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PET is a powerful technique for quantifying and visualizing biochemical pathways in vivo. Here, we develop and validate a
novel PET probe, [18F]-2-deoxy-2-fluoroarabinose ([18F]DFA), for
in vivo imaging of ribose salvage. DFA mimics ribose in vivo and
accumulates in cells following phosphorylation by ribokinase and
further metabolism by transketolase. We use [18F]DFA to show
that ribose preferentially accumulates in the liver, suggesting a
striking tissue specificity for ribose metabolism. We demonstrate
that solute carrier family 2, member 2 (also known as GLUT2), a glucose transporter expressed in the liver, is one ribose transporter, but
we do not know if others exist. [18F]DFA accumulation is attenuated
in several mouse models of metabolic syndrome, suggesting an association between ribose salvage and glucose and lipid metabolism.
These results describe a tool for studying ribose salvage and suggest that plasma ribose is preferentially metabolized in the liver.
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ibose is a naturally occurring monosaccharide whose metabolites contribute to DNA, RNA, and energy production
(1). Most studies and textbooks focus on the intracellular synthesis of ribose-5-phosphate from glucose via the oxidative and
nonoxidative pentose phosphate pathways (1) (Fig. 1A). However, a few studies suggest that cells can also salvage extracellular
ribose for further intracellular metabolism (2). Ribose is likely the
second most abundant carbohydrate in blood, being present at
∼100 μM in human fasting serum (3). Ribose is also present in the
diet and is absorbed through the intestines into the blood stream
(3–5). However, despite the abundance of blood ribose, little is
known about ribose salvage, including its biodistribution and
regulation.
During salvage, ribose is transported across the cell membrane and phosphorylated by ribokinase (RBKS) to ribose-5phosphate (6). Ribose-5-phosphate can be incorporated into
nucleic acids via the de novo nucleotide synthesis pathway or
metabolized to glycolytic intermediates via the nonoxidative
pentose phosphate pathway (1). Enzymes in the nonoxidative
pentose phosphate pathway include transketolase (TKT) and
transaldolase 1 (TALDO1), sequential enzymes that transfer
carbons between phosphorylated carbohydrate intermediates.
An additional enzyme in the nonoxidative pentose phosphate
pathway is ribose-5-phosphate isomerase (RPIA), which catalyzes the interconversion of ribose-5-phosphate and ribulose5-phosphate (1). Alternatively, the first step to incorporate
ribose-5-phosphate into nucleic acids is phosphorylation by
phosphoribosyl pyrophosphate synthetase 1 or 2 (PRPS1 or PRPS2)
(1) (Fig. 1A).
Several lines of evidence suggest that blood ribose and ribose
salvage could be linked to glucose metabolism. Cells interconvert ribose-5-phosphate and glucose-6-phosphate via the nonoxidative pentose phosphate pathway (1). Ribose is metabolized
to glucose and glucose-6-phosphate in liver slices and liver en-
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zyme extracts (2, 7). Additionally, fasting serum ribose concentrations (∼100 μM) in humans are similar to plasma and serum
concentrations of other gluconeogenic substrates, including pyruvate (∼50 μM) and glycerol (∼100 μM) (8, 9). Finally, the conversion of ribose to glucose requires less energy and reducing
power than either pyruvate or glycerol (1).
Other data suggest that ribose may have alternative and distinct roles different from those of glucose in the body. Fasting
blood ribose concentrations are ∼50-fold lower than blood glucose concentrations (3). With few exceptions, cells and tissues
cannot survive with ribose as their sole carbohydrate source (10–
12). Additionally, RBKS is substrate-inhibited at ribose concentrations of >0.5 mM, suggesting that cells may limit the
amount of ribose they salvage (6).
PET is used for imaging and quantifying changes in wholebody metabolism through the use of radiolabeled substrates (13).
The potential utility of new PET probes is best exemplified by
the radiolabeled glucose analog [18F]2-fluoro-2-deoxyglucose
([18F]FDG). [18F]FDG has been extensively used both preclinically and clinically to study glucose metabolism in vivo, including to identify metabolic changes during brain development, to
monitor myocardial viability, and to image and identify tumors in
vivo (13–15). We reasoned that a PET probe for measuring and
imaging ribose salvage could provide unique and novel information on this understudied pathway in vivo.
Significance
The saccharide ribose is naturally present in food and circulates
in the blood. Previous studies suggest that cells internalize ribose directly from the extracellular space, but how, why, and
where this occurs in the body are not well understood. Here, we
developed a new PET probe to monitor this process in vivo.
Using this probe and [14C]ribose, we show that ribose salvage is
concentrated in the liver. We identify that solute carrier family 2,
member 2 is one of potentially several ribose transporters. We
demonstrate that ribose salvage is down-regulated during metabolic syndrome. This work raises the possibility that ribose is an
important sugar for whole-body metabolism.
Author contributions: P.M.C., G.F., N.M.E., F.O., S.W.B., K.F.F., M.E.P., M.E.J., and O.N.W.
designed research; P.M.C., G.F., N.M.E., M.N.M., T.C., E.N.-G., and F.O. performed research;
P.M.C., G.F., and N.M.E. contributed new reagents/analytic tools; P.M.C., G.F., N.M.E.,
M.N.M., T.C., K.F.F., M.E.P., M.E.J., and O.N.W. analyzed data; and P.M.C. and O.N.W.
wrote the paper.
Conflict of interest statement: P.M.C., G.F., N.M.E., M.E.J., and O.N.W. are coauthors on
a patent application that covers the PET probe described in this paper.
Freely available online through the PNAS open access option.
1

To whom correspondence may be addressed. Email: pclark@mednet.ucla.edu, mphelps@
mednet.ucla.edu, or owenwitte@mednet.ucla.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1410326111/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1410326111

P

A

O
OH

OH

P O
O

Glucose-6phosphate

O P O P
OH OH

Phosphoribosyl
pyrophosphate synthetase 1
and 2 (PRPS1/2)

Pentose phosphate
pathway
HO

Phosphoribosyl
pyrophosphate

P O
O

OH

O

Ribokinase
(RBKS)

OH OH

Ribose

OH

Non-oxidative pentose phosphate pathway

OH OH

Ribose-5HO
Ribose-5-phosphate phosphate Transketolase (TKT) +
isomerase (RPIA)

xylulose-5-phosphate

OH OH

O

P

O

HO

OH OH

O

Transaldolase 1
(TALDO1)

+

+
O

O

O

P

O

P

OH

Glyceraldehyde3-phosphate

Ribulose-5phosphate

OH

P

OH

OH

P

OH

Fructose-6phosphate

Sedoheptulose
-7-phosphate

OH
O

OH

OH OH

O
O

Non-oxidative pentose
phosphate pathway

B

Erythrose-4phosphate

[18
([18F]-DFA)

C

[18F]-DFA

[18F]-DFA + [19F]-DFA standard

2

3

4 5 6 7
Time (min)

8

9

Gamma
detector

Relative signal
intensity

Relative signal
intensity

Gamma
detector

1

Electrochemical
detector

Relative signal
intensity

Relative signal
intensity

Electrochemical
detector

0

0

10

D

1

2

3

4 5 6 7
Time (min)

E
5

g
i
r
O

g
e
R

n
o
r
F

TLC

4

8

9

10

[18F]-DFA plus
plasma, 0 minutes

Relative signal
intensity

C/mm *1000

3
2
1

0

20

40
60
Position (mm)

80
0

1

2

3

4

5 6 7
Time (min)

8

9

10

Fig. 1. [18F]DFA can be prepared in 99% radiochemical purity. (A) Ribose salvage and metabolic pathway. (B) [18F]DFA synthetic scheme. (C) HPLC analysis of
[18F]DFA with and without [19F]DFA standard coinjection. In all cases, the signal is normalized to the maximum signal in each chromatogram. (D) Radio-TLC
analysis of [18F]DFA. (E) Radio-HPLC analysis of [18F]DFA incubated in plasma for 0 and 180 min.

Here, we report and validate a ribose-based PET probe, [18F]
2-deoxy-2-fluoroarabinose ([18F]DFA), for studying ribose salvage. Using this probe, we show that ribose salvage is concentrated in the liver. We also demonstrate that solute carrier family
2, member 2 (Slc2a2) is one among potentially several ribose
transporters. Finally, we show that ribose salvage is attenuated in
mouse models of metabolic syndrome. Our studies suggest that
[18F]DFA is a powerful imaging probe for studying ribose salvage
in mice and potentially humans.
Clark et al.

Results
[18F]DFA Is a PET Probe for Ribose Salvage. To understand ribose

salvage in vivo better, we developed a PET probe that mimics
the structure of ribose. An earlier study showed that human
RBKS can metabolize ribose and, with lower affinity, arabinose
(6). This suggested to us that ribose derivatized at the 2-position
with a positron-emitting nuclide could be metabolized through
the ribose salvage pathway. Given the clinical success of [18F]
FDG and other [ 18F]-fluorinated PET probes, we focused on
PNAS | Published online June 30, 2014 | E2867
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[18F]-fluorinated molecules and reasoned that [18F]2-deoxy-2fluororibose ([18F]DFR) and its epimer, [18F]DFA, could function as PET probes for measuring the ribose salvage pathway.
[18F]DFR proved challenging to synthesize, so we first studied
[18F]DFA. We fluorinated 2-O-(trifluoromethylsulfonyl)-1,3,5tri-O-benzoyl-D-ribofuranose with [18F]F− and deprotected with
NaOH to yield [18F]DFA at a 45 ± 1.6% decay-corrected radiochemical yield and 99 ± 0% radiochemical purity, as measured by radio-HPLC and radio-TLC (Fig. 1 B–D). [18F]DFA
coeluted with a [19F]DFA standard on HPLC, suggesting that
[18F]DFA was correctly prepared (Fig. 1C). [18F]DFA has
a specific activity of 114.8 ± 32.2 Ci/mmol and is stable in mouse
plasma for up to 2 h (Fig. 1E).
It is possible that ribose salvage could mirror glucose consumption and that ribose would accumulate preferentially in the
heart and brain. Alternatively, one study using light microscopy
radioautography with [3H]ribose suggests a wider distribution of
ribose salvage with some preference for certain cell types, including hepatocytes, adrenal cortex cells, and cells of the spleen
(16). Instead, we found that [18F]DFA accumulation does not
simply reflect glucose consumption and has a unique and specific
distribution. PET/computed tomography (CT) images and ex
vivo biodistribution studies of mice i.v. injected with [18F]DFA
demonstrated [18F]DFA accumulation in all organs, with greater
accumulation in the liver, kidneys, and intestines than in the
heart or brain after 1 h (Fig. 2 A and B). Additionally, quantification of the [18F] signal from the time of injection until 3 h
postinjection demonstrated that [18F]DFA accumulated in the
liver within 10 min and persisted there throughout the remaining
3 h (Fig. 2C). Notably, [18F]DFA accumulation has a distinctly
different biodistribution than glucose consumption, as measured
by [18F]FDG PET imaging (Fig. 2D). If DFA accurately mimics
ribose in vivo, then our results suggest an underappreciated tissue specificity of whole-body ribose metabolism.
DFA differs from ribose structurally by the replacement of
the 2-hydroxyl of ribose with the positron-emitting nuclide
[18F]fluorine and by epimerization at this stereocenter. This replacement could block enzymes in the ribose salvage pathway
from metabolizing DFA and potentially cause mislocalization of
DFA to organs independent of their ribose salvage activity. Thus,
we tested whether DFA mimics ribose in vivo. Mice injected with
[14C]ribose show strong [14C]ribose accumulation in the liver,
kidneys, and intestines after 1 h, as measured by whole-body
autoradiography and ex vivo biodistribution experiments (Fig. 2
E and F). The biodistribution of [14C]ribose strongly mirrors the
biodistribution of [18F]DFA, except that [18F]DFA has higher
renal and lower blood accumulation than [14C]ribose. This may
suggest that [18F]DFA clears from the blood into the kidneys
faster than ribose. Hepatocytes comprise 60–70% of the cells in
the liver, with Kupffer, stellate, and endothelial cells making up
the majority of the remainder (17, 18). An earlier study in which
rats were i.v. injected with [3H]ribose and radioautography was
performed on liver sections suggests that hepatocytes, and not
Kupffer cells, salvage the majority of ribose (16). To identify the
liver cell types responsible for ribose salvage more carefully, we
isolated hepatocytes, Kupffer cells, stellate cells, and endothelial cells and measured ribose accumulation in each preparation.
Hepatocytes accumulate 30-fold more ribose than Kupffer,
stellate, or endothelial cells (190 ± 18 fmol of ribose per 50,000
hepatocytes vs. 6 ± 1 fmol of ribose per 50,000 Kupffer cells,
6 ± 1 fmol of ribose per 50,000 stellate cells, and 5 ± 1 fmol of ribose
per 50,000 endothelial cells) (Fig. 2G). This suggests that hepatocytes are the major hepatic cell type to salvage ribose.
Coinjection of [18F]DFA with 25 μmol of ribose diminished
[18F]DFA accumulation in the liver from 9.6 ± 0.9% injected
dose per gram (%ID/g) to 4.2 ± 0.8%ID/g (Fig. 2H), suggesting that
[18F]DFA and ribose compete for a saturable accumulation
E2868 | www.pnas.org/cgi/doi/10.1073/pnas.1410326111

pathway. Finally, we reasoned that if the liver were simply clearing
circulating [18F]DFA, then the level of [18F]DFA accumulation
would be independent of the chirality of the molecule. Mice
injected with [18F]-L-2-deoxy-2-fluoroarabinose, an enantiomer of
[18F]DFA, accumulate only 1.3 ± 0.5%ID/g of [18F]-L-2-deoxy-2fluoroarabinose in the liver compared with 10.2 ± 0.6%ID/g hepatic
accumulation when mice were injected with the correct D isomer
[18F]DFA (Fig. 2 B and I). These data suggest that the majority of
the hepatic [18F]DFA signal is from specific accumulation in hepatocytes. Collectively, our data suggest that even though [18F]DFA
differs structurally from ribose through both epimerization and
fluorination of the 2-position, [18F]DFA is an effective mimic for
imaging the ribose salvage pathway in vivo.
DFA Is Phosphorylated by RBKS and Further Metabolized by TKT. One
advantage of FDG as a PET imaging probe is that FDG is
trapped in cells as FDG-6-phosphate and is not further metabolized (13). To understand the properties of DFA as a PET
imaging probe better, we studied its metabolism in vitro and in
vivo using liquid chromatography/tandem MS (LC/MS/MS) with
multiple reaction monitoring (MRM). Human RBKS, TKT,
TALDO1, RPIA, PRPS1, and PRPS2, expressed in and isolated
from Escherichia coli (SI Materials and Methods), correctly metabolized their natural substrates (Figs. S1 and S2). We then
tested these enzymes on DFA and its metabolites. RBKS metabolized DFA to DFA-5-phosphate, and TKT further metabolized DFA-5-phosphate to 4-deoxy-4-fluorosedoheptulose-7phosphate (Fig. 3 A and B and full chromatograms in Fig. S3).
TALDO1, which would normally metabolize the product of the
TKT reaction, requires a 4-hydroxyl group on its substrate and
did not metabolize 4-deoxy-4-fluorosedoheptulose-7-phosphate
(Fig. 3C). Similarly, RPIA normally metabolizes ribose-5-phosphate but requires a 2-hydroxyl on its substrate and did not
metabolize DFA-5-phosphate (Fig. 3D). Neither PRPS1 nor
PRPS2 phosphorylated DFA-5-phosphate to its triphosphate
form (Fig. 3E and full chromatograms in Fig. S3). Our in vitro
analyses suggest that DFA is metabolized to DFA-5-phosphate
and 4-deoxy-4-fluorosedoheptulose-7-phosphate.
Although we identified that RBKS and TKT metabolize DFA
in vitro, the levels and activity of each enzyme in vivo could affect
the kinetics of DFA metabolism. To investigate the metabolism
of DFA in vivo, we injected mice with 12.5 μmol of DFA;
extracted tissue metabolites after 30 min, 1 h, and 3 h; and
analyzed these metabolites by LC/MS/MS-MRM. Confirming
our in vitro metabolite studies and consistent with our [18F]DFA
biodistribution results, we identified DFA-5-phosphate and
4-deoxy-4-fluorosedoheptulose-7-phosphate but not triphosphorylated DFA in all tissues analyzed (Fig. 3F and full chromatograms in Fig. S4). Both of these metabolites were present at
30 and 60 min but were lower in abundance or not detectable by
3 h postinjection in all of the tissues analyzed (Fig. S5). This
suggests either an unidentified metabolic pathway for these
molecules or nonspecific clearance of these metabolites, which
occurs 1–3 h postinjection. We failed to identify DFA metabolites in the plasma (Fig. 3G), suggesting that both DFA-5phosphate and 4-deoxy-4-fluorosedoheptulose-7-phosphate are
trapped in cells. Thus, DFA is metabolized to DFA-5-phosphate
and 4-deoxy-4-fluorosedoheptulose-7-phosphate in vivo. Because both of these molecules are charged and not found in
plasma, this suggests a potential trapping mechanism for intracellular probe accumulation. Additionally, these data may
suggest that the ribose salvage pathway is promiscuous in its
substrate specificity, metabolizing ribose as well as a fluorinated
derivative of arabinose.
Slc2a2 Can Transport Ribose. A major deficit in our understanding
of the ribose salvage pathway is that we do not know which
Clark et al.
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protein or proteins transport ribose into cells. Our [18F]DFA
PET images, [14C]ribose autoradiography images, and ex vivo
biodistribution studies all suggest that ribose strongly accumuE2870 | www.pnas.org/cgi/doi/10.1073/pnas.1410326111

lates in the liver with additional accumulation in the intestines
and kidneys (Fig. 2 A–C, E, and F). RBKS mRNA levels do not
correlate well with [14C]ribose biodistribution in tissues or
Clark et al.
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serum ribose levels. **P < 0.01; ***P < 0.001.
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[18F]DFA Imaging Suggests That Hepatic Ribose Salvage Is Dysregulated
During Metabolic Syndrome. PET imaging allows for rapid and

quantitative analyses of biochemical pathways across different
physiological and disease states (13). We hypothesized that
pathological changes in whole-body metabolism could affect
ribose salvage. Because ribose and glucose are connected via
intracellular metabolism (1) and also share a transporter (Fig. 4
G and H), we focused on models with known alterations in
glucose metabolism. We investigated one acute and three
chronic mouse models of type I (insulin-dependent) diabetes and
metabolic syndrome. The small molecule streptozotocin (STZ)
is a pancreatic beta-cell toxin that causes an acute insulin-dependent diabetic phenotype in mice, including hyperglycemia
and hypoinsulinemia, within 72 h of treatment (23). STZ treatment increased mouse blood glucose levels from 270 ± 9 mg/dL
to 567 ± 19 mg/dL and decreased insulin levels from 1.89 ± 0.78
ng/mL to 0.16 ± 0.03 ng/mL after 5 d but failed to change hepatic
[18F]DFA accumulation (Fig. 5A; control mice: 8.31 ± 0.56%ID/g,
STZ-treated mice: 7.98 ± 0.19%ID/g).
Mice with genetic KO of the leptin protein (ob/ob mice), mice
with ectopic expression of the Agouti protein (Ay/a mice), and
mice fed a diet composed of 60% fat (diet-induced obesity mice)
are all models of metabolic syndrome characterized by obesity,
hyperglycemia, insulin resistance, excess hepatic fat accumulation, and enhanced hepatic lipogenesis (24–28). Traditional
gluconeogenic substrates, such as lactate and pyruvate, and ATP
levels are similar or slightly higher per gram of tissue in the livers
of ob/ob mice compared with control mice (29). Additionally, per
gram of tissue, livers of ob/ob mice have enhanced glucose release but no difference in pyruvate uptake (30, 31). We imaged
ribose salvage in all three mouse models at time points when the
mice were clearly obese and hyperglycemic (SI Materials and
Methods) and found a significant decrease in [18F]DFA accumulation per gram of liver tissue, as measured in a 3-mm3 region
(Fig. 5B; WT mice: 9.99 ± 0.00%ID/g, ob/ob mice: 4.47 ± 0.16%
ID/g; WT mice: 7.72 ± 0.59%ID/g, Ay/a mice: 4.65 ± 0.40%ID/g;
control mice: 6.35 ± 0.32%ID/g; diet-induced obesity mice: 4.35 ±
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[3H]ribose accumulation in isolated liver cells (Fig. 4 A and B).
This suggests that the ribose transporter may play an important
role in defining the biodistribution of ribose accumulation and
that the ribose transporter should be expressed more highly in the
liver, kidneys, and intestines relative to other tissues, such as the
heart. An earlier study indicates that Cytochalasin B, a promiscuous
small-molecule ligand that binds to and blocks glucose transport
through the Slc2a family of glucose transporters (19), blocks ribose salvage in cultured mammalian cells (20). The best-studied
hepatic Slc2a transporter is Slc2a2 (also known as GLUT2) (21).
In agreement with previous reports (22), we found that Slc2a2
mRNA levels are enriched in the liver, kidneys, and intestines
(Fig. 4C). Additionally, Slc2a2 mRNA levels are 27.3 ± 3.7-fold,
10.0 ± 1.5-fold, and 4.1 ± 0.5-fold higher in hepatocytes than in
endothelial, Kupffer, or stellate cells, respectively (Fig. 4D). We
hypothesized that Slc2a2 might be a ribose transporter.
To determine whether Slc2a2 transports ribose, we overexpressed a mouse Slc2a2-GFP fusion in 293T cells (Fig. 4E).
Overexpressed Slc2a2 localized to the cell surface and increased
glucose accumulation from 23.2 ± 3.09 fmol per 5 × 104 cells to
66.4 ± 2.82 fmol per 5 × 104 cells (Fig. 4 F and G), indicating
correct Slc2a2 function in our system. Slc2a2 overexpression also
increased ribose accumulation from 4.10 ± 1.10 fmol per 5 × 104
cells to 215.79 ± 21.81 fmol per 5 × 104 cells and DFA-5-phosphate levels by 300 ± 60% (Fig. 4 H and I). The difference in
magnitude between ribose and DFA accumulation caused by
Slc2a2 overexpression likely represents differences in the affinity
of Slc2a2 for ribose and DFA, although the disparity could be
the result of additional ribose or DFA transporters. We measured the apparent K0.5 of mouse Slc2a2 for ribose to be 410 μM
(95% confidence interval: 170–960 μM) (Fig. 4J). Ad libitum-fed
mouse serum ribose levels are 14.1 ± 3.2 μM (Fig. 4K). This
suggests that Slc2a2 is a low-affinity ribose transporter at physiological blood ribose levels. Notably, these studies neither prove
nor imply that Slc2a2 is a major ribose transporter. Additional
studies will be required to quantify the precise contribution of
Slc2a2 to cellular ribose accumulation.
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Fig. 5. Ribose salvage is down-regulated in mouse models of metabolic
syndrome but not diabetes. (A) Blood glucose levels, plasma insulin levels,
and coronal [18F]DFA PET/CT image of mice treated with vehicle or STZ. (B)
Coronal [18F]DFA PET/CT images of mouse models of metabolic syndrome.
(C) Serum ribose levels in ad libitum-fed WT and ob/ob mice. (D) Ribose-5phosphate (R-5-P) levels in the liver and heart of WT and ob/ob mice or mice
fed a 10% fat diet (Lean) and mice fed a 60% fat diet (Fat). *P < 0.05; **P <
0.01; ***P < 0.001.

0.42%ID/g). Serum ribose levels were unaffected in ob/ob mice
compared with WT mice (Fig. 5C), suggesting that competition
between blood ribose and [18F]DFA cannot account for decreased
[18F]DFA accumulation. To determine whether decreased [18F]
DFA accumulation in these mice was associated with changes
in hepatic ribose-5-phosphate levels, we measured ribose-5phosphate levels using LC/MS/MS-MRM. Ribose-5-phosphate
levels, normalized to tissue weight, were 82.3 ± 3.1% lower in
the liver but unchanged in the heart of ob/ob mice and 51.9 ±
8.7% lower in the liver but unchanged in the heart of diet-induced
obesity mice (Fig. 5D). This suggests that dysregulated hepatic
ribose salvage and ribose metabolism are associated with metabolic syndrome but not type I diabetes.
Discussion
We have developed a PET probe, [18F]DFA, for studying ribose
salvage in vivo, and we use this probe to demonstrate that the
activity of the ribose salvage pathway is high in the liver, with
additional activity in the kidneys and intestines. We provide
evidence that the ribose salvage pathway contributes to hepatic
[18F]DFA accumulation, although we cannot exclude the possibility that some of the [18F]DFA signal is due to nonspecific
accumulation. The protein Slc2a2 transports both ribose and
DFA, and Slc2a2 mRNA levels are highly enriched in the liver,
kidneys, and intestines. We do not yet know if Slc2a2 is the major
ribose transporter in the liver. We identify tissues, such as the muscle
and spleen, that salvage ribose but have no detectable Slc2a2 mRNA
levels. This suggests the existence of additional ribose transporters.
E2872 | www.pnas.org/cgi/doi/10.1073/pnas.1410326111

Ribose salvage occurs in all tissues analyzed, including the
heart and brain. Previous studies suggest that exogenous ribose is
metabolized to glucose and glucose-6-phosphate in liver protein
extracts and liver slices (2, 7). This suggests that the liver uses
ribose as a gluconeogenic substrate. Another study suggests that
HeLa cells incorporate as much as 85% of exogenous ribose into
nucleic acids (12). Thus, different cell types and cancer cells may
use the ribose salvage pathway to provide precursors for distinct
cellular pathways.
We show that metabolic syndrome but not type I diabetes is
associated with altered hepatic ribose salvage. Metabolic syndrome is a complex disease that includes disorders like obesity,
insulin resistance, glucose intolerance, and hypertension, with
the unifying theme that individuals with metabolic syndrome
have an increased risk of atherosclerotic cardiovascular disease
(32–34). Metabolic syndrome is also associated with an increased
risk of developing type 2 diabetes (35). Here, we show that [18F]
DFA accumulation is diminished in several mouse models of
metabolic syndrome. The American Heart Association and National Heart, Lung, and Blood Institute suggest that patients be
diagnosed with metabolic syndrome if they possess a majority
of the following symptoms: elevated waist circumference, elevated
triglycerides, reduced HDL-cholesterol, elevated blood pressure,
or elevated fasting glucose levels (35). [18F]DFA imaging would
not likely rival the use of these simple criteria as a diagnostic tool.
However, metabolic syndrome is associated with interrelated and
progressive liver pathologies, including nonalcoholic fatty liver
disease (NAFL), nonalcoholic steatohepatitis, liver fibrosis, and
hepatocellular carcinoma (34). Noninvasively diagnosing and
staging NAFL remains a clinical challenge (36, 37). Blood tests for
liver function often give a mild phenotype in patients with NAFL,
and other liver diseases, such as alcoholic liver disease and autoimmune liver disease, can manifest with similar clinical findings
(37). Imaging modalities, such as ultrasound, are only moderately
predictive, and invasive liver biopsies remain the preferred
method for diagnosing NAFL (37). We do not yet have data to
suggest whether changes in [18F]DFA imaging could be used as
an early predictor of or to stage NAFL. However, whole-body
PET imaging with [18F]DFA may play a role in the future during
the diagnosis and staging of NAFL and other liver malignancies.
Additional studies will be required to identify the mechanisms
that explain metabolic syndrome-associated changes in hepatic
ribose salvage. Physiologically, changes in hepatic lipid levels or
inflammation may contribute to lower ribose salvage. Changes in
insulin or insulin signaling would be unlikely to play a role, because
ribose salvage is unaffected in our model of insulin-dependent
diabetes. One possible molecular mechanism includes changes in
RBKS activity. Little is known about the regulation of RBKS activity. However, one study suggests that RBKS activity peaks during
the S, G2, and M phases of the cell cycle and can be found in both
soluble and membrane-associated protein preparations (38).
It remains to be determined whether changes in ribose salvage
contribute to or represent an adaptive response to metabolic
syndrome. Our data suggest that the liver is a significant sink for
blood ribose. Although we fail to identify changes in serum ribose levels in our model of metabolic syndrome, it remains to be
determined whether serum ribose levels are altered in humans
with metabolic syndrome. One possibility is that decreased hepatic ribose salvage leads to greater serum ribose levels and
enhanced vascular damage. Ribose is greater than 50-fold more
efficient than glucose at nonenzymatic glycation of collagen
fibers to form advanced glycation end products (AGEs) (39, 40).
AGEs have been suggested to contribute to vascular dysfunction
and cardiovascular disease (41). Even though human blood ribose levels are ∼50-fold lower than blood glucose levels, the
dramatically greater propensity of ribose to form AGEs suggests
that elevated blood ribose levels could have a significant effect
on AGE formation in vivo. Pentosidines are a specific type of
Clark et al.

scribe and validate a novel PET probe, [18F]DFA. Unlike most
other types of chemical probes, PET tracers can be used in vitro,
in vivo in mice, and eventually in vivo in humans. [18F]DFA is an
analog of ribose with limited metabolism that enables precise
measurements of the activity of the ribose salvage pathway. We
anticipate that [18F]DFA will provide a powerful tool for advancing our understanding of the ribose salvage pathway in vitro
and in vivo.
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AGE that can form between ribose, lysine, and arginine (42).
Metabolic syndrome is a risk factor for diabetes (35). Plasma
levels of pentosidines are elevated 2.5-fold in diabetics, and
serum pentosidine levels in type II diabetes are positively associated with vascular complications (42, 43). Thus, decreased
hepatic ribose salvage could lead to higher blood ribose levels,
increased AGE formation, and enhanced vascular damage. Future studies will examine how changes in hepatic ribose salvage
affect AGE formation.
Slc2a2 KO mice do not survive past approximately 3 wk of age,
but Slc2a2 KO mice with pancreatic overexpression of the glucose transporter Slc2a1 or liver-specific Slc2a2 KO mice are viable (44–46). These mice have impaired glycogen mobilization
during fasting, liver hyperplasia, and glucose intolerance (45,
46). Fanconi–Bickel syndrome is an autosomal recessive disorder in humans associated with mutations in Slc2a2 (47). Hepatic
phenotypes of patients with Fanconi–Bickel syndrome include
hepatomegaly and enhanced glycogen accumulation (48). Slc2a2
is a high-capacity glucose transporter (21), and many phenotypes
found in Slc2a2 KO mice and patients with Fanconi–Bickel syndrome are likely caused by altered glucose consumption. However,
we show that Slc2a2 also transports ribose. Yeast that lack the
homolog of human RBKS show enhanced glycogen accumulation (49), suggesting that ribose salvage may regulate glycogen
levels in yeast. This suggests that some of the phenotypes associated with Slc2a2 knockdown or mutations, such as enhanced
glycogen accumulation, may be related to limited ribose salvage.
These results will have to be interpreted further as future studies
determine the precise contribution of Slc2a2 to ribose salvage.
Studies of in vivo biochemistry and metabolism will require
carefully designed and validated chemical probes. Here, we de-

Materials and Methods
Detailed methods describing [18F]DFA synthesis and characterization, microPET/CT imaging, autoradiography, quantitative reverse transcription PCR,
transporter studies, LC/MS/MS-MRM, immunoblotting, and plasma ribose
level measurements can be found in the SI Materials and Methods.
All data represent the mean ± SEM. Statistical analyses were performed
using the Student t test in Microsoft Excel. Graphs were created in Microsoft
Excel or GraphPad Prism.
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