levels could affect various mito-
chondrial stress responses (https://haigis.hms.harvard.edu/
mitochondrial-sirtuin-network; Yang et al., 2016). These
involve the following (van de Ven et al., 2017): SIRT3
(impacting on ROS homeostasis, TCA cycle, OXPHOS, FA
metabolism, amino acid metabolism, and ketone body metab-
olism), SIRT4 (urea cycle, mitochondrial unfolded protein
response, mtDNA function, mitochondrial translation, and
mitochondrial transporters), and SIRT5 (ROS homeostasis,
TCA cycle, FA metabolism, and urea cycle). Analysis of sub-
mitochondrial particles suggested that NNT can also be oxi-
datively modified, and that endogenous ubiquinol might play
a protective role in this process (Forsmark-Andrée et al.,
1996). Moreover, it was reported that the NNT protein iso-
lated from human heart mitochondria displayed 2,4-dinitro-
phenylhydrazine-related carbonylation, both during normal
and pathophysiological conditions (Sheeran et al., 2010).
Recently, ubiquitin-specific peptidase 47, a deubiquitinase,
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was proposed as an NNT regulator (Li et al., 2023). Cancer-
related PTMs of NNT are discussed below (see section “Role
of NNT in cancer cells”).

NNT function and redox homeostasis

Biochemically, NNT (EC 7.1.1.1) couples the conversion
of (NADH + NADP+) into (NAD+ + NADPH) within the
mitochondrial matrix to H+ influx from the mitochondrial

intermembrane space (IMS) into this matrix (Rydstrom,
2006; Fig. 1G):

Hþ
IMS þNADHmatrix þNADPþ

matrix ⇄ Hþ
matrix þNADþ

matrix

þNADPHmatrix (Eq. I)

NNT transfers electrons from NADH (yielding NAD+) to
NADP+ (yielding NADPH) using the PMF as a driving force
(Murphy, 2015; Vercesi et al., 2018). Since the PMF in

FIG. 2. Human NNT gene structure and pathogenic mutations. NNT gene structure highlighting its 22 exons, N/C
termini in the derived protein, mitochondrial targeting sequence (MTS), the three functional domains (dI, dII, dIII), and
the missing exons in C57BL/6J mice. Pathogenic gene mutations are highlighted by vertical lines (Table 1). See main
text for details.

FIG. 3. NNT and Nnt gene expression in various tissues (A) NNT gene expression data (RNA-seq) in various
human tissue samples from 95 individuals (www.ncbi.nlm.nih.gov/gene/23530). (B) Similar to panel A, but now for
Nnt gene expression in various mouse tissues (www.ncbi.nlm.nih.gov/gene/18115). (C) Comparison of mouse tissue
mitochondrial content (x-axis), expressed as cytochrome-c (CYTC) level in ng/mg tissue lysate (Pagliarini et al., 2008),
and Nnt expression (y-axis; data taken from panel B). The thick line was manually drawn. Tissues in which Nnt expres-
sion was apparently not proportional to mitochondrial content are highlighted (oval).

NNT FUNCTION AND REGULATION 931
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energized mitochondria is high, NNT-mediated NADPH
production is favored, meaning that NNT is a key antioxida-
tive enzyme (Rydstrom, 2006; Nickel et al., 2015). In this
sense, the PMF allows maintaining the difference in redox
state between the mitochondrial NADP+/NADPH and
NAD+/NADH pools, although these have identical midpoint
potentials (Rydstrom, 2006; Graf et al., 2021). The different
redox states are directly linked to the biological roles of both
pools (Murphy, 2015): (1) the mitochondrial NAD+/NADH
pool mainly serves to transport electrons from substrates to
the ETC (Fig. 1D) and (2) the mitochondrial NADP+/
NADPH pool delivers electrons to GR and thioreductases
(e.g., TRXR2), thereby maintaining a high glutathione/oxi-
dized glutathione (GSH/GSSG) ratio and reduced thioreduc-
tase levels (Fig. 1G; Murphy, 2012). As a consequence
(Murphy, 2015), the mitochondrial NADP+/NADPH pool is
significantly more reduced (i.e., its oxidation–reduction
potential Eh equals � -0.415V) than the NAD+/NADH pool
(Eh � -0.300V). Understanding NNT function and regula-
tion requires quantitative information on the free concentra-
tions of NADH, NAD+, NADPH, and NADP+ in the
mitochondrial matrix. However, experimental quantification
of these concentrations is challenging (e.g., Sies et al.,
2017). For instance, NADH, NAD+, NADPH, and NADP+

concentrations are not static but may change as a function of
mitochondrial redox and metabolic state, especially during
mitochondrial activation and/or pathological conditions. In
addition, within cells these molecules are predominantly
protein-bound (Xiao et al., 2018) and, in case of NADH and
NADPH, their bound fractions apparently differ between tis-
sues (Blacker et al., 2014). To complicate matters further,
recent evidence suggests that the mitochondrial matrix fluid
displays macromolecular crowding (Bulthuis et al., 2023),

which may affect the (local) free concentration of NNT sub-
strates. Analysis of total (i.e., free + bound) metabolite con-
centrations in HeLa cells delivered estimated matrix
concentrations for NADH (*8 mM), NAD+ (*850 mM),
and NADP+ (*35 mM; Chen et al., 2016)). Although total
NADPH levels were not reported in the latter study, applica-
tion of the NADPH-detecting fluorescent sensor iNap3
reported a matrix-free NADPH concentration of *37 mM
(Tao et al., 2017). The MIM is impermeable to NAD+,
NADH, NADPH, and NADP+, requiring shuttle and trans-
porter systems for their bidirectional transport (Xiao et al.,
2018). In the case of mitochondrial [NADPH], evidence was
provided that changes in this concentration are not paralleled
by changes in cytosolic [NADPH] and vice versa (Niu et al.,
2023). This physical and functional separation between
NADPH pools is compatible with the fact that mitochondrial
NADPH is not provided by the PPP (Fig. 1A), but instead
generated by mitochondrial isocitrate dehydrogenase 1
(IDH1) and 2 (IDH2), malic enzyme 3 (ME3), mitochondrial
10-formyltetrahydrofolate dehydrogenase, and, more promi-
nently, by NNT (Schiaffino et al., 2015; Vercesi et al., 2018;
Kampjut and Sazanov 2019; Francisco et al., 2022). In this
way, when mitochondrial ROS production is favored (i.e.,
under conditions of high mitochondrial activity, high mito-
chondrial [NADH], and a highly negative Dw) also mito-
chondrial [NADPH] is increased by increased NNT action.
This provides a mechanism that allows a better ROS removal
under conditions of increased ROS production (Vercesi
et al., 2018). The importance of NNT in this process is illus-
trated by the fact that: (1) the rate of mitochondrial NADPH-
dependent H2O2 removal is greatly reduced in the absence of
NNT activity (e.g., Yin et al., 2012; Fisher-Wellman et al.,
2016; Busanello et al., 2018; Francisco et al., 2018) and (2)

Table 1. Pathogenic Nicotinamide Nucleotide Transhydrogenase Gene Mutations

ClinVar
accession

Mutation

cDNA Protein Reference

265844 c.211C>T p.Arg(R)71Ter (intron variant, nonsense) Novoselova et al., 2015; Roucher-Boulez et al.,
2016

265843 c.385C>T p.Arg(R)129Ter (5¢ UTR variant, nonsense) Roucher-Boulez et al., 2016
265842 c.598G>A p.Gly(G)200Ser(S) Weinberg-Shukron et al., 2015
35539 c.600-601delG Mutation at splice junction of intron 4 and exon5:

(p.Tyr(Y)201Phefs*2
Meimaridou et al., 2012

265839 c.644T>C p.Phe(F)215Ser(S) (missense) Yamaguchi et al., 2013; Fujisawa et al., 2015
1705295 c.1089del p.Leu(L)362Tyr(Y)363InsTer (nonsense) X
35541 c.1107_1110del p.Thr(T)369His(H)370InsTer (frameshift) Meimaridou et al., 2012
265840 c.1163A>C p.Tyr(Y)388Ser(S) (missense) Hershkovitz et al., 2015
218365 c.1259dupG p.His(H)421Ser(S)fs*4 (frameshift) Jazayeri et al., 2015
2112825 c.1356_1357del p.Lys(K)453fs (frameshift) Meimaridou et al., 2012

Novoselova et al., 2015
35538 c.1598C>T p.Ala(A)533Val(V) (missense) Meimaridou et al., 2012
1119993 c.2274del p.Ile(I)758fs (frameshift) X
1705519 c.2635-1G>T Splice acceptor variant X
35540 c.2930T>C p.Leu(L)977Pro(P) (missense) Meimaridou et al, 2012
35543 c.3022G>C p.Ala(A)1008Pro(P) (missense) Meimaridou et al., 2012
265841 c.(-54 + 1_-53–1)_(381 + 1_382-1)

del (*)
Exon 2 and 3 deletions Roucher-Boulez et al., 2016

35542 c.3027T>G p.Asn(N)1009Lys(K) (missense) Meimaridou et al., 2012

Compiled using the ClinVar (www.ncbi.nlm.nih.gov/clinvar), OMIM (www.omim.org), and GeneCards (www.genecards.org) databases:
only mutations from ClinVar currently classified as “pathogenic” and some to be classified as “likely pathogenic” were included. Protein
indicates the protein including the mitochondrial targeting sequence (MTS; Fig. 2). Clinically, all mutations were associated with glucocorti-
coid deficiency 4, with or without mineralocorticoid deficiency (GCCD4; OMIM 614736). X, no reference available (ClinVar).
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NNT becomes the unique source of NADPH when the TCA
cycle flux (including IDH2 flux) is inhibited during anoxia-
like conditions (Ronchi et al., 2013; Ronchi et al., 2016).

NNT reverse-mode action

NNT can also operate in reverse. This is associated with
NNT-mediated H+ efflux from the mitochondrial matrix,
NADH + NADP+ production, and NADPH + NAD+ con-
sumption (Eq. I). NNT reverse-mode action was induced by
a pathological workload increase in cardiac mitochondria
during heart failure (HF), leading to increased NADH fuel-
ing of CI-linked ATP generation and a reduced NADPH-
linked antioxidative capacity (Nickel et al., 2015). In
contrast, when NNT was absent (i.e., in C57BL/6J mice; see
section “Impact of Nnt gene knockout in C57BL/6J mice”),
the NADP/NADPH pool was maintained, and less oxidative
damage was observed (Nickel et al., 2015). This strongly

suggests that NNT in the heart can functionally switch from
an antioxidant role (physiological workload) to a pro-oxidant
role (pathological workload). NNT activity (measured in
reverse mode) was 18% reduced in heart tissue biopsies
from patients with end-stage chronic HF relative to nonfail-
ing (NF) donor hearts (Sheeran et al., 2010), whereas NNT
mRNA and protein levels were similar between HF and NF
samples. HF tissues displayed lower total GSH (GSH+GSSG)
amount, reduced GSH levels, and increased GSSG levels. GR
activity, total NADPH content, total NADP+ content, and
NADPH/NADP+ ratio were lower in HF than in NF samples.
It was proposed that NNT function is impaired, potentially by
oxidative damage, during severe HF in the mitochondrion-
dense myocardium. This impairment was proposed to hamper
the defense capacity of this tissue against oxidative insults
(Sheeran et al., 2010). Compatible with this idea is the obser-
vation that mitochondrial ROS release was reduced in
C57BL/6J relative to C57BL/6N (Nnt+/+) mice, during the

FIG. 4. NNT protein sequence, pathogenic mutations, and lysine modifications. NNT preprotein sequences for
Mus musculus (Mouse; Q61941), Homo Sapiens (Human; Q13423), and Ovis aries (Sheep; W5PFI3) obtained from
UniProt (www.uniprot.org). Sequences were aligned using EMBL-EBI tools (www.ebi.ac.uk) and visualized by Mview
software (version 1.63; https://desmid.github.io/mview/). The percentage identity (PID) with the mouse sequence
equaled 93.1% (human) and 93.5% (sheep). Pathogenic mutations in humans (red spheres; Table 1) and (predicted)
lysine post-translational modifications (red asterisks; Table 2) are highlighted. This figure was compiled from (Huang
et al., 2006; Meimaridou et al., 2013; Bainbridge et al., 2015; Roucher-Boulez et al., 2016).

NNT FUNCTION AND REGULATION 933
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transition of maladaptive right ventricular remodeling to right
HF upon pressure overload (M€uller et al., 2022). Analysis of
pancreatic islets from C57BL/6J and C57BL/6N mice pro-
vided evidence that glucose treatment acutely increased the
mitochondrial NADPH/NADP+ ratio in an NNT-dependent
manner (Santos et al., 2017). These phenomena were paral-
leled by a decreased NNT-dependent mitochondrial GSH oxi-
dation, whereas cytosolic GSH oxidation was not greatly
affected. Interestingly, this study implied the involvement of
NNT reverse-mode action in the underlying mechanism, with
NNT-mediated NADPH consumption being activated rather
than NADPH production (forward mode). Comparative analy-
sis of a control and cystic fibrosis (CF) cell model (human
bronchial epithelial cell lines), revealed that higher NNT pro-
tein levels were paralleled by a lower NNT activity in CF
cells, and that NNT runs in reverse mode in these cells (Favia
and Atlante, 2021). Experiments with the E. coli transhydro-
genase (EcTH) protein, reconstituted together with the E. coli
FoF1-ATPase (CV) in liposomes, highlighted that NADPH-
driven H+-transport by reverse-mode EcTH action suffices to
fuel ATP synthesis (Graf et al., 2021). Although the above
insights on NNT reverse-mode action are highly relevant,
understanding the NNT reverse-mode mechanism requires
further study, for instance, in mice with conditional NNT dele-
tion (Murphy, 2015) and/or other in vitro cell models.

Functional links between NNT and mitochondrial function

Under physiological conditions, NNT operates in the for-
ward mode, in which the NNT-mediated consumption of
NADH + NADP+ and production of NAD+ + NADPH is
part of a PMF-dependent homeostatic mechanism (see sec-
tion “NNT function and redox homeostasis”). In this sense, a
negative Dw can stimulate NNT activity, leading to
increased mitochondrial NADPH formation, thereby enhanc-
ing mitochondrial antioxidant and reductase capabilities
(Vercesi et al., 2018). In addition to PTM-linked mechanisms
(see section “Post-translational modification of NNT”), NNT
function also can (potentially) be regulated in other ways
(Fig. 1) by the following: (1) (reversible?) formation of
(active) NNT dimers from NNT monomers, (2) modulation
of the PMF (i.e., Dw, DpH), and (3) modulation of NNT sub-
strate levels (NADH, NADP+, NAD+, NADPH). When in
forward mode, NNT-mediated (NAD+ + NADPH) generation
consumes (NADH + NADP+) and dissipates the PMF. Since
both NADH (CI substrate) and the PMF are required for
proper ETC functioning, it is expected that an altered NNT
activity alters ETC function. As a consequence, this would

affect ETC-linked ATP generation by CV, as well as various
other Dw- or DpH-dependent mitochondrial processes. This
suggests that changes in NNT activity, for example, could
affect mitochondrial redox homeostasis, protein import, and
the exchange of metabolites/ions between the cytosol and
mitochondrial matrix (Fig. 1B–E, G). More directly, altered
NNT function likely affects (local) NAD+, NADH, NADP+,
and NADPH concentrations, thereby potentially altering
(local) redox signaling (e.g., Ying, 2008; Xiao et al., 2018;
Yang et al., 2022). In this context, excessive levels of
NADH, NADPH, and GSH induce “reductive stress,” which
can be equally harmful as oxidative stress (Xiao and
Loscalzo, 2020; Yang et al., 2022). Functional cell/mitochon-
drial states that induce reductive stress by increasing the
NADH/NAD+ ratio include the use of CI exogenous sub-
strates (e.g., glutamate, malate [MAL]), hypoxia, NNT
reverse-mode action, NNT inactivation (e.g., loss-of-function
mutations), and reverse-electron transfer (RET) to CI (e.g.,
during ischemia-reperfusion). Reductive stress resulting from
high NADH is also associated with elevated ROS production
under ambient O2 tensions (Xiao and Loscalzo, 2020). This
occurs, for instance, via CI-mediated RET (Chenna et al.,
2022) and by NADH-stimulated H2O2 formation by the TCA
cycle enzyme a-KGDH (Tretter and Adam-Vizi, 2004).
Regarding H2O2-linked ROS signaling, NNT was capable of
sustaining NADPH-dependent H2O2 removal in intact skele-
tal muscle mitochondria (Figueira et al., 2021), and it was
proposed that the CoQ10 pool and NNT action play a control-
ling role by affecting the rates of H2O2 production and degra-
dation (Grayson & Mailloux, 2023). Mitochondria can take
up Ca2+ from the cytosol via various mechanisms (Szabo and
Szewczyk, 2023). When matrix Ca2+ levels become too high,
the mitochondrial permeability transition pore (mPTP) is
opened. Reversible (low conductance) “flickering” of the
mPTP mediates the passage of Ca2+, ROS, and H+ downward
of their concentration gradients. Extensive mPTP opening
induces lasting Dw depolarization, inhibition of ETC electron
transport, loss of ATP, increased ROS generation, and mito-
chondrial swelling/rupture (Flores-Romero et al., 2023).
NADP(H) redox changes are linked to mitochondrial Ca2+

release and mPTP opening (Vercesi et al., 2018), and NNT
deficiency impairs mitochondrial redox homeostasis in such a
way that Ca2+-induced mPTP opening is facilitated (reviewed
in Busanello et al., 2018). For instance, liver and heart mito-
chondria of C57BL/6J (Nnt-/-) mice displayed increased
ROS levels and a higher susceptibility to mPTP activation
than C57BL/6JUnib (Nnt+/+) mice (Salerno et al., 2019). Of
note, increased ROS levels in Nnt-/- mice appear to be

�
FIG. 5. Evolutionary conservation of NNT amino acids. (A) Evolutionary conservation of the Ovis aries (sheep)
NNT amino acid sequence (6QTI; www.rcsb.org) computed using the ConSurf server applying default settings (con-
surf.tau.ac.il; Ashkenazy et al., 2016). The extent of conservation (“ConSurf Grade”) is color coded from blue (low
conservation grade) to purple (high conservation grade). Amino acids for which insufficient data were available
(marked yellow in panels B–F) were omitted. Functional NNT domains (defined using data from www.rcsb.org and
Kampjut and Sazanov, 2019) are highlighted. (B) Visualization (front view) of amino acid conservation highlighted in
one of the NNT monomers of the sheep NNT dimer. Sites for NAD+ binding and proton translocated are indicated. (C)
Same as panel B, but now depicting a 1808 clockwise rotated version (along the vertical axis) of the dimer. The site for
NADP+ binding is indicated. (D) Same as panel B, but now depicting a 908 clockwise rotated version (along the verti-
cal axis) of the NNT monomer. (E) Top view of panel B (marked “a”), highlighting the NAD+ binding site. (F) Bottom
view of panel B (marked “b”), highlighting the proton (H+) entry site. NAD+, oxidized form of nicotinamide adenine
dinucleotide; NADP+, oxidized form of nicotinamide adenine dinucleotide phosphate.
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particularly relevant during metabolic stress conditions [e.g.,
in the presence of an additional low-density lipoprotein recep-
tor mutation; (Salerno et al., 2019), or when receiving a high-
fat diet (HFD; Navarro et al., 2017)].

NNT inhibitors

The availability of a specific and direct NNT-binding
inhibitor would greatly facilitate functional studies. For
example, palmityl-coenzyme A (palm-CoA; a.k.a. palmitoyl-
coenzyme A) inhibited NNT function by competing with
NADP+ (Rydström, 1972) and was applied in later studies as
an NNT inhibitor (e.g., Lopert and Patel, 2014; Sharaf et al.,
2017; Allouche et al., 2021). Unfortunately, palm-CoA also
can inhibit the mitochondrial adenine nucleotide transloca-
tor, thereby directly affecting mitochondrial ATP/ADP
exchange and bioenergetics (Ciapaite et al., 2006). Other
presumed inhibitors also displayed effects not attributable to
direct NNT inhibition. These included mitochondrial uncou-
pling, Dw dissipation, stimulation of mitochondrial O2 con-
sumption, reduction of cell viability, and mPTP closure
(Eriksson et al., 1998; Bicego et al., 2020). Taken together,
we conclude that specific and directly NNT-binding inhibi-
tors are currently lacking. However, in silico analysis of the
NNT structure might prove useful in the discovery of such
inhibitors (Kampjut and Sazanov, 2019).

NNT Gene Mutations and Disease in Humans

Pathogenic mutations in the human NNT gene (OMIM
607878; chromosome 5p12; Fig. 2) have been historically
described in patients with unexplained glucocorticoid defi-
ciency (GCCD) with or without mineralocorticoid deficiency
(OMIM 614736; Table 1), originally classified as a member
of the family of hereditary GCCD. GCCDs consist of typical
adrenocorticotropic hormone (ACTH) resistance syndromes:
(1) GCCD1 type 1 (mutations in the melanocortin 2 receptor
[MCR2], a.k.a. adrenocorticotropic hormone receptor
[ACTHR]), (2) GCCD2 (mutations in the melanocortin 2
receptor accessory protein [MRAP]), and (3) GCCD3
(other). All of these mutations induce dysfunction of the
ACTH receptor, which impairs ACTH-induced stimulation
of cortisol production in the adrenal cortex (zona fascicu-
lata). However, in these forms of adrenal insufficiency, the
renin–angiotensin–aldosterone system is still intact, allowing
normal adrenal (zona glomerulosa) function, and no minera-
locorticoid deficiency is observed. As a consequence,
GCCD1, GCCD2, and GCCD3 display a selective GCCD
with increased blood ACTH concentrations, which was pre-
viously classified as familial glucocorticoid deficiency
(FGD). When left untreated, FGD is life-threatening due to
the lack of cortisol and clinical features appear within the
first months after birth (i.e., failure to thrive, recurrent ill-
nesses or infections, hypoglycemia, convulsions, shock;
Meimaridou et al., 2012; Meimaridou et al., 2013; Yamagu-
chi et al., 2013; Fujisawa et al., 2015; Metherell et al., 2016;
Roucher-Boulez et al., 2016; Krasovec et al., 2022; Li et al.,
2022; Pons Fernández et al., 2024). Historically, NNT muta-
tions were classified as GCCD4 because they were associ-
ated with high blood ACTH levels and cortisol deficiency.
However, the underlying mechanism is completely different
from the other three GCCDs (see section “Effect of NNT
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mutations on adrenal function”), and GCCD4 is character-
ized by deficient mineralocorticoid production and a short-
age of cortisol and aldosterone. NNT mutations account for
<10% of the identified FGD cases where mutations in MCR2
and MRAP were not observed (Maharaj et al., 2019). Analy-
sis of a cohort of 23 patients with NNT-linked FGD demon-
strated a median age of onset of 12 months (range: 3 days–
39 months; Jazayeri et al., 2015). This study further reported
no difference in age of disease onset between truncating and
nontruncating NNT mutations. In contrast to the typical
FGD-related features, a subset of patients also present,
besides signs of cortisol deficiency, with symptoms of min-
eralocorticoid deficiency, such as weight loss, dehydration,
and biochemical hyperkalemia (high K+ blood levels) and
hyponatremia (low Na+ blood levels; Jazayeri et al., 2015;
Weinberg-Shukron et al., 2015). Although most patients do
not display cardiac disease symptoms (Maharaj et al., 2019),
cardiac involvement was reported in case of biallelic NNT
mutations (Roucher-Boulez et al., 2016), whereas heterozy-
gous NNT loss-of-function mutations were associated with
left ventricular noncompaction (Bainbridge et al., 2015).
Recently, an interaction between the C-terminal tail of
polycistin-1 (PC1 or PKD1) and NNT was demonstrated
(Onuchic et al., 2023). Mutations in the PC1 gene induce
autosomal dominant polycystic kidney disease. C-terminal
PC1 cleavage products localized to mitochondria and sup-
pressed the cystic phenotype and preserved renal function in
an NNT-dependent manner (Onuchic et al., 2023).

Effect of NNT mutations on adrenal function

The mechanism that causes NNT mutation-linked adrenal
dysfunction differs from the typical ACTH resistance syn-
dromes that display a primary dysfunction of the ACTH
receptor. Mitochondria in the adrenal cortex not only provide
ATP but also harbor steroidogenic enzymes involved in
mineralocorticoid and corticoid synthesis. In this sense, the
cytochrome P450 (CYP) enzyme family, consisting of
endoplasmic reticulum (ER)- and mitochondria-localized
members, represents the majority of steroidogenic enzymes
(Midzak and Papadopoulos, 2016). Interestingly, the CYP
enzymes located in mitochondria (e.g., CYP11A1;
CYP11B1, CYP11B2; Hu et al., 2004; Miller, 2011) use
an “ETC” consisting of ferredoxin reductase (FDXR; 54-kDa;
i.e., NADPH:adrenodoxin oxidoreductase) and ferredoxin 1
(FDX1; 14-kDa; i.e., adrenodoxin). This chain mediates elec-
tron transfer from NADPH. In this system, electrons are trans-
ported one by one by the mobile transporter FDX1 to CYP
(Fig. 6). The latter enzyme then catalyzes the first step of min-
eralocorticoid and corticoid synthesis. NNT-mediated
NADPH production plays a key role in this mechanism (Bod-
oni et al., 2023).

Pathomechanism of NNT mutations

Many of the initially reported NNT mutations were non-
sense and/or frameshift mutations, probably leading to pre-
mature truncation of the protein (Meimaridou et al., 2012).
This suggests that patients with NNT mutations, similar to
C57BL/6J mice (see section “Impact of Nnt gene knockout
in C57BL/6J mice”), do not express NNT protein. However,
the mutation-reporting studies generally presented no

experimental data (e.g., using Western blotting) on NNT
protein levels in patient-derived cells/tissues (Meimaridou
et al., 2012; Meimaridou et al., 2013; Yamaguchi et al.,
2013; Bainbridge et al., 2015; Fujisawa et al., 2015; Hersh-
kovitz et al., 2015; Jazayeri et al., 2015; Novoselova et al.,
2015; Weinberg-Shukron et al., 2015; Roucher-Boulez et al.,
2016; Krasovec et al., 2022; Li et al., 2022; Bodoni et al.,
2023; Pons Fernández et al., 2024). This prevents a detailed
understanding of the pathomechanism (e.g., are the reported
NNT mutations exerting their pathogenic effects via NNT
catalytic impairment and/or via lowering NNT protein lev-
els?), and complicates translational comparison between
human NNT patients and C57BL/6J mice. However, recent
analysis of patient peripheral blood mononuclear cells
(PBMCs) demonstrated reduced NNT protein levels and
undetectably low (i.e., <4% of control) NNT activity (meas-
ured as reverse activity; Francisco et al., 2024). These
patients (n = 5; mean age: 12.5 years) suffered from primary
adrenal insufficiency and harbored novel homozygous NNT
variants (exon 12 and 14 deletions, c.259C>T, c.764G>A,
c.1109A>G, c.2507G>A). The absence of NNT reverse-mode
activity did not correlate with citrate synthase (CS) activity,
suggesting that the NNT mutations did not affect mitochon-
drial content. In healthy heterozygous carriers (i.e., parents of
the patients; n = 8; mean age = 39.6 years), average NNT
reverse-mode activity equaled 49% of control values. This sug-
gests that the NNT reverse-mode activity decrease is gene-
dose dependent. NNT reverse-mode activity normalized to CS

FIG. 6. Adrenal pathomechanism in GCCD4 patients
carrying NNT gene mutations. This scheme illustrates
how NNT dysfunction affects mineralocorticoid and glu-
cocorticoid synthesis in human patients. NNT activity
recycles NADP+ to NADPH, from which electrons (e-)
are abstracted by FDXR and subsequently transported to
FDX1 and CYP. The latter enzyme then catalyzes the first
and rate-limiting step of mineralocorticoid and corticoid
synthesis. See main text for details. CYP, cytochrome
P450; FDXR, ferredoxin reductase; NADPH, reduced
form of nicotinamide adenine dinucleotide phosphate.
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was not correlated with age or gender in the healthy control
group (n = 19; mean age: 33.5 years). NNT protein expression
was reduced to 61% in carriers. In four patients, NNT protein
was present at low levels or not detectable at all. In contrast,
NNT protein levels were normal for the c.2507G>A mutation
(Francisco et al., 2024). In patient PBMCs, NNT mRNA
expression levels did not correlate with mature protein expres-
sion, whereas carriers displayed mRNA expression levels simi-
lar to controls. Analysis of mitochondrial O2 consumption in
permeabilized PBMCs of three patients (c.764G>A,
c.1109A>G, c.2507G>A) did not reveal significant differences
with controls (Francisco et al., 2024).

In another study, analysis of lymphocyte-derived
mitochondria-enriched fractions of a homozygous patient
(c.644T>C mutation), yielded an NNT-specific activity equal-
ing 31% of the mean control value (Fujisawa et al., 2015). In
comparison, the (heterozygous) parents of this patients dis-
played a 61% NNT-specific activity, again suggesting that the
NNT activity decrease is gene-dose dependent. Although this
study did not determine NNT protein levels, the detection of a
reduced NNT activity in the patient lymphocytes strongly
suggests the presence of less (fully functional) NNT protein,
normal NNT protein amounts with a reduced activity, and/or
a combination of the two. Patient lymphocyte mitochondria
also displayed increased protein nitration, potentially indica-
tive of nitrative stress, and a reduced mtDNA copy number
and mitochondrial mass (Fujisawa et al., 2015). Relative to
control, CS activity was 70–80% lower in patient cells and
heterozygous carriers (parents). CIV activity (normalized to
CS) was similar between carriers and controls, but lower in
patient’s lymphocytes.

Analysis of the homozygous NNT variant p.G866D (gene
mutation not reported) revealed normal NNT mRNA expres-
sion in mononuclear peripheral blood cells (Bodoni et al.,
2023). Relative to control, NNT-mutated cells displayed
increased ROS levels, which were further increased by exog-
enous H2O2 addition. The latter was not observed in control
cells. GSH levels were lower in the patient cells, relative to
control and heterozygous carriers. Following exogenous
H2O2 application, GSH levels were decreased in the follow-
ing order: patient > carrier > control. The ATP content and
viability of the patient cells were normal under basal condi-
tions but significantly decreased after exogenous H2O2 appli-
cation. Mitochondrial mass was reduced in the patient cells
relative to controls and this difference increased following
exogenous H2O2 application.

In case of the c.598G>A mutation, patient skin fibroblasts
exhibited increased ROS levels, decreased ATP content, and
a fragmented mitochondrial structure (Weinberg-Shukron
et al., 2015).

For three presumably pathogenic NNTmutations (c.811G>A,
c.2078G>A, and c.2581G>A), NNT protein levels on Western
blot were reduced relative to control (Li et al., 2022). How-
ever, these levels were not determined in patient-derived cells
but in nthy-ori 3.1 cells, transiently transfected with plasmids
encoding normal and mutated NNT variants. This revealed
that mutated NNTs were less overexpressed than normal
NNTs, although their mRNA levels were similar, suggesting
that the mutated NNT proteins are destabilized. In the same
nthy-ori 3.1 cell model, total NADPH/NADP+ increased less
in cells overexpressing mutated NNT variants than in cells

overexpressing normal NNT (Li et al., 2022). This might sug-
gest that the highlighted mutations impair NNT function via
lowering NNT protein levels.

We conclude that for the majority of reported NNT muta-
tions, it is still unclear whether they induce pathology by
impairing NNT catalytic function and/or reducing NNT pro-
tein levels. In this context, a recently presented cell-
reprogramming based adrenal model might be of great value
to study the pathomechanism of specific NNT mutations
within an isogenic background (Sakata et al., 2022).

Impact of Nnt Gene Mutations in C57BL/6J Mice

The most widely used “WT” mouse inbred strain
(C57BL/6J), derived from the original C57BL strain in
1948, harbors a missense mutation in exon 1 (M35T) and a
deletion of exons 7–11 in the Nnt gene (Fig. 2; Toye et al.,
2005; Huang et al., 2006; Mekada and Joshiki, 2009; Fig-
ueira, 2013; Kraev, 2014; Goldstein and Wagers, 2018). As
a consequence, the NNT protein is absent, as demonstrated
by Western blot analysis of liver, brain, kidney, heart, and
macrophages (Huang et al., 2006; Parker et al., 2009; Usami
et al., 2018; Salerno et al., 2019; Williams et al., 2021;
Dogar et al., 2020). However, when compared with the
C57BL/6N “WT” strain, C57BL/6J mice exhibit >200 iden-
tified sequence variations and various phenotypic differences
(Timmermans and Libert, 2018; see: www.jax.org for a
complete overview). These differences potentially impact
upon the penetrance and expression of mutational effects in
these strains (Simon et al., 2013). For instance, C57BL/6J
mice are homozygous for Cdh23ahl (age-related hearing loss
1 mutation), resulting in the onset of progressive hearing
loss at 10 months of age. Being both derived from C57BL/6
inbred mice C57BL/6J (Nnt-/-) and C57BL/6N (Nnt+/+),
these animals have often been compared solely for this NNT
difference. However, phenotypic differences between these
substrains cannot be solely explained by Nnt gene mutations
(Nemoto et al., 2022). This discrepancy between Nnt geno-
types, as well as its potential impact on other genetic back-
grounds (e.g., mtSOD-deficient mice, Bcl2l2-mutated mice),
can complicate interstudy comparisons of knockout mouse
studies (e.g., Huang et al., 2006; Kim et al., 2010; Navarro
et al., 2012; Williams et al., 2020; Rawle et al., 2022). Below
we describe how the mouse Nnt gene mutation affects spe-
cific organs and systemic functions.

Adrenal gland

Comparative analysis of the adrenal glands from C57BL/
6J (control) and C57BL/6J (Nnt-mutated) revealed a slight
disorganization of zona fasciculata and higher levels of apo-
ptosis in the latter animals (Meimaridou et al., 2012). A later
study extended these observations by demonstrating that Nnt
deficiency did not affect the mRNA levels of CYP11A1, the
enzyme responsible for the first step in steroidogenesis, but
significantly reduced the protein content of CYP11A1 and
various antioxidant enzymes (TXNRD2, PRDX3, GPX1;
Meimaridou et al., 2018). In a preliminary study, we
observed that the CYP11A1 protein content is also signifi-
cantly reduced in the testis of C57BL/6J mice (K.J. Teerds,
unpublished observation). Transcriptome analysis revealed
that loss of NNT was associated with increased expression
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of OXPHOS complexes, TCA cycle, and sugar metabolism
mRNA in C57BL/6J adrenal and hearts (Williams et al.,
2021). Interestingly, the latter study also examined a mouse
model (C57BL/6J-BAC) expressing the full-length Nnt gene
on the C57BL/6J background. Surprisingly, a comparative
analysis of three tissues with a relatively high metabolic
demand (adrenal, testis, heart) revealed only minor differen-
ces between C57BL/6J and C57BL/6J-BAC. It was hypothe-
sized that other background variants might be relevant in
regulating the transcriptome and phenotypes of these mice
(Williams et al., 2021).

Brain

NNT expression is unevenly distributed across brain
regions and its loss affects responses to acute psychological
stress and induces depressive-like behavior and motor dys-
function (Picard et al., 2015; Francisco et al., 2020). During
migraine, cortical spreading depression causes an initial
severe drop in NADH levels, leading to NNT-mediated
impairment of antioxidant defense systems (reviewed in Bor-
kum, 2021). Comparison of cerebellar mitochondria isolated
from C57BL/6J and C57BL/6N mice revealed a lower mito-
chondrial mass (CS activity), lower CI, CIV, and CV activ-
ities (normalized on CS), and a reduced mtDNA copy
number (Fujisawa et al., 2015). Concerning the cerebellum,
it was further proposed that the stability of cerebral vessel
walls in very young mice might be reduced by NNT absence
and the ensuing increased oxidative stress (Wolf et al.,
2016). Brain cortex mitochondria from C57BUnib.B6-Nnt-/-

mice displayed no detectable NNT activity in comparison
with C57BUnib.B6-Nnt+/+ (control) mice (Francisco et al.,
2018). Relative to other NADPH-producing enzymes (e.g.,
IDH2, MEs, and GDH), NNT activity represented 26% of
the total activity in young (4 months) and old (19 months)
Nnt-/- and control mice. Furthermore, NNT, IDH2, and
ME3 were identified as the primary sources of NADPH.
Mitochondrial mass (CS activity) did not differ between
C57BUnib.B6-Nnt-/- and C57BUnib.B6-Nnt+/+ mice (Fran-
cisco et al., 2018). Interestingly, whole-brain analysis
revealed that nonsynaptic mitochondria exhibited a higher
NNT activity than synaptic mitochondria. Nnt-/- mitochon-
dria further displayed hampered NADP+ reduction, impaired
H2O2 removal, and increased H2O2 release. The latter, for
instance, occurred during CI inhibition. These results illus-
trate that brain cortex mitochondria with impaired NNT func-
tion display a deficient H2O2 removal.

Heart

Analysis of NNT activity in heart mitochondria of
C57BL/6J mice demonstrated that NNT enzymatic activity
was *2% of that detected in control (C57BL/6Junib) mice
(Ronchi et al., 2013). Loss of NNT function in C57BL/6J
mice has been shown to have a close relationship with cardi-
ometabolic alterations (e.g., HF). HF is associated with a
functional block of CI and increased O2

�- and H2O2 produc-
tion. TCA cycle-derived NADH is used as a CI substrate and
for NNT-mediated H2O2 removal (Wagner et al., 2020). Pre-
vious evidence suggests that NADH can stimulate H2O2 for-
mation by the TCA cycle enzyme a-KGDH (Tretter and
Adam-Vizi, 2004). Cardiac mitochondria of C567BL/6J
mice released more H2O2 using a-KG as a substrate than

using pyruvate/MAL as substrates. This release was stimu-
lated further by the CI inhibitor rotenone. In contrast, H2O2
release was equally low in C567BL/6N cardiac mitochondria
with a-KG and pyruvate/MAL as substrates (Wagner et al.,
2020). Mechanistically, it was concluded that a-KGDH gen-
erates NADH for NNT-mediated NADPH formation and not
for CI-mediated electron transport (see section “Brain”).
This suggests that in the heart: (1) a-KGDH is important for
H2O2 removal but not for O2

�- production, and (2) during
HF, CI-linked oxidative stress is mitigated by a-KGDH/
NNT-dependent NADPH formation (Wagner et al., 2020).
Alternatively, NNT might run in reverse mode during HF
(see section “NNT reverse-mode action”). Comparison of
C57BL/6J, C57BL/6J, and transgenic animals in which the
Nnt mutation was rescued (C57BL/6J-BAC mice) at 3, 12,
and 18 months of age highlighted a minor dilated cardiomy-
opathy (CM) in C57BL/6J mice (Williams et al., 2020). The
latter was accompanied by sarcomere organization defects and
eccentric hypertrophy. Importantly, it was found that C57BL/
6J mice harbor a mutation in myosin light chain kinase
(Mylk3), leading to the absence of MYLK3 protein. This sug-
gests that the Mylk3 mutation is responsible for the modest
CM phenotype in C57BL/6J mice (Williams et al., 2020).

Muscle

In skeletal muscle mitochondria with low NNT activity,
a-KGDH is a major source of O2

�- and H2O2 at high NADH
levels (Wagner et al., 2020). Using skeletal muscle tissue
and mitochondria from C57BL/6N and C57BL/6J mice, an
effort was made to determine the interplay between mito-
chondrial NNT and ETC activities (Smith et al., 2020). To
this end, it was investigated how increased mitochondrial
ROS (H2O2) production during conditions of high substrate
oxidation (resting state) is counterbalanced by increased O2

consumption due to elevated NNT-mediated mitochondrial
proton influx. The obtained results suggest that, under these
conditions, GSH and TRXRs (Fig. 1G) use NNT-generated
NADPH, and that the latter is produced using the ETC-
sustained PMF (Smith et al., 2020; Kaludercic and Di Lisa,
2020). Quantitatively, ETC-mediated O2 consumption was
18.6% lower in C57BL/6J mice, supporting the conclusion
that mitochondrial respiration supports NNT activity to
allow optimal ROS removal. However, these findings were
subsequently challenged (Figueira et al., 2021) and it was
concluded that more direct evidence is required to define the
quantitative contribution of NNT-linked redox circuits to
energy expenditure in vivo (Smith et al., 2021).

Liver

Analysis of isolated heart mitochondria from C57BL/6J
mice demonstrated no detectable NNT activity (Ronchi
et al., 2013). Comparison with C57BL/6Junib mice (an Nnt
WT mouse strain) revealed that C57BL/6J mice display the
following: (1) normal maximal IDH2 activity, (2) a lower
GSH/GSSG ratio, (3) similar total glutathione (GSH+GSSG)
levels, (4) similar mitochondrial O2 consumption when
respiring on CI- or CII-linked substrates, (5) a higher rate of
H2O2 release when respiring on CII-substrates (succinate +
rotenone condition), but not on CI substrates (pyruvate +
MAL condition), (6) spontaneous NADPH oxidation in the
absence of endogenous TCA cycle substrates, and (7) an
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increased susceptibility for Ca2+-induced mPTP opening
(Ronchi et al., 2013).

Interestingly, liver mitochondria of C57BL/6J mice dis-
played *7.7-fold higher catalase (CAT) protein levels rela-
tive to C57BL/6NJ mice (Dogar et al., 2020). The latter is a
sub-line of C57BL/6, which does not exhibit the Nnt gene
deletion. CAT is an antioxidant enzyme mediating the con-
version of H2O2 into H2O, typically not expressed in mito-
chondria. Liver mitochondria are an exception to this rule
(Salvi et al., 2007). C57BL/6J and C57BL/6NJ mitochondria
generated H2O2 at similar rates using pyruvate as a substrate,
whereas H2O2 production was higher in C57BL/6J mito-
chondrial pyruvate or succinate displayed similar rates of
H2O2 removal, it was concluded that CAT upregulation in
C57BL/6J mitochondria serves to maintain H2O2 steady-
state levels. In contrast, liver mitochondria from C57BL/6NJ
mice depended more on GSH- and TRX-linked systems for
clearance of exogenous H2O2 (Dogar et al., 2020). These
findings are consistent with a mechanism in which CAT
upregulation compensates for the loss in NNT-mediated
H2O2-removal capacity in C57BL/6J liver mitochondria.
However, it is likely that the relative contribution of NNT to
NADPH-dependent mitochondrial H2O2 removal is codeter-
mined by the respiratory state of the mitochondrion and/or
substrates that sustain its energy metabolism (Ronchi et al.,
2016).

As a model of non-alcoholic fatty liver disease (NAFLD),
also referred to as metabolic dysfunction-associated fatty
liver disease, C57Unib.B6 congenic mice with (Nnt+/+) or
without (Nnt-/-) NNT activity were subjected to a HFD
(60% of total calories [en%]; Navarro et al., 2017). After 20
weeks, relative to Nnt+/+ animals, Nnt-/- mice displayed a
higher content of liver triglycerides, increased prevalence
of steatohepatitis, higher mitochondrial H2O2 release,
decreased aconitase activity, and increased susceptibility to
Ca2+-induced mPTP opening. The diet also stimulated PDH
phosphorylation (leading to PDH inhibition) and reduced the
H2O2 removal capacity in Nnt-/- mice. These data are com-
patible with NNT preventing mitochondrial redox imbal-
ance, PDH inhibition, and NAFLD progress. A follow-up
study demonstrated that the HFD reduced the ability of iso-
lated Nnt-/- liver mitochondria to remove H2O2, and that this
reduction was prevented by dichloroacetate (DCA; Navarro
et al., 2022). DCA decreased PDH phosphorylation levels in
the liver and also prevented NAFLD aggravation in Nnt-/-

mice on an HFD. Although some toxic effects were
observed, these results suggest that DCA might protect
against NAFLD in Nnt-/- mice by preventing PDH inactiva-
tion, thereby allowing liver mitochondria to remove H2O2 in
a pyruvate-supported manner (Navarro et al., 2022). Com-
patible with this idea, a comparative analysis of M. gastro-
cnemius muscle from C57BL/6N and C57BL/6J mice
suggested the existence of a Dw-dependent redox circuit
connecting the pyruvate dehydrogenase complex (PDHC)
and NNT (Fisher-Wellman et al., 2015). In this mechanism,
PDHC-produced H2O2 is removed by the GR/TRX system
(Fig. 1G), which is sustained via NNT-generated NADPH,
at the expense of NADH (CI substrate) and Dw. In this way,
NNT-linked “energy expenditure” is linked to PDHC-linked
metabolic pathways, potentially explaining why C57BL/6J
mice display a lower energy expenditure and are more

susceptible to diet-induced obesity (Fisher-Wellman et al.,
2015).

Kidney

In an experimental model of kidney stone formation, cal-
cium oxalate crystal deposition in the kidneys of C57BL/6J
mice was higher than in C57BL/6N mice. This might indi-
cate that the absence of NNT protein stimulates crystal for-
mation in C57BL/6J mice (Usami et al., 2018).

Hyperpigmentation

Compatible with the observed hyperpigmentation in FGD
patients (see section “NNT gene mutations and disease in
humans”), increased fur pigmentation (eumelanin) was also
observed in C57BL/6J mice relative to C57BL/6NJ mice
(Allouche et al., 2021). A distinct NNT- and ROS-dependent
pigmentation mechanism was proposed (i.e., independent of
the established UVB-cAMP-MITF tanning pathway), in
which pigmentation in cells of melanocytic origin is affected
by oxidative stress.

Glucose homeostasis and obesity

C57BL/6J mice display a reduced glucose tolerance for
which NNT absence was proposed to be responsible (Toye
et al., 2005; Parker et al., 2009; Salerno et al., 2019). Sup-
porting this conclusion, introducing a functional NNT into
C57BL/6J mice rescued impaired insulin secretion and
glucose intolerance (Freeman et al., 2006). Analysis of
glucose-stimulated insulin secretion (GSIS), insulin sensitiv-
ity, clearance, and central glucose-induced insulin secretion
(Fergusson et al., 2014), demonstrated that C57BL/6J mice
display the following: (1) impaired GSIS upon glucose
administration intravenously (tolerance test and hyperglyce-
mic clamp), (2) no impaired GSIS upon oral glucose admin-
istration, and (3) no change in body insulin sensitivity,
insulin clearance, b cell mass, or central response to glucose.
It was concluded that C57BL/6J mice exhibit defective b
cell function and insulin secretion (Fergusson et al., 2014).
In contrast, another study provided evidence that the Nnt
mutation does not affect insulin secretion and glucose toler-
ance (Wong et al., 2010). Moreover, using the streptozotocin
(STZ)/nicotinamide (NA)-induced diabetes model, blood
glucose and plasma insulin levels were lower in C57BL/6J
mice relative to the ICR (Institute of Cancer Research) strain
mice (Shimizu et al., 2012). Similarly, a comparative analy-
sis of C57BL/6J and C57BL/6N mice suggested that a lack
of functional NNT only moderately affects GSIS and glu-
cose tolerance (Close et al., 2021). Analysis of human vis-
ceral and subcutaneous adipose tissue samples (221 subjects)
demonstrated that visceral NNT mRNA expression is higher
in obese patients (Heiker et al., 2013). Moreover, this
expression correlated with body weight, body mass index, %
body fat, visceral/subcutaneous fat area, waist/hip circumfer-
ence, and fasting plasma insulin levels. This suggests that
NNT is functionally relevant in the development of human
obesity. The C57BL/6J male mouse model is widely used as
a control strain in diet-induced obesity (DIO) studies (e.g.,
Surwit et al., 1988; Nicholson et al., 2010; Fisher-Wellman
et al., 2016; Kunath et al., 2020). Comparison of the time-
dependent metabolic responses to a high-fat/high-sucrose
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diet revealed that both C57BL/6J and C57BL/6NJ mice dis-
played an impaired glucose tolerance within 24 h after the
start of the diet (Fisher-Wellman et al., 2016). Moreover,
marker levels of the metabolic syndrome and H2O2-induced
stress were reduced in C57BL/6J animals, probably due to
compensatory responses in non-NNT-related homeostatic
redox pathways. These findings suggest that a high-fat/high-
sucrose diet similarly impacts on C57BL/6J and C57BL/6NJ
mice (Fisher-Wellman et al., 2016). In contrast, C57BL/6J
mice on an HFD (45en%) displayed obesity, hyperinsulin-
emia, elevated basal serum insulin levels, mildly elevated
blood glucose levels, a blunted GSIS, and increased pancre-
atic islet mass/size (Roat et al., 2014). The latter study also
demonstrated that pancreatic islets from HFD animals dis-
played an elevated O2 consumption rate (OCR), which was
not stimulated by glucose or the mitochondrial uncoupler
carbonyl cyanide-4-trifluoromethoxyphenylhydrazone (FCCP).
Similarly, comparative analysis of male C57BL/6J and
C57BL/6NJ mice during 14 weeks of HFD (60en%)
revealed that both strains were DIO-sensitive and displayed
a similar weight at 6 weeks (Nicholson et al., 2010).
C57BL/6J males presented with a (3 g) higher weight at 20
weeks. The latter was accompanied by increases in both
lean and fat mass. Regarding glucose homeostasis, C57BL/
6J male mice displayed higher nonfasting glucose levels
and an impaired glucose tolerance at 8 and 20 weeks. This
was paralleled by increased levels of leptin in the serum,
whereas insulin levels were not affected. When placed on a
lower-fat diet (10en%), C57BL/6J male mice displayed
lower serum 0.01w?>insulin levels and weight gain relative
to C57BL/6NJ mice (Nicholson et al., 2010). Another DIO
study used first backcross (BC1) hybrids of WT Nnt
expressing C57BL/6NTac and Nnt-mutant C57BL/6JRj
mice [(C57BL/6NTac · C57BL/6JRj)F1 · C57BL/6NTac]
(Kunath et al., 2020). Both male and female BC1 hybrid
animals were analyzed for weight gain and specific fat-pad
depot mass under HFD conditions (58en%). Similar to
C57BL/6J male mice (Nicholson et al., 2010), both male
and female BC1 animals displayed a reduction in weight
gain, relative epididymal fat mass, and relative subcutane-
ous fat mass, relative to WT animals (Kunath et al., 2020).

Aging

Aging has been linked to a large number of molecular
changes, including those at the level of the (epi)genome,
immune system, and mitochondria. However, it is still
unclear how aging is brought about and whether changes are
causative or epiphenomenal (de Magalhães, 2024). In this
sense, NADPH levels decline during aging in several tissues,
but it is still unclear whether this drop is relevant to the aging
process (Bradshaw, 2019). Aging is a major risk factor in
Alzheimer’s disease (AD) and has been linked to aberrant
redox homeostasis, increased ROS generation, and mitochondrial
dysfunction (Ghosh et al., 2014). Analysis of AD neuronal
models revealed that NAD(P)H or GSH depletion correlated
linearly with cell death. Interestingly, gene expression of key
redox enzymes, including NNT, decreased in an age-
dependent manner and apparently contributed to the age-
related decline in NAD(P)H levels. Taken together, the above
suggests that NAD(P)H exerts upstream control of GSH and
ROS levels (Ghosh et al., 2014) and that the parallel age-

dependent decline in NNT and NADPH levels might some-
how be linked to the aging process. Concerning NAD+, recent
evidence suggests that RET at CI, causing increased ROS
generation and increased conversion of NAD+ into NADH
(thereby increasing NADH/NAD+ ratio), is active during
aging (Rimal et al., 2023). Also in mitochondrial diseases, an
increased NADH/NAD+ ratio is likely to be part of the patho-
mechanism (e.g., Katsyuba et al., 2020; Chini et al., 2021).
Regarding NNT, it was proposed that the NADH/NAD+ ratio
can be normalized by NNT activation or overexpression
(Olgun, 2009). In this sense, it was presented that mtDNA
mutations that increase ROS levels in the presence of func-
tional NNT were associated with an increased health span in
mice (Hirose et al., 2016; Latorre-Pellicer et al., 2016). To
the best of our knowledge, there is no comprehensive tissue-
wide information yet on the aging process in Nnt-/- mice, but
this model provides a great opportunity to study this process
in the context of NNT-linked NAD(P)H homeostasis and
mitochondrial bioenergetics. In this sense, a recent study
comparatively analyzed motor performance and skeletal mus-
cle bioenergetic function in young, middle-aged, and older
NNT-deficient mice (Navarro et al., 2024). These animals
were subjected to a wire-hang test (locomotor performance),
which yielded a decreased score for middle-aged and older
NNT-deficient mice, relative to age-matched controls. Simi-
larly, skeletal muscle samples of middle-aged/older mice
(soleus and vastus lateralis) exhibited a reduced O2 consump-
tion (Navarro et al., 2024). It was concluded that declining
NNT expression induces locomotor impairments and muscle
dysfunction in aging mice.

Immune system

Comparative analysis of C57BL/6J mice and C57BL/6J-
NNT mice (in which the Nnt mutation was rescued by trans-
genic expression of the entire Nnt gene) revealed that
C57BL/6J mice are more resistant to pulmonary infection
with S. pneumonia than C57BL/6J-NNT mice (Ripoll et al.,
2012). Moreover, relative to C57BL/6J-NNT mice: (1)
C57BL/6J animals induced a stronger inflammatory response,
(2) C57BL/6J macrophages generated more ROS, nitric oxide
(NO), and proinflammatory cytokines in response to S. pneu-
monia, and (3) C57BL/6J macrophages are less resistant to S.
pneumonia-induced apoptosis. These results suggest that
NNT is important in the regulation of macrophage-mediated
inflammatory responses (Ripoll et al., 2012).

Hematopoietic stem cells

Hematopoietic stem and progenitor cells (HSPCs) are
exposed to considerable oxidative stress during hematopoi-
etic stem cell transplantation (Mantel et al., 2015). Compara-
tive analysis of HSPC function between C57BL/6N and
C57BL/6J mice revealed that the latter displayed a compromised
short-term hematopoietic repopulating activity (Morales-Her-
nandez et al., 2018). Moreover, HSPCs from C57BL/6J ani-
mals displayed higher ROS levels and were more sensitive to
exogenously induced oxidative stress. It is likely that the
observed aberrations are primarily due to NNT absence, since
they were mimicked by NNT knockdown in C57BL/6N-
derived HSPCs (Morales-Hernandez et al., 2018).
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Atherosclerosis

Mitochondrion-derived ROS play an important role during
inflammation and vascular remodeling linked to the forma-
tion of atherosclerotic plaques (Vozenilek et al., 2018).
When subjected to an HFD (*35–40 en%), basic vascular
ROS levels increased in both C57BL/6N and C57BL/6J
mice, but where higher in the latter. This HFD-induced
ROS increase was fully prevented by cotreatment with the
mitochondria-targeted antioxidant MitoTEMPO (an SOD
mimetic), which reduced the elevated vascular ROS levels to
a similar extent in C57BL/6N and C57BL/6J mice (Vozeni-
lek et al., 2018). With respect to HFD-induced atheroscler-
otic plaque formation, C57BL/6J animals displayed a higher
atherosclerotic burden (aortic arch and whole aorta) than
C57BL/6N mice. In line with its function as a mitochondrial
redox balance regulator, these findings suggest that NNT
loss can contribute to enhanced cardiovascular pathologies
(Vozenilek et al., 2018). LDL receptor knockout (Ldlr-/-)
mice (on a C57BL/6J [Nnt-/-] background) are prone to ath-
erosclerosis (Salerno et al., 2019). Comparative analysis of
peritoneal macrophages from C57BL/6JUnib (Nnt+/+) mice,
C57BL/6J (Nnt-/-) mice, and Ldlr-/-/Nnt-/- mice suggested
that ROS levels increased in the following order: Nnt+/+ <
Nnt-/- < Ldlr-/-/Nnt-/- (Salerno et al., 2019). Moreover,
Nnt-/- and Ldlr-/-/Nnt-/- macrophages exhibited the follow-
ing: (1) upregulation of mitochondrial biogenesis markers
(peroxisome proliferator-activated receptor gamma coactiva-
tor 1-alpha, mitochondrial transcription factor A, and
ETC complexes), (2) upregulation of inflammation markers
[inducible nitric oxide synthase, interleukin-6 (IL-6) and (IL-
1b)], and (3) a decreased GSH/GSSG ratio (Salerno et al.,
2019). Upon modified LDL exposure, Nnt-/- and Ldlr-/-/
Nnt-/- macrophages displayed increased lipid accumulation
and foam cell formation (a hallmark of atherosclerosis). This
suggests that macrophage NNT activity is critical for delay-
ing the atherogenesis (plaque formation) process (Salerno
et al., 2019).

Analysis of NNT Function in Other Models

In addition to patient- and C57BL/6J mice-derived cells
and/or tissues, various other models have been used to study
the effect of altered NNT protein levels and function.
Cancer-related cell models are discussed below (see section
“Role of NNT in cancer cells”).

Cell models

NNT knockdown (to 50% of normal) in a rat dopaminer-
gic cell model (PC12) partially depolarized Dw, reduced the
cellular ratios of NADPH/NADP+, and stimulated cellular
H2O2 release at relatively high external glucose concentra-
tions (20–100 mM; Yin et al., 2012). This study further
reported that NNT knockdown increased intracellular ROS
levels (0 and 20 mM external glucose concentration),
reduced mitochondrial OCR, and reduced cellular ATP con-
tent. Extracellular acidification rates and lactate levels were
not affected by NNT knockdown, whereas the phosphoryla-
tion of c-Jun N-terminal kinase (JNK; activation) and PDH
(deactivation) was increased (Yin et al., 2012). The latter
was paralleled by reduced activity of succinyl-CoA (Suc-
CoA)-transferase, a.k.a. succinyl-CoA:3-ketoacid coenzyme

A transferase 1, lower cell viability, and increased apoptosis.
A mechanism was proposed in which redox-sensitive JNK
activation induces PDH inhibition, intrinsic apoptosis activa-
tion, and reduced cell viability. This not only links NNT
malfunction to a more oxidized cellular redox state and
decline in mitochondrial bioenergetics, but also connects it
to other redox-sensitive cellular functions (Yin et al., 2012).

Knockdown of Nnt in immortalized rat dopaminergic
(N27) cells induced a 94% reduction in Nnt mRNA levels,
associated with a 74% drop in NNT activity (Lopert and
Patel, 2014). NNT knockdown increased cellular NADP+

and reduced cellular NADPH content, associated with a two-
fold increase in NADP+/NADPH ratio. As a consequence,
cellular GSH decreased and GSSG increased, paralleled by
reduced H2O2 removal rates. NNT-deficient cells further dis-
played normal IDH activity, increased peroxiredoxin 3
(Prx3; a.k.a. mitochondrial thioredoxin-dependent peroxide
reductase [PRDX3]), oxidation, and reduced OCR. These
results suggest that NNT constitutes an importance between
the Trx/Prx antioxidant system(s) and respiration/substrate-
dependent H2O2 catabolism in N27 cells (Lopert and Patel,
2014).

Analysis of the homozygous NNT variant p.G866D (gene
mutation not reported) revealed normal NNT mRNA expres-
sion in mononuclear peripheral blood cells (Bodoni et al.,
2023). The CRISPR-Cas9 technique was applied to generate
NNT-deficient H295R (adrenal) cells harboring the NNT var-
iant p.G866D (Bodoni et al., 2023). These cells displayed
normal viability, reduced NNT protein levels and mitochondrial
mass, increased ROS levels, reduced cortisol/aldosterone secre-
tion, and cholesterol lipid droplets (LDs) of decreased size/den-
sity. Expression of key steroidogenic enzyme/coenzyme genes
was either increased (STAR, CYP11A1, CYP11B1) or
decreased (CYPB11B2) in the NNT-deficient cells. In
contrast to control cells, forskolin stimulation did not increase
cortisol secretion in NNT-deficient cells.

Experiments with C3H/HeJ mice demonstrated that NNT
is expressed and regulated in immune-related cells and mac-
rophages suggesting a potential role of NNT in immune cell
function (Ripoll et al., 2012). To study this hypothesis,
mouse full-length Nnt cDNA was stably overexpressed in a
macrophage-like cell line (RAW264.7). Although the extent
of overexpression was not reported, NNT-overexpressing
cells displayed reduced levels of ROS and NO during the
inflammatory response. In the case of ROS, this effect was
independent of NADPH oxidases. NNT-overexpressing cells
displayed an increased GSH/GSSG ratio after stimulation
with lipopolysaccharide (LPS), suggesting that GSSG to
GSH conversion is increased. LPS-induced inflammatory
cytokine production and activation of MAPK signaling path-
ways were reduced by NNT overexpression. Moreover, the
latter impaired the intracellular killing of E. coli, compatible
with NNT being important in macrophage bacterial clear-
ance (Ripoll et al., 2012).

Treatment of colon epithelial cells (HT29) with a redox
cycling quinone (menadione) increased NNT catalytic activ-
ity in a low-glucose (1.2 mM) medium. This is compatible
with NNT-mediated NADH-to-NADPH conversion being
important in NADPH generation under these conditions
(Circu et al., 2011).
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Angiotensin II treatment increased NNT protein levels
and activity in human aortic endothelial cells, paralleled by a
reduced OCR (Rao et al., 2020). NNT knockdown (to <10%
of normal) did not affect Dw, whereas OCR and cellular
ATP content were decreased, and ROS levels and GR and
GPX activities were further increased. Lower NNT levels/
activity were also associated with decreased cellular ratios of
NADPH/NADP+ and increased cellular ratios of NAD+/
NADH (Rao et al., 2020). NNT knockdown stimulated phos-
phorylation of the endothelial nitric oxide synthase (eNOS).
These data suggest that NNT is required for phosphorylation-
dependent regulation of eNOS activity (Rao et al., 2020).

Treatment with palmitate (C16; saturated), but not oleate
(C18; unsaturated), reduced cellular NNT protein levels in
aCD3/aCD28-stimulated PBMCs (McCambridge et al.,
2019). NNT knockdown (to <20% of normal) reduced
NADPH levels and increased the amount of ROS and Th17
cytokine production. It was proposed that palmitate regulates
NNT function to alter immune cell function via redox-linked
pathways (McCambridge et al., 2019).

Caenorhabditis elegans

Deletion of nnt-1 in C. elegans did not affect growth
under normal laboratory conditions but induced a large drop
in GSH/GSSG ratio (Arkblad et al., 2005). Inducing
superoxide-related oxidative stress in this model severely
impaired growth, suggesting a crucial role for nnt-1 in oxida-
tive stress defense.

Zebrafish

To better understand fetal alcohol spectrum disorders, the
role of NNT in ethanol-induced teratogenesis (i.e., the altera-
tion of developmental processes and induction of congenital
deformities) was investigated in a zebrafish (Danio rerio)
model (Mazumdar and Eberhart, 2023). A CRISPR-Cas9 nnt
mutant (harboring a 74 bp deletion and premature termina-
tion sequence) displayed higher ROS levels relative to WT
animals. Upon ethanol treatment, nnt mutants displayed
increased brain and neuronal crest apoptosis, which was res-
cued by the GSH-precursor N-acetyl cysteine (NAC). This
antioxidant also prevented most alcohol-induced craniofacial
malformations. These results suggest that Nnt-mediated oxida-
tive stress prevention protects against apoptosis and alcohol-
induced teratogenesis (Mazumdar and Eberhart, 2023).

Role of NNT in Cancer Cells

Although detailed experimental information on the poten-
tial role of NNT in cancer cell function is currently still lim-
ited, it was proposed that the NNT dimer docks to CI near to
its NADPH-binding site and its FMN-a site (Albracht et al.,
2011). In this way, NNT could regulate the local NADPH/
NADP+ ratio and NADPH supply to CI in a Dw-dependent
manner, and O2 reaching the FMN-a site is converted into
H2O2, which escapes CI (Albracht et al., 2011). As a conse-
quence, the interplay between specific CI-mediated H2O2

production and specific NNT-mediated H2O2 removal, could
affect apoptosis, autophagy, and cancer cell survival
(Albracht et al., 2011). However, evidence in the aerobic
yeast Yarrowia lipolytica, where NADPH-binding is medi-
ated by the 39-kDa/NUEM accessory subunit of CI, revealed

that bound NADPH is not involved in CI catalytic function
but in CI stabilization (Fig. 7; Abdrakhmanova et al., 2006).

NNT and reductive carboxylation

As part of the TCA cycle, isocitrate is normally converted
into a-KG by IDH1/IDH2-catalyzed oxidative decarboxyl-
ation. This reaction is reversible, allowing the generation of
isocitrate from a-KG by reductive carboxylation, which is of
great relevance for tumor cells (Mullen et al., 2014; He et al.,
2022). Reductive carboxylation is a biochemical pathway to
meet the increased demand for glutamine-derived carbons to
support cellular anabolism in rapidly proliferating (e.g., cancer)
cells (Gameiro et al., 2013). Within mitochondria, reductive
carboxylation constitutes a “reversed” reaction in which gluta-
mine enters the TCA cycle in the form of a-KG, which is then
reductively carboxylated to isocitrate in an IDH2-dependent
manner. This mechanism (Fig. 7): (1) supports citrate produc-
tion from isocitrate (reverse TCA reaction), (2) a-KGDG-cata-
lyzed formation of SucCoA and succinate from a-KG (forward
TCA reaction), and (3) requires conversion of NADPH into
NADP+ and of NAD+ into NADH. In this way, the reductive
carboxylation pathway provides cancer cells with an important
cellular carbon source for FA synthesis (from citrate) during
conditions of hypoxia and/or mitochondrial dysfunction (Fendt
et al., 2013; Gameiro et al., 2013; Alberghina and Gaglio,
2014; Mullen et al., 2014; Jiang et al., 2023). Reductive car-
boxylation is activated by an increased a-ketoglutarate/citrate
ratio (Fendt et al., 2013). Compatible with its NADP+- and
NADH-consuming and NADPH and NAD+-generating func-
tion (Fig. 7), NNT knockdown inhibited reductive carboxyla-
tion in SkMel5 (melanoma) and 786-O (renal carcinoma) cell
models (Gameiro et al., 2013). This knockdown was paralleled
by a lower cellular NADPH/NADP+ ratio, a mild increase in
PPP activity, reduced glutamine entry into the TCA cycle, gly-
colysis activation, and increased isocitrate and citrate levels.
However, NNT knockdown did not affect the isocitrate/citrate
to a-KG ratio. Conversely, NNT overexpression increased
NADPH/NADP+ ratio, stimulated reductive carboxylation and
glutamine oxidation, and reduced glucose catabolism in the
TCA cycle (Gameiro et al., 2013). Unexpectedly, NNT knock-
down decreased the cellular NADH/NAD+ ratio and increased
the lactate/pyruvate ratio. This was attributed to the fact that
the measured NADH/NAD+ ratio primarily reflects the cyto-
solic and not the mitochondrial situation. Taken together, these
findings support the conclusion that NNT fulfills a coordinat-
ing role in determining the balance between glucose and gluta-
mine utilization in the investigated cancer cell models
(Gameiro et al., 2013). Directly below we summarize NNT-
focused studies for specific cancer types.

Adrenocortical carcinoma

Adrenocortical carcinoma (ACC) is an aggressive malig-
nancy with poor response to chemotherapy (Chortis et al.,
2018). In an effort to induce oxidative stress and ensuing
cell death, NNT was transiently knocked down in ACC
cells (NCI-H295R). This knockdown suppressed cell pro-
liferation, stimulated apoptosis, sensitized the cells to
exogenous oxidative stress, and unexpectedly, stimulated
steroidogenesis (Chortis et al., 2018). In a chronic model,
stable NNT knockdown and long-term culture yielded cells
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that were still proliferation-suppressed but displayed adapt-
ive responses associated with a restored redox balance,
restored oxidative stress resilience, and increased OCR.
Transcriptome and metabolome analysis suggested that
adaptation was paralleled by major changes in nucleotide
synthesis, protein folding, and polyamine metabolism
(Chortis et al., 2018). This preclinical evidence suggests
that reducing NNT levels and/or increasing oxidative stress
levels trigger a long-term adaptive response in ACC cells.

Clear cell renal cell carcinoma

Accumulation of LDs and activation of hypoxia-inducible
factor (HIF) by loss of the von Hippel–Lindau factor are
major characteristics in the progression of clear cell renal

cell carcinoma (ccRCC; Xiong et al., 2021). HIF and ROS
both decrease the expression of OXPHOS proteins in ccRCC
cells, paralleled by alterations in mitochondrial redox home-
ostasis (Hervouet et al., 2008). During ccRCC oncogenesis,
the HIF subunits HIF1a and HIF2a play a regulatory role,
with HIF1a acting as a tumor suppressor and HIF2a acting
as an oncogene promoting cell proliferation, metabolic alter-
ations, and lipid accumulation (for refs see: Xiong et al.,
2021). In human adipose tissue, white adipose tissue (WAT)
is used to store energy, whereas brown adipose tissue (BAT)
generates heat (Lee et al., 2014). Conversion of WAT into
BAT (lipid browning) represents a mechanism in which
stored lipids (WAT) are converted to energy (BAT). Interest-
ingly, a similar reaction can occur in tumors upon conversion
of LDs, which is not paralleled by increased ATP production

FIG. 7. Role of NNT in cancer cell energy metabolism and redox homeostasis. (A) Function of NNT in ROS-
linked pathways. (B) Potential role of NADPH in CI stabilization. (C) PCAF-mediated NNT acylation (activation)
pathway. (D) Potential sirtuin-mediated deactivation of NNT. (E) Role of NNT in Fe-linked pathways. (F) Role of
NNT in reductive carboxylation by supplying NADPH and NAD+. (G) Suppression of NNT expression by HIF2a. See
main text for details. CI, complex I; HIF2a, hypoxia-inducible factor subunit; PCAF, p300/CBP-associated factor.
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and associated with inhibited tumor progression. This pro-
cess was named tumor cell “slimming” (Xiong et al., 2021).
NNT mRNA/protein levels were reduced in ccRCC cell
models and ccRCC patient tissues and predicted a poor prog-
nosis in the latter. A mechanism was proposed (Fig. 7), in
which HIF2a stimulates the expression of a microRNA
(miR-455-5p). On its turn, miR-455-5p suppresses NNT
expression and thereby inhibits NNT-mediated LD conver-
sion and tumor slimming, leading to ccRCC progression
(Xiong et al., 2021).

Gastric cancer

Increased NNT gene and protein expression in gastric can-
cer (GC) patient samples was paralleled by a shorter overall
and disease-free survival (Li et al., 2018). Surprisingly, ana-
lysis of GC cell lines (HGC27, BGC823) demonstrated that
NNT knockdown did not affect NADPH/NADP+ and GSH/
GSSG. However, when performing NNT knockdown in a
glucose-free medium, NADPH/NADP+ and GSH/GSSG
ratios decreased, ROS levels increased, and apoptosis
increased. The latter was characterized by increased cleavage
of poly (ADP-ribose) polymerase and caspase 3 and was pre-
vented by the antioxidant NAC (Li et al., 2018). In the same
two cell lines, programmed cell death upon cell detachment
(anoikis) induced an ROS increase. Under these conditions,
NNT knockdown decreased NADPH/NADP+ and GSH/
GSSG ratios and increased ROS levels. In a xenograft
model, NNT knockdown reduced in vivo tumor growth, sug-
gesting that NNT inhibition might be a useful intervention in
GC (Li et al., 2018).

In studying the promoting role of IL-1b in tumor progres-
sion, it was found that IL-1b stimulated the acylation of
NNT at lysine K1042 (K1042ac) in MGC803 GC cells (Han
et al., 2023). This lysine is located close to the C-terminus of
the NNT protein (Fig. 2) within the matrix-localized
NAD(P)H binding (dIII) domain (Fig. 3). NNT acetylation
at K1042 was mediated by the histone acetyltransferase
PCAF (p300/CBP-associated factor), which increased the
NADP+ binding affinity (i.e., reduced the KD value eight-
fold) and NNT activity (i.e., NADPH production). PCAF
massively translocated from the nucleus to mitochondria
upon IL-1b stimulation, probably entering mitochondria via
the translocase of the MOM complex by a mechanism
involving mitogen-activated protein kinase kinase kinase
1(MEKK1; Han et al., 2023). Interestingly, analysis of the
PCAF protein sequence revealed a putative MTS (first 85
amino acids), the deletion of which prevented IL-1b-stimu-
lated nucleus-to-mitochondria PCAF translocation. Given
the presence of this MTS, it remains to be determined why
PCAF localization was primarily nuclear (and not mitochon-
drial) in the absence of IL-1b stimulation. Preventing K1042
acetylation by introducing a K1042R mutation greatly
reduced IL-1b-induced NNT acetylation, suggesting that this
PTM is the main NNT acetylation site. Surprisingly,
increased K1042 acetylation did not alter mitochondrial
ROS levels and Trx2/Grx2/Prx3/Prx5 redox status. This sug-
gests that this acetylation does not induce redox and/or ROS
stress (Han et al., 2023). Conversely, it was demonstrated
that K1042 acetylation was linked to the maintenance of
iron–sulfur (Fe-S) clusters and protection of the tumor cells
from ferroptotic cell death (Fig. 7). These findings suggest

that NNT acetylation is involved in the mechanism of IL-1b-
promoted tumor immune evasion (Han et al., 2023).

Hepatocellular carcinoma

Data sets from The Cancer Genome Atlas (TCGA) cohort
and Gene Expression Omnibus (GEO) revealed that NNT
expression was reduced in patients with hepatocellular carci-
noma (HCC), relative to control subjects (Duan et al., 2020).
Survival analysis, quantitative polymerase chain reaction
(qPCR), protein expression data, and in silico evidence dem-
onstrated that low NNT expression was significantly associ-
ated with a poor prognosis and suggested that NNT activity
was linked to bile acid functions and FA metabolism. It was
proposed that downregulated NNT expression could serve as
a prognostic biomarker for HCC (Duan et al., 2020).

A hepatoma cell model (SK-Hep-1) was used to study the
roles of NADH and NADPH homeostasis in cancer (Ho
et al., 2017). Virtually complete NNT knockdown reduced
cell growth and tumorigenicity, reduced cellular NADPH
levels, increased cellular NADH levels, increased OCR,
increased ROS levels, increased cellular ATP content,
reduced lactate production and Dw hyperpolarization, and a
normal mitochondrial mass. Mitochondria isolated from
NNT knockdown cells displayed an increased CI-driven
OCR. Treatment with the CI inhibitor rotenone reduced cell
viability to a slightly greater extent in NNT knockdown cells
than in controls. In contrast, NNT knockdown was protective
against cell death induced by the glycolysis-inhibitor 3-bro-
mopyruvate (Ho et al., 2017). Taken together, these results
suggest that NNT knockdown shifts the energy metabolism
toward a more mitochondrion-dependent phenotype. In this
sense, NNT knockdown induced a phenotype in which cell
growth was more dependent on pyruvate than on glucose in
the medium. Metabolically, NNT knockdown decreased the
steady-state fluxes of glycolysis and TCA cycle but
increased reductive carboxylation (see section “NNT and
reductive carboxylation”). NNT knockdown cells also dis-
played an increased [a-KG]/[succinate] ratio, leading to a
decrease in HIF1a level and regulated genes (Ho et al.,
2017). Moreover, the reduced NADPH levels reduced and
increased histone deacetylase 1 activity and p53 acetylation,
respectively.

Nonsmall-cell lung cancer

Tumor formation and aggressiveness were enhanced by
NNT in non-small-cell lung cancer (NSCLC) mouse models
(Ward et al., 2020). NNT function loss did not induce oxida-
tive stress but was associated with mitochondrial dysfunction
due to a reduced activity of Fe-S cluster-containing proteins.
This suggests that NNT plays a significant role in lung tumor
biology by regulating Fe-S cluster proteins (Ward et al.,
2020). In this sense, NNT acetylation and activation were
also implicated in the maintenance of Fe-S clusters and pro-
tection against ferroptotic cell death in GC (see section
“Gastric cancer”). In the treatment of NSCLC, DNA methyl-
ation has been identified to play a role in the acquired resist-
ance against the chemotherapeutic agent cisplatin (Xu et al.,
2023). Using a cisplatin-resistant model (A549/DDP cells), it
was found that NNT was silenced by DNA hypermethylation.
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Moreover, DNA hypermethylation positively correlated with
poor prognosis in NSCLC patients (Xu et al., 2023). Con-
versely, NNT overexpression in A549/DDP cells increased
cisplatin sensitivity and suppressed tumor malignancy. Appa-
rently, these phenomena were not NADPH- and/or ROS-
mediated but due to NNT-mediated inhibition of protective
autophagy. It was suggested that NNT potentially reduced
NAD+ levels, leading to SIRT1 inactivation and inhibition of
autophagy (Xu et al., 2023).

Summary, Conclusions, and Future Directions

NNT is a dimeric MIM protein that connects mitochon-
drial energy metabolism and redox homeostasis (Fig. 1).
Currently, the mechanistic aspects of this connection, as well
as the regulation of NNT activity, are still incompletely
understood. Given the fact that the absence or knockdown of

NNT variably impacts on the mitochondrial OCR, it appears
that NNT is not always active. This suggests the existence of
a control mechanism, which prevents too high NNT-
mediated matrix proton influx and the ensuing impairment of
mitochondrial OXPHOS. We expect that integrated live-cell
quantification of NNT substrate levels and mitochondrial/
cellular functional readouts will provide valuable new
insights into the conditions under which NNT is active and
how this activity relates to other metabolic and signaling
pathways. Such a strategy would also allow a better dissec-
tion of local and/or compartment-specific (i.e., mitochondrial
matrix, cytosol, nucleus) effects of NNT (dys)function and
enhance our understanding of how NNT dimerization is
regulated. Both in humans and mice, NNT expression levels
differ between tissues, suggesting that the downstream
effects of NNT/Nnt mutations are tissue-specific. In this
sense, the pathological mechanism in adrenal glands is rather

FIG. 8. Key cellular consequences of NNT dysfunction. (A) Alterations in cells from GCCD4 patients with NNT
mutations. (B) Alterations in tissues/cells/mitochondria from C57BL/6J mice with an Nnt gene mutation. (C) Effects of
NNT knockdown/overexpression in cell models. Results obtained in cancer cell models are highlighted in bold. See
main text for details. GCCD4, glucocorticoid deficiency 4.
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well understood (Fig. 6). Several studies demonstrated that
C57BL/6J mice lack NNT protein, but the picture is less
clear for patients with NNT mutations (Fig. 8A, B). This
means that it still needs to be clarified whether the reported
NNT mutations exert their pathogenic effects via NNT cata-
lytic impairment and/or via lowering NNT protein levels.
The absence of NNT in various C57BL/6J strains does not
result in an obvious phenotype, but it seems to enhance sen-
sitivity to metabolic stress (e.g., an HFD). However, in-
depth analyses of the adrenal cortex and glucocorticoid/min-
eralocorticoid levels in C57BL/6J mice are currently lacking.
In this context, the development of mice with a conditional
NNT deletion, cell-reprogramming based adrenal models,
and/or NNT-specific chemical inhibitors/activators would be
useful from a translational perspective. The role of NNT in
tumorigenesis and cancer cell biology is still unclear and it
may be useful to screen isogenic mouse strains with and
without NNT for tumor incidence. Nevertheless, both in
patients and in mice NNT/Nnt mutations induced various
common aberrations at the cellular level (Fig. 8A, B), several
of which were mimicked by NNT knockdown/overexpres-
sion in cancer cells (Fig. 8C). For example, evidence was
provided that NNT function was linked to cancer cell ROS/
redox homeostasis (protection and signaling), CI stabiliza-
tion, Fe-linked pathways (Fe-S cluster maintenance, ferrop-
tosis), and reductive carboxylation (Fig. 7). At the regulatory
level, NNT gene expression in cancer cells was suppressed
by HIF2a/miR-455-5p and NNT was activated via an IL-
1b-/MEKK1/PCAF-dependent acetylation mechanism. Obvi-
ously, these results strongly depend on the experimental con-
ditions, both in mice (e.g., diet, housing conditions) and in
cell models (e.g., cell type, degree of knockdown/overexpres-
sion, type, and concentration of energy substrates in the
medium). Moreover, data from intact cells and isolated mito-
chondria cannot always directly be compared (e.g., due to the
presence/absence of cytosolic enzymes/substrates). We con-
clude that the emerging central role of NNT in linking adapt-
ive regulation of redox homeostasis to energy metabolism
warrants further research to improve our mechanistic under-
standing of its functional role and regulation.
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a-KG ¼ a-ketoglutarate (2-oxoglutarate)
a-KGDH ¼ a-ketoglutarate dehydrogenase

Dw ¼ mitochondrial trans-MIM membrane potential
DpH ¼ mitochondrial trans-MIM pH gradient

AcCoA ¼ acetyl coenzyme A
ACC ¼ adrenocortical carcinoma

ACTH ¼ adrenocorticotropic hormone

ACTHR ¼ adrenocorticotropic hormone receptor
AD ¼ Alzheimer’s disease

ADP ¼ adenosine diphosphate
ATP ¼ adenosine triphosphate
BAT ¼ brown adipose tissue

C, CYTC ¼ cytochrome-c
CAT ¼ catalase

ccRCC ¼ clear cell renal cell carcinoma
CF ¼ cystic fibrosis

CI-CV ¼ complex I–V
CM ¼ cardiomyopathy

CoQ10 ¼ coenzyme Q10
CS ¼ citrate synthase

CuZnSOD ¼ copper–zinc superoxide dismutase (SOD1)
CYP ¼ cytochrome P450
DCA ¼ dichloroacetate

DHODH ¼ dihydroorotate dehydrogenase
DIO ¼ diet-induced obesity

EcTH ¼ E. coli transhydrogenase
eNOS ¼ endothelial nitric oxide synthase
ETC ¼ electron transport chain
ETF ¼ electron-transferring flavoprotein
FA ¼ fatty acid

FDX ¼ ferredoxin
FDXR ¼ ferredoxin reductase

FeS ¼ iron–sulfur
FGD ¼ familial glucocorticoid deficiency
G6PD ¼ glucose-6-phosphate dehydrogenase

GC ¼ gastric cancer
GCCD ¼ glucocorticoid deficiency
GDH ¼ glutamate dehydrogenase
G3P ¼ glycerol-3-phosphate

GPDH ¼ glycerol-3-phosphate dehydrogenase
GPX ¼ glutathione peroxidase
GR ¼ glutathione reductase

GSH ¼ glutathione
GSIS ¼ glucose-stimulated insulin secretion
GSSG ¼ oxidized glutathione
H2O ¼ water
H2O2 ¼ hydrogen peroxide
HCC ¼ hepatocellular carcinoma
HF ¼ heart failure

HFD ¼ high-fat diet
HIF ¼ hypoxia-inducible factor

HSPC ¼ hematopoietic stem and progenitor cell
IDH ¼ isocitrate dehydrogenase

IL-1b ¼ interleukin-1b
IL-1R ¼ interleukin-1 receptor
IL-6 ¼ interleukin-6
IMS ¼ intermembrane space
LD ¼ lipid droplet

LDL ¼ low-density lipoprotein
LPS ¼ lipopolysaccharide
MAL ¼ malate
MCR2 ¼ melanocortin 2 receptor

ME ¼ malic enzyme
MEKK1 ¼ mitogen-activated protein kinase

kinase kinase 1(MAP3K1)
MIM ¼ mitochondrial inner membrane
MOM ¼ mitochondrial outer membrane
mPTP ¼ mitochondrial permeability transition pore
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Abbreviations Used (Cont.)

MRAP ¼ melanocortin 2 receptor accessory protein
MTS ¼ mitochondrial targeting sequence

MYLK ¼ myosin light chain kinase 3
NAC ¼ N-acetyl cysteine
NAD+ ¼ oxidized form of nicotinamide adenine

dinucleotide
NADH ¼ reduced form of nicotinamide adenine

dinucleotide
NADP+ ¼ oxidized form of nicotinamide adenine

dinucleotide phosphate
NADPH ¼ reduced form of nicotinamide adenine

dinucleotide phosphate
NAFLD ¼ non-alcoholic fatty liver disease

NF ¼ nonfailing
NNT ¼ nicotinamide nucleotide transhydrogenase
NO ¼ nitric oxide

NQO1 ¼ NAD(P)H: quinone oxidoreductase 1
NSCLC ¼ non-small-cell lung cancer

O2
�- ¼ superoxide

OCR ¼ oxygen consumption rate
OXPHOS ¼ oxidative phosphorylation

Palm-CoA ¼ palmityl-coenzyme A (a.k.a.
palmitoyl-coenzyme A)

PBMCs ¼ peripheral blood mononuclear cells
PC1 ¼ polycistin-1

PCAF ¼ p300/CBP-associated factor
PDH ¼ pyruvate dehydrogenase

PDHC ¼ pyruvate dehydrogenase complex
Pi ¼ inorganic phosphate

PIC ¼ phosphate carrier
PID ¼ percentage identity
PMF ¼ proton-motive force
PPP ¼ pentose phosphate pathway

PRDX3 ¼ peroxiredoxin 3
PTMs ¼ post-translational modifications
RET ¼ reverse-electron transfer
ROS ¼ reactive oxygen species
SIRT ¼ sirtuin
SOD ¼ superoxide dismutase

SucCoA ¼ succinyl CoA
TCA ¼ tricarboxylic acid
TRX ¼ thioredoxin

TRXR2 ¼ thioredoxin reductase 2
WAT ¼ white adipose tissue
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