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Abstract

Mannose is a simple sugar with a complex life. It’s a welcome therapy for genetic and acquired 

human diseases, but it kills honeybees and blinds baby mice. It could cause diabetic 

complications. Mannose chemistry, metabolism, and metabolomics in cells, tissues and mammals 

can help explain these multiple systemic effects. Mannose has good, bad or ugly outcomes 

depending on its steady state levels and metabolic flux. This review describes the role of mannose 

at cellular level and its impact on organisms.

Introduction

Nearly all studies of mammalian sugar metabolism focus exclusively on glucose because of 

its central role in energy generation, storage and regulation. In medicine, glucose is also the 

focus because of diabetes and obesity. Other hexoses (mannose and galactose) receive 

relatively little attention in metabolic studies. These monoaccharides can be converted into 

glucose for catabolism or be derived from glucose for glycan biosynthesis.

Mannose occurs in multiple glycoconjugates. For nearly 40 years [1], [2-3H]-Mannose 

([2-3H]-Man) served as convenient biosynthetic label for mannose-containing glycans, 

helping to elucidate and quantify multiple biosynthetic pathways. The label is highly 

specific: catabolism of [2-3H]-Man releases 3HOH, which is immediately diluted into an 

ocean of H2O so other hexoses are not labeled.

When mannose became an effective therapeutic for glycosylation-deficient patients [2], it 

called for a more in-depth understanding of mannose metabolism at both the cellular and 

organismic levels. Mannose can be a life saving therapeutic and a non-antibiotic treatment 

for selected bacterial infections [3], but in other situations it can be lethal [4] or teratogenic 

[5], underscoring the importance of stringent regulation of mannose metabolism. In this 

review, we will discuss mannose origins, metabolism, fate in cells, animals and humans, and 

its therapeutic applications.
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Mannose Chemistry

D-Mannose is the 2-epimer of glucose and exists primarily as sweet-tasting α- (67%) or as a 

bitter-tasting β- (33%) anomer of the pyranose [6,7]; furanose forms comprise <2%. 

Mannose is ~5x as active as glucose in non-enzyamtic glycation [8], which may explain why 

evolution did not favor it as a biological energy source. In the laboratory, mannose can be 

generated by oxidation of mannitol or by base-catalyzed epimerization of glucose through 

fructose [9]. L-Mannose is not normally used in biological systems; however, its structural 

similarity to naturally occurring L-rhamnose enables some plant enzymes to use L-mannose 

as an unnatural substrate in vitro [10]. Mutant strains of A. aerognees can use it as a sole 

carbon and energy source [11]

Occurrence, origins and dietary sources of Mannose

Mannose occurs in microbes, plants and animals. Free mannose is found in small amounts in 

many fruits such as oranges, apples and peaches [12] and in mammalian plasma at 50–100 

μM [13]. More often, mannose occurs in homo-or hetero-polymers such as yeast mannans 

(α-mannose) where it can account for nearly 16% of dry weight [14] or in galactomannans 

[15]. Ivory nuts, composed of β-mannans (sometimes called vegetable ivory) are quite hard 

and used for carving and manufacturing buttons. In fact, ivory nut shavings were the original 

industrial source of mannose [16]. Coffee beans, fenugreek and guar gums are rich sources 

of galactomannans [17], but these plant polysaccharides are not degraded in the mammalian 

GI tract and, therefore, provide very little bio-available mannose for glycan synthesis. These 

polysaccharides are partially digested by anaerobic bacteria in the colon [18]. Small amounts 

of bio-available mannose occur in glycoproteins.

Mannose Metabolism in cells

Mannose is transported into mammalian cells via facilitated diffusion hexose transporters of 

the SLC2A group (GLUT) present primarily on the plasma membrane. Various cell lines 

transport 6.5 – 23.0 nmols/hr/mg protein [19], but no mannose-specific or -preferential 

transporters have been reported among the 14 distinct GLUT transporters found in humans 

[20]. Most studies of GLUT substrate specificity assess only transport of glucose and 

fructose, but very rarely mannose transport. Several reports describe SGLT-like mannose 

transporters in the intestine and kidney, where they could deliver free mannose from the diet 

or recover it from the urine [21]. To date, there is no evidence for the physiological 

importance of these transporters. Within the cell, mannose is phosphorylated by hexokinase 

(HK) to produce mannose-6-phosphate (Man-6-P), which serves as a common substrate for 

three competing enzymes. It is either catabolized by phosphomannose isomerase (MPI) or 

directed into N-glycosylation via phosphomannomutase (PMM2). Another minor pathway 

utilizes mannose for synthesis of 2-keto-3-deoxy-D-glycero-D-galacto-nononic acid (KDN), 

a sialic-acid related molecule found in fish and mammals [22] (fig. 1). The fate of Man-6-P 

largely depends on the ratio of MPI to PMM2 within a cell [19] - higher ratio leads to 

greater catabolism, while lower ratio favors the glycosylation pathway. PMM2-derived 

mannose-1-phosphate (Man-1-P) is then incorporated into several glycosylation 

intermediates including GDP-mannose (GDP-Man), GDP-fucose, and dolichol phosphate 
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mannose (Dol-P-Man). These intermediates then contribute to N-glycosylation, O-

glycosylation, C-mannosylation, and GPI anchor synthesis (fig. 1).

GPI anchors play a significant role in protein sorting, trafficking and dynamics. All GPI-

anchors share a common core structure H2N(CH2)2OPO3H-6Manα1->2Manα1->6Manα1-

>4GlcNα1->6Myo-Ino1-phospholipid [23]. The mannosyltransferases use Dol-P-Man. O-

Mannose-based glycans are well known in yeast [24], but only identified 35 years ago in a 

mixture of unidentified brain proteoglycans [25]. Now, it is known that ER resident Protein 

O-mannosyl transferases 1 and 2 (POMT1 and POMT2) use Dol-P-Man to add mannose to 

serine and threonine residues, and the glycan is further extended by other monosaccharides 

in ER and Golgi [26]. Functional mutations in O-Mannose glycosylation are known to cause 

muscular dystrophies called α-dystroglycanopathies, since the major substrate protein is α-

dystrogycan [27]. More recent studies show that a series of cadherins are also major carriers 

of O-mannose glycans [28]. C-mannosylation also uses Dol-P-Man to add mannose to C2 of 

tryptophan. The C-mannosyl transferase in the ER recognizes a concensus motif WXXW 

[29]. GPI anchors, O- and C- mannosylation have been reviewed extensively [29–33]. Since 

the majority of mannose is used for N-glycosylation, we will focus on it.

Mannose is the major monosaccharide component of N-glycans and relies on ample supply 

of Man-6-P, Man-1-P, GDP-Man, and Dol-P-Man for synthesis of lipid linked 

oligosaccharides (LLO). The first five mannose residues are added on the cytoplasmic face 

of ER using GDP-Man. The glycan is then flipped to the luminal side via a flippase [34] and 

extended by four more mannose residues and glucose. This Man9Glc3GlcNAc2 glycan is 

transferred to newly synthesized proteins soon after they emerge from the translocon or 

somewhat later [35]. A variable portion of LLO can also be hydrolyzed producing free 

oligosaccharides. Protein-bound N-glycans can undergo extensive mannose trimming, 

liberating free mannose within the ER and Golgi. Misfolded glycoproteins in the ER that fail 

to pass quality control are retro translocated into the cytoplasm and stripped of their glycans, 

which are further degraded in the cytoplasm and lysosome yielding free mannose [36–38] 

(fig. 2).

Metabolic Fate of Mannose

Since 1979, the vast majority of biosynthetic studies have used [2-3H]-Man as tracer to 

determine mannose incorporation into multiple glycosylation pathways. Following 

phosphorylation to [2-3H]-Man-6-P, any further catabolism involves isomerization at the C2 

position and release of 3HOH, which is immediately diluted into an ocean of H2O. 3HOH 

release provides an approximate measure of [2-3H]-Man catabolism and has been used as a 

sensitive in vitro and live cell measure of MPI activity [2,39]. However, this label cannot 

address the mannose fate beyond Man-6-P. More recent studies show that mannose 

catabolism is nearly identical to glucose [40].

In mammalian cells, 95–98% of mannose entering the cell via transporters is catabolized via 

MPI and only ~ 2% is used for N-glycosylation [13,19]. Labeling hepatoma cells with 

[2-3H]-Man shows incorporation into Man-6-P and Man-1-P within a few seconds and into 

GDP-Man within 5 min. 3H-labeled LLOs and free oligosaccharides reach a steady state in 

15 min and 30 min respectively [19]. Chasing [2-3H]-Man-labeled cells under physiological 
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conditions of 5mM glucose and 50μM mannose showed that LLO turns over with a t1/2 = 15 

min and more than 50% 3H- from cellular glycoproteins is released in first 1–2 hours 

(glycan processing) followed by much slower rate of decrease (glycoprotein secretion or 

turnover) over the next 4 hours.

Surprisingly, mannose released by N-glycan processing is handled differently than mannose 

entering the cell. N-glycan processing mannose is shielded from hexokinase and transported 

outside the cell as free mannose, using an unidentified, nocodazole-sensitive transporter 

[19]. The reason for these separate tracks for intracellular mannose is unknown, but cells 

may need to purge mannose to avoid glycation or accumulation of other toxic products. 

Calculations estimate that the quantity of mannose exported from cells is sufficient to 

account for the steady state level of mannose in plasma [19].

Comparison of [14C]-glucose and [2-3H]-Man incorporation at their physiological 

concentrations (5mM and 50μM, respectively), suggested that cells derive most mannose 

from glucose [19]. We recently used 13C or 2H stable isotopes to label mannose in N-

glycans and determine whether it originated from glucose (ManG) or from mannose (ManM). 

Incorporated sugars in N-glycans are released, hydrolyzed and the different fragments 

detected by GC-MS [40]. The general picture agrees with the results of radiolabeling, but 

the stable isotopes provide a much more precise quantitation.

In some cell lines, exogenous mannose can normally contribute up to 50% of the mannose to 

N-glycans when provided at their physiological concentrations. Mannose is far more 

efficiently utilized than glucose: 1.8% of transported mannose appears in N-glycans, but 

only 0.026% of transported glucose. At physiological concentration of 50μM, mannose is 

undetectable in galactose (Gal) or N-acetyl glucosamine (GlcNAc) of N-glycans or 

glycogen. At 1mM, mannose becomes the sole source of mannose in N-glycans (ManM), 

and is easily detected in Gal and GlcNAc in N-glycans [40]. At this high concentration, most 

is catabolized to pyruvate, lactate and alanine, but not found in glycogen. This result 

suggests that glucose and mannose do not have equal access to the glycogen biosynthesis 

apparatus [40] implying despite their similarities, they may exist in distinct pools.

Other sources of Mannose in N-glycans

Glucose-derived Man in N-glycans (ManG) uses an MPI-dependent reaction that requires 

exchange of an H at C2 [40] (fig. 3). In the presence of D2O, D is introduced at C2 [40]. 

Using this method, we found that mannose cannot be derived from glycogen (ManGL) under 

physiological conditions, during ER stress, or when glucose was limited, requiring complete 

degradation of glycogen stores. A similar approach using D2O showed that the contribution 

of mannose from gluconeogenesis or that salvaged (ManS) from N-glycan degradation was 

insignificant [40].

The D2O labeling method also showed that about one-third of ManM found in N-glycans is 

first converted to Fru-6-P and reconverted to Man-6-P again (fig. 3). This result shows that 

previous determinations of ManM had been underestimated by 1.5-fold. Importantly, the 

transient fructose-6-phosphate (Fru-6-P) derived from Man-6-P does not equilibrate with the 

total cellular pool of Fru-6-P, suggesting the presence of at least two separate pools of 
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Fru-6-P [40]. The existence of a distinct glycosylation-destined pool of Fru-6-P might help 

explain its highly efficient incorporation into glycoproteins. Surprisingly, more than 80% of 

glucose found in glycogen also transits through a Fru-6-P intermediate (Glc-6-P-→Fru-6-

P→Glc-6-P) prior to its conversion to Glc-1-P and then to UDP-Glucose. It is unclear why 

both mannose and glucose incorporated into macromolecules take a seemingly unnecessary 

detour through Fru-6-P. It may mean that Fru-6-P has unrecognized function in controlling 

metabolic flux into these biosynthetic pathways.

Fluorescence Assisted Carbohydrate Electrophoresis (FACE) can measure steady state 

levels of intermediary mannose metabolites, including sugar phosphates, LLO and free 

glycans [41]. This important method demonstrated that when lightly permeabilized 

fibroblasts are incubated with 50 μM Man-6-P, comparable to its normal intracellular level, 

it specifically cleaves only mature LLO, releasing Glc3Man9GlcNAc2 [41,42]. This effect 

was highly specific for Man-6-P and has been confirmed in another study, however, it failed 

to show any decrease in N-glycosylation [43].

Mannose metabolism in humans

Human plasma contains ~50μM mannose which is primarily derived from N-glycan 

processing [19]. Mannose is absorbed through the intestine and metabolized. A bolus of 

<0.2g/Kg body weight increases mannose concentration by 3-fold with a clearance T1/2 of ~ 

4hr, without affecting glucose concentration. Higher doses cause mild gastro-intestinal 

discomfort, but no other side effects [44]. Pregnant women with diabetes mellitus show 

elevated mannose levels in fasted blood and amniotic fluid which correlated with high 

glucose concentration [45] and several show that mannose levels are closely linked to 

glucose metabolism [46,47]. How this impacts glycosylation is not known.

Excreted mannose can have beneficial effects because it can treat urinary tract infections 

(UTI), the second most common reason for physician visits in the United States [3,48]. Most 

UTI infections are caused by E. coli, which bind to the epithelial cells via a mannose-

binding lectin, FimH, located at the tip of the bacterial pillus [49]. Excreted mannose 

competes their binding. The only published clinical study shows that mannose is a 

prophylactic against reinfections [3]. The easy availability of mannose at health food stores 

and via internet suppliers make it a widely sold unregulated dietary supplement. Several 

websites describe it as safe, even for pregnant women, while others advise caution during 

pregnancy and breast-feeding. Currently, there are no reports of adverse effects of mannose 

in humans. More complex versions of competing glycans are also being studied [50].

Multiple genetic disorders disrupt intermediary mannose metabolism. Genetic defects in 

MPI and PMM2 cause MPI-CDG and PMM2-CDG, two congenital disorders of 

glycosylation (CDG). These patients have substantially reduced enzyme activities and suffer 

from multi-organ insufficiencies. PMM2-CDG is the most prevalent type of CDG, typically 

showing hypotonia, psychomotor retardation, cerebellar hypoplasia and cerebral atrophy 

[51–53]. MPI-CDG patients have hypoglycemia, coagulopathy, hepato-intestinal symptoms, 

and in some cases liver fibrosis [54], but they are neurologically normal [55].
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MPI-CDG is unique among the glycosylation disorders since patients can be treated with 

dietary mannose supplements. As described above, the majority of mannose for 

glycosylation comes from glucose through Fru-6-P via MPI. Mannose supplements (0.5–

0.75 g/kg body weight/day) are sufficient to overcome MPI deficiency and restore normal 

glycosylation in patients [56]. Given the greater non-enzymatic glycation potential of 

mannose, it is important to monitor these patients for diabetic like complications [57]. 

Patients respond quickly to mannose and most symptoms abate. One exception is that liver 

abnormalities, like ductal plate malformation, which are evident at birth, are irreversible, 

and some patients progress to liver fibrosis [58] and liver failure requiring transplant. One 

MPI-CDG patient whose brother died from complications related to coagulopathy, appeared 

to lead a normal life without mannose treatment [59,60]. She consumed a normal diet and 

had three normal pregnancies. Her transferrin pattern showed signs of hypoglycosyaltion, 

which improved on mannose therapy, and reverted when mannose was stopped [59]. Two 

more asymptomatic patients with abnormal transferrin and 10–30% residual MPI enzymatic 

activity were recently reported [61]. One hospitalized MPI-CDG patient was unable to take 

oral mannose and instead received it via infusion. This led to a rapid development of stupor 

and seizures, but a glucose bolus immediately reversed the symptoms. It is likely that 

mannose decreased glycolysis and ATP production in the brain, but glucose infusion 

competed out mannose transport [62].

PMM2-CDG patients have lower blood mannose levels (5–40 μM) compared to normal 

individuals (40–80 μM) [63]. This could be attributed to under-glycosylation of proteins that 

would generate less mannose from N-glycan processing. Unfortunately, these patients do not 

benefit from mannose supplements and failed to show improvement in serum transferrin 

glycosylation as a surrogate marker [64,65]. Occasionally, families of these patients provide 

them with mannose hoping to see improvement, however, to date no published data show 

any clinical benefit. In patient cells, the Man-1-P deficiency can be overcome by providing 

membrane-permeable versions containing blocked phosphate and acetylated hydroxyl 

groups, but these compounds are unstable not useful therapeutically [66].

Besides mutations in MPI and PMM2, defects in other mannose-metabolizing enzymes 

cause human CDG’s. Mutations in GMPPA and GMPPB, DPM1, DPM2, DPM3, and 

MPDU1 directly effect the production of the various substrates and leads to pathology 

[51,67–74]. While these could theoretically impact all mannose-requiring pathways, patient 

phenotypes and demonstrated glycosylation abnormalities do not support a global and equal 

impact. Deficiencies in all but GMPPA, produce insufficient or incomplete LLO resulting in 

incomplete N-glycosylation site occupancy. The phenotypic spectrum of the disorders is 

very broad and can affect many different organ systems (Table. 1). DPM1 deficiency 

reduces Dol-P-Man synthesis and also impacts the GPI anchor pathway [75]. Mutations in 

DPM3 decrease Dol-P-Man synthesis and reduce N-glycosylation, but they also cause a 

dystroglycanopathy [71]. GMPPB, the catalytic subunit for production of GDP-Mannose, 

does not appear to affect N-glycosylation based on analysis of serum transferrin [68]. 

However, it affects the O-mannose pathway causing a dystroglycanopathy, presumably due 

to insufficient GDP-Man. Mutations in GMPPA, encoding a non-catalytic subunit, cause 

intellectual disability and neurological abnormalities, but surprisingly GDP-mannose levels 

Sharma et al. Page 6

Biochem Biophys Res Commun. Author manuscript; available in PMC 2015 October 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



are greatly increased in patient lymphoblasts, leading to the suggestion that GMPPA 

regulates GDP-Man levels [67].

Collectively, these studies underscore the variable phenotypic impact of disrupting mannose 

metabolism supplying different pathways and in different cells and tissues. It suggests that 

glycosylation load and metabolic flux must play critical roles in determining the outcome. 

Epigenetic phenomena may also make important contributions, but these have not been 

explored in these disorders [76].

Mannose metabolism in animals

Rat plasma contains ~80μM mannose. Kinetics of gavaged [2-3H]-Man uptake and 

clearance are similar to humans. Most of the label is catabolized and a few percent is 

incorporated into glycoproteins in all tissues including placenta and embryos. A gavage dose 

of 0.1g/Kg body weight increased serum mannose levels by 3.6 fold within 90 minutes 

without diarrhea [13]. Mice showed similar clearance kinetics of injected [2-3H]-Man [77]. 

Long-term mannose supplementation using 1–20% mannose in the drinking water for 5 

months had no obvious side effects. At 20% mannose, the total water consumption was 

decreased. Blood mannose increased up to 900 μM with 20% mannose and milk increased 

from 60μM to >500μM [77]. Mannose-fed pregnant mice had normal litter size and survival 

to weaning and all mice given mannose supplements had normal weight gain, organ 

function, physiology and behavior. These studies in mice indicated that mannose would be 

useful for MPI-CDG patients.

Animal models of PMM2-CDG and MPI-CDG

Mice deficient in Pmm2 and Mpi were created to model the human disorders. In both cases, 

complete knockout is lethal with Pmm2 null animals dying shortly after fertilization [78] and 

Mpi-null about mid-gestation [39]. This led to the creation of hypomorphic mouse lines for 

both genes and to morpholino-based models in zebrafish [79,80].

Pmm2 animal models

Zebrafish: Low cost, facile genetic manipulation, and easy monitoring of early 

development make this animal an attractive model system. Morpholino-mediated 

knockdown of pmm2 showed craniofacial defects and altered motor neurogenesis similar to 

PMM2-CDG patients [79]. FACE analysis of homogenized embryos showed decreased 

LLO, increased free oligosaccharides, and reduced overall N-glycosylation. This is 

accompanied by 1.6-fold increase in Man-6-P, which is presumably responsible for LLO 

hydrolysis and under-glycosylation of proteins. This is the first evidence that blocking 

Pmm2 activity can raise the average level of Man-6-P in a whole organism.

Mice: Pmm2 null embryos die around embryonic stage, E3.5, presumably due to hypo-

glycosylation of proteins including those of the zona pellucida [78]. Since PMM2-CDG 

patients have residual enzymatic activity, C57BL/6 hypomorphic mouse lines were 

generated by knocking-in mutations that are nearly equivalent to corresponding PMM2-

CDG patient mutations, R141H and F119L [81]. Pmm2R137H/R137H mice did not survive 

beyond E5.5 because the residual activity is essentially zero. Pmm2F118L/F118L pups were 
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viable and comparable to wild type normal mice. Recombinant PMM2 proteins showed 

almost no activity in R137H and 42% residual enzymatic activity in homozygous F118L 

mutants. Intercrossing of Pmm2 R137H/+ and Pmm2 F118L/+ produced Pmm2R137H/F118L 

embryos with 11% residual PMM2 activity. These embryos survived up to E10.5. However, 

providing 9 mg/ml (0.9% w/v) mannose in the drinking water before conception and 

continuing through gestation rescued the embryos and live pups were born [81]. Mannose 

supplements increased mannose concentration in mother’s blood by 1.8 fold, which was 

thought to drive more mannose into the glycosylation pathway of Pmm2R137H/F118L 

embryos (and/or placentae) to rescue lethality. The concentration of Man-6-P was not 

determined in the embryos. However, this study clearly demonstrates that a small change in 

metabolite concentration during embryogenesis can have beneficial effects, but it is unclear 

whether this affects the placenta, embryo or both. Surprisingly, halting mannose after 

weaning and had no effect on their survival, subsequent growth or development. This is 

unlike PMM2-CDG patients who have many significant clinical issues after birth, so it is 

uncertain whether these mice will be useful models of the disorder. Other genetic 

backgrounds have not been studied to determine if this outcome is strain or laboratory 

specific.

Mpi animal models

Zebra fish: Morpholino-mediated knockdown of zebrafish mpi led to a dose dependent 

reduction in enzymatic activity and increased mortality [80]. 50 mM mannose in the ambient 

water could rescue mpi morphants. There was a significant increase in Man-6-P and LLO 

concentrations in the embryos, which restored glycosylation, similar to therapeutic effects in 

humans.

Mice: Mpi null embryos appear normal up to E8.5, but thereafter show intrauterine growth 

retardation due to placental defects and die by E11.5 [39]. Concanavalin A staining of Mpi-

null embryos was comparable to that of WT suggesting there was not gross hypo-

glycosylation, which probably relied on maternal mannose. Dams were given mannose to 

rescue lethality, but instead, mannose dramatically accelerated embryonic death by 

disrupting normal placental architecture. Both embryos and placenta showed increased 

levels of Man-6-P. This allowed for glycosylation, but the only catabolic route to dispose of 

Man-6-P was blocked. Increased Man-6-P also inhibits glycolysis in yeast [82]. Earlier 

studies showed that mannose was toxic to honeybees, due to mutational loss of MPI that 

also caused Man-6-P accumulation and rapid depletion of cellular ATP [83]. A similar effect 

was seen by addition of mannose (833 mM) to rat embryonic cultures that caused growth 

retardation and neural defects due to the inhibition of glycolysis. Glucose could overcome 

this mannose teratogenic effect [5].

Mouse embryonic fibroblasts (mEFs) derived from these Mpi-null animals grow well when 

provided with 20 μM mannose, but increasing exogenous mannose 100 and 500 μM 

decreases growth and survival since internal Man-6-P concentration rises to 18 mM and 28 

mM, respectively [39]. This increase depleted cellular ATP and inhibited various glycolytic 

enzymes including HK and phosphoglucose isomerase (PGI).
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A viable Mpi-deficient mouse was generated by knocking-in a known MPI-CDG patient 

mutation causing a Y255C substitution [4]. This was shown to lead to a predicted 14% MPI 

activity comparable to 7% seen in the patient fibroblasts. These mice showed the expected 

change in [2-3H]-Man metabolism with an increased contribution of mannose to 

glycosylation (increased 3H-label in serum glycoproteins) and reduced catabolism 

(reduced 3HOH in serum). Surprisingly, this hypomorphic Mpi mouse appeared completely 

normal with none of the expected characteristics of the patients.

Mating homozygous animals gave a small, but significant decrease in the litter size, 

presumably due to deficient glycosylation. To correct this, dams were given 5% mannose 

during conception and gestation, but instead of rescuing partial lethality, mannose caused 

complete embryonic lethality. This was due to accumulation of Man-6-P in both embryos 

and placentae, in spite of 6–7% residual MPI activity. This result shows that both the 

substrate load and the amount of residual activity are important in determining the life and 

death outcome during embryogenesis. Reducing mannose in the water to 1% or 2% led to 

live births. However, there was a dose dependent toxic effect on liter size and survival to 

weaning [4].

Approximately 50% pups born to dams supplemented with 1% and 2% mannose, developed 

ocular defects, mainly affecting the lens and amacrine cells of the retina [4] (fig. 4). No 

other organs were affected. Similar eye defects develop if 2% mannose was started one day 

post-birth since eye development continues till 4 weeks after birth. It has no effect if 

provided at 6–8 weeks of age. An additional factor that likely contributes to these defects is 

that eyes have lowest MPI activity (1.5±0.2 nmols/mg/min) amongst all the major organs 

(varies from 7.5±0.2 to 20.5±0.6 nmols/mg/min) tested. The eyes of Mpi hypomorphic mice 

had only 8% of normal activity, 0.124±0.025 nmols/mg/min. The increased mannose 

resulted in elevated Man-6-P in the affected eyes of these mice. The low MPI activity in the 

eyes was unable to cope up with increased mannose load. None of the other organs with 

higher residual MPI activity accumulated Man-6-P.

Besides energy depletion, accumulation of Man-6-P could cause embryonic lethality and 

impaired eye development by other mechanisms. For instance it could block Man-6-P 

receptor-mediated signaling processes, e.g. proliferin binding on fetal and maternal tissue 

[84,85]. Mannose receptors on the apical plasma membrane of retinal pigmented epithelium 

mediate phagocytosis of photoreceptor outer segments and is inhibited by mannose and 

mannans [86,87]. Transforming growth factor-β (TGF-β) is critical for eye development. Its 

precursor activation is specifically inhibited by Man-6-P, but not by Man-1-P [88]. None of 

these potential mechanisms have been analyzed in this system.

Therapeutic implications

As discussed above, a 1.8 fold increase in dams’ plasma mannose rescues lethality in 

Pmm2R137H/137HL embryos [81]. The authors recommended that mothers at risk of having 

subsequent PMM2-CDG children could consume mannose during pregnancy to benefit the 

embryo in utero. This is a premature suggestion, since it has only been tested in one strain of 

mice. One needs to be cautious unless it is repeated and extended to other strains of mice. 
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The development of PMM2 stabilizers or activators would be another therapeutic option 

worth considering [89,90].

Successful mannose therapy for MPI-CDG patients might lead mothers at risk of having 

additional MPI-CDG babies to take mannose during pregnancy to overcome defects in 

utero. This might also be a bad decision. The 1.5-fold increase in plasma mannose seen in 

MpiY255C/Y255C dams given 1% mannose suggests that there is a narrow window of 

mannose metabolic flux, which can determine life, death or gross eye malformations [4]. It 

is unknown whether the results seen in mice would apply to humans. The prevalence of 

pathological mutations in MPI and frequency of MPI-CDG births is unknown. However, the 

widespread use of mannose as a urinary tract health supplement is a matter of concern. The 

very real fear of antibiotic-resistant bacteria generates a data-supported marketing strategy 

for mannose, but it may be risky to a subset of pregnant women: Caution is necessary.

Other monosaccharides are potential therapeutics for specific conditions. These include 

fucose [91], sialic acid [92], mannosamine [93], N-acetylglucosamine [94,95], and 

Galactose [96]. Each of the glycan component sugars has multiple de novo biosynthetic 

routes, and can be salvaged from degraded glycans or absorbed from the diet [97]. There is 

no systematic study of the contributions of each pathway in different types of cells, the 

existence of potential cell surface transporters, or multiple intracellular pools. Mannose 

analysis as discussed here could provide a framework and model of how to approach these 

long overlooked aspects of “sugar metabolism”.

Summary

Both diet- and glucose-derived mannose contribute to the mannose pool, which is directly 

used for glycoconjugate synthesis. Stringent regulation of metabolites such as Man-6-P is 

crucial: deficiency or excess can be detrimental for the cell and the physiology of the whole 

organism. Mannose can be good, bad, or ugly (Table. 2). Steady state levels and metabolic 

flux of the metabolites depend on both the substrates and the relevant enzymes, which in 

turn, determine normal vs disease states. Mannose can be a therapeutic, but indiscriminate 

use can have adverse effects. It is important to apply an Integrative approach to sugar 

metabolism. Some of the perspectives described here can inform metabolomic approaches 

and perspectives for other monosaccharides.
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Highlights

• Mammalian plasma contains 50–100μM mannose and dietary mannose 

supplements raise it 3–5 fold.

• Mutations in mannose-metabolizing enzymes cause Congenital Disorders of 

Glycosylation (CDG).

• Mannose supplements treat phosphomannose isomerase (MPI) deficient CDG 

patients.

• Mannose supplements kill Mpi-hypomorphic mouse embryos and blind 

survivors.

• Mannose is a routine remedy for urinary tract infections. Caution, especially 

during pregnancy.
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Figure 1. 
Mannose Metabolic pathway: Man, Mannose; Glc, Glucose; HK, Hexokinase; MPI, 

phosphomannose isomerase; PMM2, phosphomannomutase; GMPP(A/B), GDP-mannose 

pyro-phosphorylase (A/B); PGI, phosphoglucose isomerase; KPS, KDN-9-phosphate 

synthase; Man-6-P, mannose-6-phosphate; Fru-6-P, fructose-6-phosphate,Glc-6-P, 

glucose-6-phosphate; GDP-Man, GDP-mannose; Dol-P-Man, dolichol phosphate mannose; 

DPM, Dol-P-Man synthase.
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Figure 2. 
Generation of free mannose inside the cell by processing and degradation.
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Figure 3. 
Deuterium incorporation in mannose of N-glycans from glucose (*Glc) or mannose (Man) 

through MPI-dependent pathway. Deuterium is also incorporated in glycogen from glucose 

(*Glc) through PGI equilibration reaction.
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Figure 4. 
Eyes from one day old WT and Mpi-hypomorphic pup born to dam supplemented with 

mannose before conception and throughout gestation. Mpi-deficient mouse eye was small, 

devoid of lens and had distorted retina. It also showed infiltration of various cells in optic 

cup. OS = optic stalk, L = lens, R = retina.
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Table 1

Human Glycosylation Disorders of Mannose Metabolism

Disorder Enzyme Affected Phenotype OMIM# Symptoms Reference number

MPI-CDG Phosphomannose isomerase 602579 Hypoglycemia, 
hepatomegaly, gastro- 
intestinal dysfunction, 
coagulopathy

[56]

PMM2-CDG Phosphomannomutase 212065 Hypotonia, psychomotor 
retardation, cerebral 
atrophy, cerebellar 
hypoplasia

[53]

DPM1-CDG Subunit of Dol-P- Man synthase 
complex

608799 Acquired microcephaly, 
hypotonia, cerebellar ataxia, 
epilepsy

[69], [72]

DPM2-CDG Subunit of Dol-P- Man synthase 
complex

615042 Dystroglycanopathy, 
development delay, 
cerebellar hypoplasia, early 
death

[70]

DPM3-CDG Subunit of Dol-P- Man synthase 
complex

612937 Muscle weakness, 
cardiomyopathy, 
dystroglycanopathy

[71]

MPDU1-CDG Mannose-P-dolichol Utilization Defect 1 609180 Muscular hypotonia, 
gastrointestinal symptoms, 
ichthyosis- like skin 
disorder, intellectual 
disability, cerebral atrophy, 
seizures

[73], [74]

GMPPA-CDG GDP-mannose pyrophosphorylase A 615510 Alacrima, achalasia, 
neurological impairment

[67]

GMPPB-CDG GDP-mannose pyrophosphorylase B 615350, 615351, 615352 Limb-girdle muscular 
dystrophy, psychomotor 
retardation, cerebral 
hyperplasia, retinal 
dysfunction

[68]
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Table 2

Mannose: The Good, The Bad and The Ugly

Outcome Disorder System Mannose Effect

GOOD

MPI-CDG Humans Reverses most patient symptoms except for liver fibrosis.

Zebrafish Early intervention rescue mpi- morphants.

Urinary Tract Infection Humans Mannose competes E.coli binding of FimH adhesins to epithelium.

PMM2-CDG Mice Prenatal mannose rescues embryonic lethality.

BAD/UGLY

MPI-CDG Mice Prenatal mannose causes embryonic lethality and eye defects in the survivors.

Diabetes Humans Diabetic complication: mannose glycates proteins 5 times better than glucose.

Humans, Dogs High mannose concentration correlates with diabetes.
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