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Abstract: Glutamine:fructose-6-phosphate amidotransferase (GFAT) is the rate-limiting enzyme of the hexos-
amine biosynthetic pathway (HBP), an important route for de novo synthesis of amino sugars, which are key
components of prokaryotic cell walls, chitin, and complex eukaryotic glycoconjugates. GFAT also plays a major
role in several pathological processes, including cancer and diabetes. It has been 60 years since GFAT was first
characterized. During this time, the knowledge about the enzyme’s mechanisms and biological relevance has
increased considerably. We take the anniversary of GFAT’s discovery as an opportunity to discuss the role of
GFAT in both health and disease and explore its biotechnological potential as a target for antimicrobial and
anticancer chemotherapy.
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Introduction

All living cells, from bacteria to mammals, obtain activated hexosamines, through the indispensable and ubiq-
uitous hexosamine biosynthetic pathway (HBP). The final product of this pathway, uridine diphosphate
N-acetylglucosamine (UDP-GlcNAc), is perhaps the most indispensable monosaccharide in glycobiology, as it is a
substrate for most types of glycosylation in vertebrates, including O- and N-glycosylation, glycosaminoglycan
synthesis, and intracellular O-GlcNAcylation (Fig. 1). UDP-GlcNAc is also the precursor for activated forms of
important monosaccharides, like N-acetylgalactosamine (GalNAc), N-acetylmuramic acid (MurNAc), and sialic
acid (Sia) (Fig. 1). In addition, UDP-GlcNAc is a substrate for the synthesis of several essential carbohydrate
polymers, including chitin in arthropods [1] and fungi [2], and peptidoglycans and lipopolysaccharides in bacteria
(Fig. 1) [3–6]. Therefore, the HBP is not just a route that supplies structural moieties but rather a pathway that
influences a myriad of cell functions, such as cell–cell communication, adhesion, differentiation, and cell-cycle
regulation [7, 8].
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Fig. 1: GFAT’s relevance for cell glycosylation. Upon its entry into the cell, glucose is phosphorylated to glucose-6-phosphate (Glc6P) and
isomerized to fructose-6-phosphate (Fru6P). The fructose-6-phosphate can then be directed to either the glycolysis pathway, by the action of
phosphofructokinase (PFK), or to the hexosamine biosynthetic pathway (HBP), by the action of L-glutamine:D-fructose-6-phosphate ami-
dotransferase (GFAT). The steps of HBP differ between prokaryotic (left panel) and eukaryotic (middle panel) cells, although both end with
the production of uridine diphosphate N-acetylglucosamine (UDP-GlcNAc). UDP-GlcNAc can be incorporated in several glycan structures of
prokaryotic (left panel, represented by a gram-negative bacteria scheme) and eukaryotic cells (right panel). In addition, UDP-GlcNAc is also
used in the synthesis of other activated monosaccharides, such as UDP-N-acetylgalactosamine (UDP-GalNAc) and UDP-N-acetylmuramic
acid in prokaryotes (left panel), or UDP-N-acetylgalactosamine and cytidine monophosphate N-acetylneuraminic acid (CMP-Neu5Ac) in
eukaryotes (middle panel). The legend on the right panel depicts the chemical structures and symbols of the highlighted monosaccharides,
according to the Symbol Nomenclature for Glycans (SNFG) [19, 20]. IM, inner membrane; OM, outer membrane; LPS, lipopolysaccharide;
Gln, L-glutamine; GlcN6P, D-glucosamine-6-phosphate; GlcN1P, D-glucosamine-1-phosphate; GlcNAc1P, N-acetyl-D-glucosamine-
1-phosphate; GlcNAc6P, N-acetyl-D-glucosamine-6-phosphate; UTP, uridine triphosphate; nucl., nucleus; mitoc., mitochondria; Glc,
D-glucose; GlcNAc, N-acetyl-D-glucosamine; Gal, D-galactose; GalNAc, N-acetyl-D-galactosamine; Hex, hexose; Hep, heptose; MurNAc,
N-acetylmuramic acid; Man, D-mannose; Fuc, L-fucose; Neu5Ac, N-acetylneuraminic acid; Xyl, D-xylose; Kdo, 2-Keto-3-Deoxy-D-Man-
nooctanoic Acid; GlcA, D-glucuronic acid; IdoA, L-iduronic acid.
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HBP is an alternative to the glycolytic pathway since it diverts from glycolysis at D-fructose-6-phosphate
(Fru6P). As the first and irreversible step of HBP, Fru6P receives an amino group from L-glutamine and is iso-
merized to D-glucosamine-6-phosphate (GlcN6P) in a reaction catalyzed by the enzyme L-glutamine:D-fructose-
6-phosphate amidotransferase (GFAT, EC 2.6.1.16). Despite GFAT being a highly conserved protein and its enzy-
matic reaction does not differ among species, the following sequence of HBP steps does (Fig. 1). In prokaryotes,
GlcN6P is isomerized into D-glucosamine-1-phosphate (GlcN1P), followed by its N-acetylation using acetyl-CoA to
generate N-acetyl-D-glucosamine-1-phosphate (GlcNAc1P). In contrast, in eukaryotes, GlcN6P is initially N-acety-
lated to form N-acetyl-D-glucosamine-6-phosphate (GlcNAc6P), and then isomerized to GlcNAc1P. In both cases,
GlcNAc1P is then activated to UDP-GlcNAc with the expense of a uridine triphosphate (UTP) molecule. Because
HBP uses molecules from all biosynthetic routes (Fru6P from carbohydrate metabolism, glutamine from protein
metabolism, acetyl-CoA from lipidmetabolism, and UTP fromnucleotidemetabolism), this pathway is considered
a metabolic sensor [9] and has been implicated in an increasing number of pathological processes [10, 11].

While recent excellent reviews have explored the relevance of the hexosamine biosynthetic pathway (HBP)
for specific research areas [12–16], a comprehensive review specifically dedicated to GFAT had not been con-
ducted for over a decade [17, 18]. Therefore, there is still a lack of thorough compilation regarding the role and
impact of GFAT in different organisms. In this review, we aim to address this gap by discussing the current
knowledge of this remarkable enzyme in light of novel findings regarding the relevance of GFATs isoforms in the
development and homeostasis of diverse organisms.

GFAT: a multifaceted enzyme involved in hexosamine biosynthesis
and evolutionary divergence

The first characterization of an enzyme responsible for converting hexose-6-phosphate to GlcN6P, using gluta-
mine as the nitrogen donor,was reported by Leloir’s group inNeurospora crassa [21]. Leloirwas awarded the 1970
Nobel Prize for his pioneering research on polysaccharide biosynthesis and the discovery of sugar nucleotides.
However, it was not until seven years later that the specificity of the enzyme for Fru6P, rather than D-glucose-
6-phosphate, and its naming as GFAT were documented by Ghosh et al. [22], who extensively purified extracts
from rat liver, Escherichia coli, and N. crassa.

GFAT is a member of the glutamine amidotransferase (Gn-AT) family, which belongs to class II or Ntn
(recently reviewed by Linhorst and Lübke [23]), meaning it has an N-terminal cysteine (Cys) as the catalyst
nucleophile [24]. GFAT employs a two-step mechanism that involves glutamine hydrolysis, generating free
ammonia, and transferring it to the acceptor substrate (Fig. 2) [25–31]. The glutamine amide transfer and
isomerase domains catalyze each step of the reaction (Fig. 2). Unlikemost Gn-ATs [32], GFAT cannot use exogenous
ammonia as a nitrogen source to perform the amine transfer reaction within the isomerase domain [24]. The
complete GFAT reaction mechanism has been proposed based on studies with E. coli Glucosamine-6-phosphate
synthase (GlmS) and is characterized as bi–bi-ordered [31, 33, 34], with Fru6P entry inducing conformational
changes that favor binding to glutamine [28]. Allosteric inhibition by UDP-GlcNAc occurs only in eukaryotic
enzymes, unlike prokaryotic ones [35–38].

The GFAT gene is present in all domains of life, with structural and functional studies in various phyla. The
GFAT protein is found in the cytoplasm and exists as a single isoform in prokaryotes, fungi, and Candida
elegans. Another GFAT gene has been observed in some arthropods [1, 39], but there is insufficient data to
determine if this is a pattern of the phyla. Mammals contain two copies of GFAT genes, GFPT1 and GFPT2,
located in different chromosomes [40–42] and with different tissue-specific expression patterns [42–44].
Interestingly, the GFAT1-coding gene undergoes alternative splicing and generates both GFAT1 and GFAT1-Alt
(or GFAT-1L), with the former being longer and expressed solely in skeletal muscle, as observed in mice, pigs
and humans [45–47]. The evolution of GFAT isoforms is not clear, but a recent study with vertebrates shows a
strong separation of vertebrate GFAT1 and GFAT2 in two distinct branches of the phylogenetic tree, suggesting
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an ancient gene duplication event. Additionally, using a Plasmodium GFAT sequence as an external group
suggests that GFAT2 is older than GFAT1, as it is closely related to the outgroup [48].

GFAT in prokaryotes

Bacteria are highly dependent on amino sugars such as glucosamine and GlcNAc for peptidoglycan synthesis in
Gram-negative bacteria, and lipoteichoic acid production in Gram-positive bacteria [49–51]. Some bacteria can
also use these monosaccharides for capsule or exopolysaccharide production [52] pointing to GlmS as an inter-
esting target for new antibiotic development, which was reviewed recently by Wyllie et al. [53].

Although GlmS is a crucial enzyme in prokaryotes and plays a significant role in E. coli biology, there is a
limited amount of research on its impact. Nonetheless, the enzyme’s importance cannot be underestimated, as
deleting its gene results in E. coli cell death [54]. In Salmonella enterica, a Gram-negative bacteria that causes
gastroenteritis in humans, deletion of the GlmS gene severely impairs bacterial growth. Although exogenous
supplementation with glucosamine can partially restore growth, the cell envelope’s integrity is significantly
compromised, leading to reduced ability of the bacteria to bind and invade intestinal epithelial cells [55].

The knockout of GlmS in Gram-positive bacteria also results in cell death [52, 56], which can be rescued by
GlcNAc supplementation, although the outcomes vary among species. In Staphylococcus aureus, GlmS is essential
for producing GlcNAc required for cell wall synthesis [52]. However, activation of the HBP pathway, either
through GlmS expression or exposure to GlcNAc, negatively impacts the expression of virulence factors critical
for biofilm formation in Streptococcus mutans [56]. Since S. mutans biofilm mainly comprises a glucose-based
polymer, its synthesis competes with HBP and, consequently, with GlmS, for substrates [56].

GFAT in chitin synthesizing organisms

GFAT in fungi

A key adaptation in several fungi species is the ability to produce a cell wall, which is responsible for cell shape
and protection [57]. Chitin, a β-1,4-GlcNAc homopolymer, can account for 1–30 % of cell wall dry mass depending
on fungal type (filamentous or not) [58–60] and cell stress conditions [61]. Biochemical and molecular biology
studies have established a correlation between cell wall stress and an increase in GFAT gene transcription,
expression levels and/or enzyme activity, leading to increased chitin deposition in the cell wall for restoration
of its integrity. In Saccharomyces cerevisiae, the promoter region of the GFAT gene includes a transcriptional
regulation sequence responsive to the alpha factor, a mating pheromone that also increases chitin content [62].
In fact, the GFAT gene and chitin synthetic pathway are mutually related in S. cerevisiae: the GFAT gene is

Fig. 2: Scheme of GFAT enzymatic
reaction. Glutamine hydrolysis
and sugar isomerization occur in
different domains of the protein.
The released ammonia from L-
glutamine hydrolysis travels to
the other GFAT domain to be
used in the transamination of
the D-fructose-6-phosphate dur-
ing the isomerization of this
sugar, yielding the formation of
D-glucosamine-6-phosphate.
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activated upon the activation of the chitin synthesis pathway caused by cell-wall gene mutations, and chitin
synthesis is activated by GFAT overexpression [63]. Cell wall damage induced by Congo Red, Zymolyase, or
mutations in cell-wall remodeling responsive genes elicits the transcription of several genes involved in chitin
synthesis, including GFAT [64, 65]. In addition, GFAT plays an important role by protecting this fungus from
methylmercury accumulation [66]. GFAT is also crucial for S. pombe survival [54]. Cell wall stress was shown to
increase both chitin content and GFAT transcripts in Aspergillus, and GFAT gene deletion led to cell death.
Although the lethal phenotype can be rescued by glucosamine supplementation, themutant strains have shown
slower growth even in high glucosamine conditions [67, 68]. Despite being purified and characterized from
other fungi, such as N. crassa [22, 69], Volvariella volvacea [70], Proteus mirabilis [71], GFAT’s relevance for
physiology of these fungi was not studied.

The dynamics of chitin synthesis and GFAT activity are particularly intriguing in fungi undergoing cell
differentiation. In the life cycle of Blastocladiella emersonii, the correlation between chitin synthesis and GFAT
activity is regulated by sensitivity to UDP-GlcNAc inhibition [72]. During the growing phase, when chitin synthesis
is occurring, GFAT shows lower sensitivity to UDP-GlcNAc inhibition. However, its sensitivity increases over time
during the sporulation phase when chitin synthesis is turned off [38]. Phosphorylation triggers this sensitivity
both in vitro [73] and in vivo during sporulation [74].

In Candida albicans, an opportunist fungus, chitin synthesis is regulated during dimorphic growth [75]. The
chitin content increases by 5-fold and GFAT activity increases by 4-fold during the yeast-to-mycelial trans-
formation [76]. The essential role of GFAT in promoting C. albicans growth is evident as antifungal drugs targeting
this enzyme induce cell agglutination, swelling, disruption of cell integrity, and inhibition of septum formation
[77]. GFAT activity from C. albicans is also modulated by phosphorylation, and the loss of this post-translational
modification resulted in reduced germination efficiency [78].

The hyphal form of Sporothrix is more sensitive to cell membrane stress induced by dyes compared to the
yeast form.Mycelial cells from Sporothrix schenckii and S. globosa displayed a transient increase in GFAT activity
following exposure to Congo Red [79]. The response in GFAT activity was directly proportional to the extent of
damage caused by the tested dyes to the mycelia [79, 80]. These findings highlight the crucial role of GFAT in
mediating chitin synthesis, an important mechanism of fungal protection. Consequently, this enzyme emerges as
an attractive target for antifungal chemotherapy, as recently reviewed by Stefaniak et al. [81].

GFAT in arthropods

Chitin is the main component of the arthropod exoskeleton, and it has a key role in physical and pathogen
stress. However, little is known about GFAT in insects. Its transcripts are detected in all tissues and stages of
development, but its expression profile positively correlates with chitinous tissues exposed to stress, like the
intestine of the shrimp Litopenaeus vannamei [82], the midgut of Aedes aegypti [1], the cuticle of Nilaparvata
lugens [83] and Haemaphysalis longicornis [84]. The synthesis and regulation of chitin are important for insect
development and molting, particularly following blood-feeding. GFAT mRNA levels have been shown to be
upregulated in a tissue-specific manner in H. longicornis during chitin remodeling [84]. In ticks, knockdown of
GFAT gene causes a significant reduction in body weight after blood-feeding, as well as death within 5–10 days
post-engorgement [84]. A similar pattern has been observed in A. aegypti, where GFAT knockdown impairs
chitin synthesis and peritrophic matrix formation upon blood-feeding, an effect that cannot be reversed by
glucosamine supplementation [1, 85]. Downregulation of GFAT in N. lugens decreases mRNA levels of HBP
enzymes, chitin synthesis, and degradation-related genes, leading to insect malformation (such as molting
difficulties and wing deformities) and death [83]. In contrast, inhibiting chitinase in Spodoptera frugiperda
larvae increases GFAT transcript levels and abnormal molting [86].

In D. melanogaster, the apparent redundancy of the GFAT isoforms was investigated using CRISPR tech-
nology. While deletions of either GFAT1 or GFAT2 were lethal, GFAT2-deficient animals could be rescued with a
supplementary diet containing GlcN6P, generating fertile females depending on the sugar concentration.
Interestingly, animals lacking GFAT1 could not be rescued, even with high GlcN6P concentrations [39], indicating
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that GFAT isoforms are not functionally redundant. The authors speculate that GFAT1 may generate a non-
canonical product. Recent cytogenetic analysis located the GFAT2 gene in euchromatin and the GFAT1 gene in
heterochromatin inDrosophila species, showing that GFAT1 and GFAT2mRNAs have distinct expression patterns
during embryogenesis [87]. The authors also showed that both GFAT1- and GFAT2-deficient phenotypes are lethal,
but in contrast to the results of Chen et al. [39], they could be rescued from lethality by each other transgenes,
suggesting that GFAT1 and GFAT2 are functionally equivalent. During D. melanogaster development, GFAT1
activity is regulated on the posttranslational level. UDP-GlcNAc inhibits the activity of GFAT, and it can be
stimulated by PKA [88].

Altogether, these data clearly indicate a very close cross-talk between chitin synthesis and GFAT (and
consequently, HBP) activation in fungi and arthropods. Nevertheless, the potential effects of chitin disruption on
other HBP-supported pathways, such as N-glycosylation, as well as those that compete with HBP for substrate,
including glycolysis, PPP (indirectly), and beta-glucan synthesis, remain insufficiently investigated. Furthermore,
our understanding of the spatial and temporal distribution of GFAT protein and its regulatory mechanisms is
currently limited.

GFAT in plants

The first report describing the presence of GFAT in plants dates to the late 1950s and, since then, only a fewworks
aiming to identify how HBP regulates different aspects of plant physiology have been published [89]. In Arabi-
dopsis thaliana, a single copy of the GFAT gene is present, and it is highly expressed in mature pollen grains [90].
GFAT expression increases under endoplasmic reticulum (ER) stress conditions, and circadian analysis has
indicated that GFAT can be modulated in a day-period dependent fashion, with the highest expression occurring
at the end of a 12-h light period and the lowest expression occurring at the end of the night [90, 91]. In addition, the
disruption of the GFAT gene by T-DNA results in male gametophytic sterility, which is rescued by exogenous
supplementation of glucosamine [90].

GFAT in worms

Among worms, Nematoda stands out as the first and, to our knowledge, the only phylum in which the functional
and physiological aspects of GFAT have been explored. The use of C. elegans as a model organism has provided
valuable insights linking GFAT with protein homeostasis and longevity [92, 93]. Horn et al. have shown that a
mutation in the GFAT1 gene sequence, resulting in enhanced enzyme activity, led to an increase in the lifespan of
C. elegans [93]. Remarkably, this effect is independent ofO-GlcNAcylation but instead arises from the induction of
protein homeostasis through the unfolded protein response (UPR) components IRE1 and the X-box binding
protein 1 (XBP1), along with autophagy [92, 93].

GFAT in mammals: in health and disease

Regulation of GFAT1 and GFAT2 expression and activity in response to stress and
nutrient deprivation

GFAT1, as a critical enzyme in the hexosamine biosynthesis pathway, is regulated by multiple factors. Under
hypoxic conditions, GFAT1 mRNA expression is upregulated in macrophages via the hypoxia response element
(HRE) located in the GFAT promoter, but whether HIF1 regulates GFAT1 transcription in this context remains to
be determined [94]. In contrast, the basal transcription of GFAT1 is mainly regulated by the transcription factor
Sp1, as the GFAT promoter lacks the typical TATA box found in most “housekeeping” genes [95]. In addition to
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hypoxia, GFAT1 expression is also influenced by nutrient stress, such as glucose deprivation. Under these con-
ditions, the GCN2/eIF2α pathway induces the expression and activation of ATF4, a transcription factor that leads
to increased GFAT1 levels andO-GlcNAcylationwithin cells [96]. GFAT2 transcription is alsomodulated by distinct
transcription factors. In the retina, the nuclear receptor subfamily four group A member 1 (NR4A1) modulates
GFAT2 mRNA expression [97]. NF-kB transcriptionally upregulates GFAT2 in non-small cell lung cancer (NSCLC)
[98]. Furthermore, in macrophages, FoxO1 mediates the effect of lipopolysaccharides (LPS) in inducing GFAT2
expression which permits limited exacerbation of inflammation upon macrophage activation [99].

The UPR is a cellular stress response pathway that is activated when the ER is overwhelmed by unfolded or
misfolded proteins. In mammals, GFAT plays a key role in linking the UPR to the HBP. The study by Wang et al.
[100] showed that GFAT1 is regulated by the UPR through the spliced formof XBP1, a key transcription factor in the
UPR pathway. XBP1s directly binds to the promoter of GFAT1 and increases its expression, leading to an increase
in UDP-GlcNAc synthesis and subsequent protein glycosylation. This finding highlights the importance of GFAT1
in linking the UPR to the HBP and maintaining ER protein folding and quality control.

Mammal cells modify GFAT expression in response to stress or nutrient deprivation and regulate GFAT
activity through post-translational modifications. Phosphorylation of human GFAT1 at Ser205 was shown to
reduce its enzyme activity [101], while the phosphorylation of murine GFAT2 at the homologous site, Ser202,
leads to an increase in enzymatic activity [102]. Moreover, GFAT1 Ser205 phosphorylation by PKA abolished the
UDP-GlcNAc feedback inhibition [103]. Phosphorylation of GFAT1 at Ser243 by AMPK has been found to decrease
its enzymatic activity [104]. This same study also demonstrated that glucose deprivation induces GFAT1
phosphorylation at the same site [104]. Furthermore, upon VEGF stimulation, AMPK activation leads to GFAT1
phosphorylation at Ser243 in human endothelial cells [105]. Zibrova et al. observed that high glucose activates
GFAT1/HBP, yet impairs vascular sprouting, indicating that VEGF-induced GFAT1 phosphorylation via AMPK
may serve as a mechanism to ameliorate hyperglycemia-induced vascular dysfunction [105]. In the context of
nutrient deprivation, Moloughney et al. [106] demonstrated that glutamine and glucose limitation enhance
mTORC2 activity. This, in turn, modulates GFAT1 expression through the transcription factor XBP1s [106] and
sustains GFAT1 phosphorylation at Ser243 [107], thereby affecting GFAT1 activity. In a recent study byWei et al.
[108], a non-canonical role for GFAT1 in glucose deprivation was discovered, where it interacts with phos-
phorylated TAB1 protein, facilitating its glutamylation by TTLL5. TAB1 glutamylation is essential for sustaining
p38 MAPK autophosphorylation, promoting cell survival under nutrient stress through autophagy. Addition-
ally, the GFAT2:GFAT1 protein ratio can be adjusted to sustain UDP-GlcNAc levels, as observed in murine
embryonic stem cells (mESC) [109], given that GFAT2 exhibits lower sensitivity to UDP-GlcNAc inhibition
[102, 110]. Transamination has also been reported as a positive regulator of GFAT activity in response to
increased intracellular calcium concentrations [111].

The role of GFAT in diabetes and its comorbidities

The involvement of GFAT in glucose metabolism raises the question of whether this enzyme plays a role in the
development of diabetes mellitus (DM). In the series of seminal articles authored by Marshall and Traxinger, the
direct involvement of GFAT in the desensitization of adipocytes to insulin promoted by the combined stimulation
of glucose and insulin was observed [112–114]. In fact, hyperglycemia, a common feature of DM, combined with
glutamine and insulin stimulation, was shown to desensitize the glucose transport system in an HBP-dependent
mechanism [112]. In a study by Daniels et al., the effects of glucose and insulin on GFAT activity were investigated
in skeletal-muscle cells derived from non-diabetic and non-insulin-dependent diabetic subjects. Both groups
showed increased GFAT activity in response to glucose and insulin, although the relationship between GFAT
activity and glucose disposal rates measured in vivo differed between the two groups [115].

The activation of HBP by GFAT overexpression or glucosamine treatment results in glucose-stimulated
insulin secretion and reduced expression of several β-cell specific genes in rat pancreatic islets [116]. This can lead
to hyperinsulinemia, obesity, and insulin resistance in transgenic mice [117] or impaired glucose-stimulated
insulin secretion in isolated rat islets. GFAT overexpression also leads to insulin resistance inmuscle and adipose
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tissue [118], possibly by reducing the expression of GLUT4 on the cell surface [119]. In liver cells, GFAT over-
expression results in the increased expression of ER stress markers and promotes lipid accumulation as well as
the activation of inflammatory pathways [120]. Cooksey andMcClain conducted a study involving transgenicmice
that overexpressed GFAT in specific tissues. The results revealed varied effects based on the tissue site of
overexpression. Overexpression of GFAT in muscle and adipose tissue resulted in insulin resistance and
hyperleptinemia. Conversely, GFAT overexpression in the liver led to hyperlipidemia, while in pancreatic β-cells,
it resulted in increased insulin secretion [121].

Studies have analyzed GFAT genes looking for single nucleotide polymorphisms (SNPs) associated with
diabetes. Zhang et al. [122] found 11 SNPs on the GFPT2 and a variant of exon 14 linked to type 2 DM in Caucasian
subjects, but Ng et al. [123] found no association ofGFPT1 variants with type 1 and type 2 DM in Caucasians despite
using a larger sample size. Polymorphisms in the 5′-flanking region of GFAT genes and the −913 G/A SNPwere also
found to alter the risks of obesity and intramyocellular lipid content in male subjects [124]. However, more
research is needed to confirm these findings.

In addition to its role in DM establishment, HBP activation is linked to several comorbidities associated with
DM. Increased flow through the HBP (observed by glucosamine treatment and GFAT overexpression) activates
the expression of genes implicated in vascular injury pathways in mesangial cells, as is often seen in diabetic
nephropathy [125, 126].

GFAT plays a significant role in adipocyte differentiation, as its pharmacological or transcriptional (siRNA)
inhibition results in the downregulation of key adipogenesis mediators, including C/EBPβ, PPARγ, and SREP-1,
impairing lipid droplet formation [127]. This, along with the evidence of the interactions between HBP, leptin and
free fatty acids in adipocytes [128], indicates a role of GFAT in obesity. Additionally, GFAT is thought to regulate
critical stages in the onset and development of atherosclerotic lesions [129].

GFAT in cancer

A prominent role attributed to GFAT is the close relationship between HBP and cancer (for review, see [13]).
Overexpression of GFATwas observed in human colorectal cancer (CRC) samples compared with adjacent tissue,
and GFAT knockdown decreased tumor growth and metastasis in a mice xerograph model under hyperglycemic
conditions [130]. GFAT is also associated with breast cancer evolution [131], and its inhibition has been shown to
potentiate cisplatin-induced cell apoptosis in non-small cell lung cancer (NSCLC), suggesting that GFAT inhibition
can be combined with traditional cancer chemotherapy to improve clinical outcomes [132].

Regarding isoform specificity, GFAT1 has been found to be upregulated in breast [133] and prostate [134]
cancers. It has also been associatedwith tumor initiation by KRASmutation in pancreatic ductal adenocarcinoma
[135]. In contrast, GFAT2 levels have been observed to increase considerably in pancreatic adenocarcinoma [136].
NSCLC with double mutations in KRAS and STK11, an aggressive tumor prone to metastasis, have a high
dependence on GFAT2 expression levels. The selective inhibition of GFAT2 was shown to reduce tumor growth in
cell culture as well as in xenografts and genetically-modified mice, highlighting the relevance of this GFAT
isoform to the aggressive NSCLC subtype [137]. High expression of GFAT2 was also reported in lung adenocar-
cinoma [138] and CRC, where it is a predictive factor for the poorest prognosis [139]. In light of the work of Kroef
et al. [109], it is still an open issue whether cancer cells also exploit the regulation of GFAT2:GFAT1 ratio to match
their need for UDP-GlcNAc.

GFAT overexpression is also capable of promoting the epithelial-mesenchymal transition (EMT) in vitro, a
process required by many cancers to metastasize [140], resulting in oncofetal fibronectin glycosylation [141].
TGFβ-induced EMT increases GFAT activity, having direct effects on UDP-GlcNAc production and extracellular
glycosylation [142] through an increase in GFAT stability by reducing proteasomal degradation [143]. GFAT gene
silencing also leads to a decrease in hyaluronic acid synthesis in keratinocytes and the inhibition of cell migration
[144], which can indicate a role of the crosstalk between HBP and glycosaminoglycans in cancer metastasis.
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GFAT: linking cardiomyocyte hypertrophy and neuromuscular function

Recently, GFAT was also associated with cardiomyocyte hypertrophy [145, 146]. The knock-out of GFAT1 gene, but
not GFAT2 gene, led to a decrease in stress-induced overall protein O-GlcNAcylation in neonatal cardiac cell
preparations, indicating reduced HBP activity that is dependent on GFAT1 [43] in this tissue.

Mutations inGFPT1 and other HBP genes cause a congenital myasthenic syndrome characterized by fatigable
muscle weakness, owing to impaired neurotransmission [10, 147–152]. The results obtainedwith amuscle-specific
GFAT1 deficient mouse model suggest a critical role for muscle-derived GFAT1 in the development of the
neuromuscular junction, neurotransmission, and skeletal muscle integrity [153].

GFAT and O-GlcNAcylation

GFAT plays a critical role as the first step in UDP-GlcNAc synthesis, a key metabolite for intracellular
O-GlcNAcylation. Therefore, the level of O-GlcNAcylation is often used as an indirect indicator of GFAT activity,
and many studies have altered GFAT expression or pharmacologically inhibited its activity to modulate O-
GlcNAcylation levels [154]. These manipulations have demonstrated the impact of this post-translational
modification on circadian rhythm regulation [155], aging (for a review, see [156]), immune system modulation
[99, 157, 158], and the pathophysiology of various diseases (for review, see [159]). Although this is a simplification
of the GFAT/HBP impact, it highlights the relevance of the enzyme in numerous diseases and points it as an
interesting target for drug development.

GFAT use in biotechnology

Aside from the direct biological relevance in understanding the role of GFAT in normal homeostasis and in
diseases, there is growing interest in this enzyme in biotechnology. Recently, engineering the HBP of microbial
organisms has become of biotechnological interest to increase the production of UDP-GlcNAc, glucosamine,
GlcNAc, and even sialic acid [160–163] in the food, pharmaceutical, and agricultural sectors due to the relevance of
this process for scaling up the production of chondroitin, hyaluronic acid, and humanmilk oligosaccharides (for a
review, see [14]).

Inhibitors of GFAT

HBP has emerged as a promising target in the context of cancer [7, 137] and diabetes [126, 164, 165]. Additionally,
the potential of GFAT as a viable target for antibacterials and antifungals is beyond doubt [166] (for an extensive
review, see [53, 81]). Consequently, the development of specific, potent, and selective inhibitors of GFAT would
facilitate investigations into the biological functions of GFAT1 and GFAT2 in mammals, while minimizing per-
turbations to their protein levels.

Since GFAT inhibition by 6-diazo-5-oxo-L-norleucine (DON) (1, Ki = 2.8 μM, Fig. 3), and its N-acetyl deriv-
ative, Duazomycin A (2, Fig. 3) [167], numerous glutamine analogs have been reported. Some of them, alike DON,
are irreversible inhibitors that act as site-directed alkylating agents by forming covalent bonds with the
sulfhydryl group of the Cys1 residue, which acts as a catalytic nucleophile in the glutaminase reaction
[24, 168–170]. The stability of diazoketone inhibitors, exemplified by DON, in physiological environments stems
from the presence of an electron-withdrawing carbonyl group that stabilizes the diazo dipole. This charac-
teristic allows the inhibitor to behave as a reactive electrophile exclusively in specific circumstances, such as
near a serine residue located in the active-site of the glutaminase domain. Therefore, this protonation event
induces the liberation of nitrogen (N2) [171]. Consequently, DON operates as a discerning mechanism-based
inactivator of reactions that rely on glutamine, rather than functioning as a non-specific reactive intermediate.
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DON lacks specificity, as it also inhibits glutamine-metabolizing enzymes, including glutaminases, L‐asparagine
synthetase, and gamma-glutamyl transpeptidase. DON has shown promise as an anticancer therapeutic in the
1950s, but its clinical development has been hindered by dose-limiting gastrointestinal toxicities and inap-
propriate dosing schedules. Prodrug strategies for DON have been developed to enhance its delivery to tumor
tissues, including the central nervous system [172, 173], and low daily dosing regimens have been found to be
effective without significant toxicity [174, 175].

Unlike DON, the S-enantiomer of anticapsin (3, Ki = 0.1 μM, Fig. 3) [176], and the N3-(4-methoxyfumaroyl)-l-
2,3-diaminopropanoic acid (FMDP) (4, Ki = 0.35 μM, Fig. 3) [177] are selective for GFAT and do not inhibit other
amidotransferases [168], pointing that the catalytic site of the GFAT glutamine amide transfer domain differs in
structure from other transaminases. Such differences have been explored by molecular modeling [178], the
results of which suggested that selectivity against GFAT is possible due to the difference in distance between the
active Cys sulfhydryl group site and the site in the active center of the enzyme which recognizes and binds

Fig. 3: GFAT inhibitors. Chemical structures of molecules described as GFAT inhibitors are separated into classes according to the targeted
site or type of enzyme activity affected.
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the carboxylic group of the glutamine analog. In GFAT, this distance is possibly greater than in other
amidotransferases.

Due to FMDP (4, Fig. 3) selectivity and inhibitory activity against fungal GFAT (IC50 = 4.03 μM), several
peptide analogs have been synthesized as antifungal agents [179–182], with no cytotoxicity against mammalian
cells [183]. Those peptides function as pro-drugs, making the entry of the inhibitor into the cell feasible. Despite
acceptable drug uptake by cells, the lack of cytotoxicity of FMDP-peptides in mammalian cells might be due to
the poor rate of peptide cleavage by the intracellular peptidases [183]. Therefore, other modifications of the
FMDP molecule, involving the formation of esters or other derivatives of the active agent to increase the
penetration of compounds into the cell have been tested [180, 184]. Esters of FMDP (5, Fig. 3) showed greater
GFAT inhibition than their amide derivatives [179, 180, 184] with IC50 in the order of 5 and 100 μM. Recently,
a significant advancement was made in delivering FMDP to human cancer cells that overexpress GFAT.
Researchers successfully achieved this delivery by utilizing polyethylene glycol-coated iron oxide/silica core-
shell nanoparticles, to which FMDP was covalently attached. Remarkably, the application of these nano-
encapsulated FMDP derivatives exhibited notable growth inhibition in the tested cancer cells. Furthermore, a
comparative analysis of the cellular internalization of these nanoencapsulated FMDP derivatives was con-
ducted in tumor cells and C. albicans. Surprisingly, it was observed that the mammalian cells displayed a high
level of biocompatibility. This observation raises an important question regarding the potential toxicity in non-
carcinogenic cells [181].

The isomerase domain of GFAT presents potential for the exploration of selective inhibitors. There is a
growing number of reports on analogs specifically targeting the Fru6P binding site. GlcN6P (6, Fig. 3), the reaction
product of GFAT, demonstrates inhibitory properties on the prokaryotic enzyme at millimolar concentrations
[185]. It also acts as a potent competitive feedback inhibitor of humanGFAT1 atmicromolar concentrations, with a
Ki of 6 µM [35]. Additionally, GlcN6P analogs such as 6-sulfo-6-deoxy-D-glucosamine (GlcN6S, 7, Fig. 3) and 6-sulfo-
6-deoxy-D-glucosaminitol (ADGS, 8, Fig. 3) exhibit inhibition of the microbial enzyme at micromolar concentra-
tions (IC50 of 0.21 and 0.18 mM, respectively). However, they display inhibitory effects on fungal GlcN6P N-acetyl
transferase atmillimolar concentrations, with IC50 values of 0.08 and 0.13 mM, respectively. In vitro antimicrobial
tests have shown that these GlcN6P derivatives induce cell-wall destruction in both prokaryotic and fungal cells
[186]. These findings underscore the variations in the isomerase domain framework of GFAT among different
species, highlighting the potential of this domain as a target for structure-based drug design of novel microbicide
compounds with desirable selectivity profiles. It is crucial to consider avoiding human GFAT as an unintended
consequence of inhibition could lead to adverse effects.

The antibiotic kanosamine has been identified as an inhibitor of the isomerase activity of GFAT in C. albicans
[77]. Kanosamine (9, Fig. 3) enters the cells through the glucose transport system and undergoes subsequent
phosphorylation. The intracellular metabolism of kanosamine generates kanosamine-6-phosphate, which acts as
an inhibitor of GFAT1 in C. albicanswith a Ki of 5.9 mM. Notably, kanosamine has shown significant effects on the
morphology of C. albicans, leading to notable alterations such as suppressed septum formation and severe
cellular agglutination. Importantly, kanosamine-6-phosphate exhibits specificity towards GFAT1 as it does not
affect the enzyme responsible for the subsequent metabolic step, glucosamine-6-phosphate N-acetylase. These
observations suggest a selective impact of kanosamine-6-phosphate on GFAT1 in C. albicans.

The GFAT product analog, N-iodoacetyl-glucosamine-6-phosphate (10, Fig. 3), has been identified as an
irreversible inactivator of the E. coli enzyme, with a Ki of 220 μM [187]. Additionally, analogs of the cis-enolamine
transition state intermediate, such as 2-amino-2-deoxy-D-glucitol-6-phosphate (ADGP, 11, Fig. 3), have demon-
strated potent in vitro inhibition of GFAT (IC50 = 0.23 mM). However, these analogs exhibit low antimicrobial
activity [33]. It is worth noting that these phosphorylated compounds are poorly taken up by cells, likely due to
their negative charge and intracellular metabolism. Factors such as dephosphorylation by phosphatases or
conversion to GlcN1P by GlcN6P isomerase (GlmM) may reduce access to the targeted GFAT [27]. To enhance
the uptake of these compounds by fungal cells, various chemical modifications of ADGP aimed at increasing
lipophilicity have been investigated. Hydrophobic compounds showed weak antifungal activity in the minimum
inhibitory concentration assays (MIC) [166, 188]. However, N-alkylation (12, Fig. 3) of ADGP has proven to be a
promising strategy, yielding novel inhibitors of fungal GFAT with higher antifungal activity compared to the
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parent compound. The MIC assays of the best alkylated inhibitors ranged from 0.08 to 0.625 mg/mL [166]. These
findings highlight the potential ofmodifying ADGP to improve its lipophilicity and enhance uptake by fungal cells,
thereby leading to more effective inhibitors of fungal GFAT with increased antifungal activity.

New thiazole-carboximidamide derivatives (13, Fig. 3) designed as GlcN6P analogs have been tested against
bacterial and fungal GFATwithMIC atmicrograms permL. Overall, the synthesized compoundswere shown to be
more active against Gram-positive than against Gram-negative microorganisms, and they presented low levels of
activity against fungal and human cells, indicating prominent selectivity for the prokaryotic GFAT isoform.
Moreover, cytotoxicity assays showed that none of the compounds presented activity against human normal
cells, therefore these compounds can be considered for further drug development as antibacterial agents [189].
Molecular modeling studies have suggested that the addition of a guanidine moiety to de hydrazinecarbox-
imidamide improves the inhibitory activity of the derivatives due to its interaction with the enzyme in the same
manner as the phosphate group from GlcN6P. Glycosyl-thiadiazole (14, Fig. 3) and -triazole (15, Fig. 3) derivatives,
that are structurally similar to the substrate Fru6P, inhibit fungal GFAT [190, 191].

The proximity of the glutamine amide transfer and isomerase domains makes it possible to design bisub-
strate compounds. However, few compounds have been tested. Bisubstrate analogs (16, Fig. 3) synthesized by
coupling the compound ADGP to the carboxyl function of glutamine did not exhibit significant inhibition of E. coli
GFAT [27].

High throughput screening and subsequent hit identification and optimization have led to the synthesis of
a series of 1-arylcarbonyl-6,7-dimethoxyisoquinoline derivatives, the most potent and only patented GFAT
inhibitors reported so far. The most potent compound of the series (17, Fig. 3) was shown to inhibit GFAT with an
IC50 of 1 μM, and it was found to interact with the glutamine amide transfer domain, as demonstrated by
competition experiments. The compound showed significant efficacy in reducing the glucose levels in an oral
glucose tolerance test in ob/obmice [192] pointing it as a potential antiglycemic compound. However,more studies
are needed to define its selectivity and toxicity.

GFAT inhibition by UDP-GlcNAc analogs raises concerns about the potential accumulation of UDP-sugar
derivatives containing various monosaccharides with reactive groups at different positions, such as azides and
alkynes [193]. Studies have demonstrated that monosaccharides with larger substitutions at the N-acetyl position
do not inhibit GFAT, whereas UDP-glucose substituted with azide at either the 2- or 6-positions does exhibit
inhibition (18 and 19, Fig. 3). Additionally, the substitution of the 6-hydroxyl groupwith an azide group on GlcNAc
(20, Fig. 3) might slightly enhance the inhibitory effect of the UDP-sugar. In the pursuit of GFAT inhibitors, other
potential compounds have been proposed through enzyme docking simulations [194–197]. These simulations
provide valuable insights into the interactions between potential inhibitors and the GFAT enzyme, aiding in the
identification of novel compounds with inhibitory properties.

Conclusions

Six decades after its first description, the knowledge about GFAT’s enzymatic mechanism, biological relevance,
evolution, and regulation complexity has increased considerably. However, there is still much to discover. The
evolution pattern of the GFAT isoforms among different organisms, differences regarding themolecular structure
and modulation of enzyme activity, how the post-translational modifications can affect enzyme activity, and
whether GFAThas binding partners in different biological contexts, are some of themany questions that are yet to
be answered. The growing evidence that GFAT isoforms play relevant roles in several human pathologies and
their relevance as antimicrobial targets make them interesting targets for drug development. However, the
development of selective and potent GFAT inhibitors has proven to be challenging. The complex structure of
GFAT, combined with the need for high selectivity andminimal off-target effects, pose hurdles in inhibitor design
and discovery. Additionally, the intricate regulation of GFAT activity and its involvement in essential cellular
processes necessitate careful consideration of potential side effects and unintended consequences of inhibition.
Advancements in computational methods, high-throughput screening, and structure-based drug design are
contributing to the discovery of potential inhibitors. Collaborative efforts and interdisciplinary approaches are
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also essential for overcoming the complexities associated with GFAT inhibition. Further research and innovation
in this area are needed to unlock the full potential of GFAT inhibition and pave the way for the development of
effective therapies targeting glycosylation-related disorders. Finally, the relevance of GFAT extends to several
industries, including food, agriculture, and cosmetics. Therefore, continuous studies on this amazing enzyme are
welcome and necessary.
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