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Introduction
The rapid growth of PET imaging in oncology largely 
reflects the user-friendly kinetic features of 2-[18F]-
fluoro-2-deoxy-D-glucose (FDG). Sharing with glu-
cose both GLUT-facilitated transmembrane transport 
and hexokinases-catalyzed trapping phosphorylation, 
FDG-6P is thought to accumulate within the cytosol as 
a false-substrate for the enzymes triggering glycolysis or 
pentose phosphate pathway (PPP) [1]. This irreversible 
retention thus permits to offer the informative poten-
tial of PET/CT imaging to a large number of patients 
exploiting the possibility to map the Warburg activation 
of cancer lesions across the whole body with a single 
“static” acquisition [2, 3].

Nevertheless, all mammalian cells are equipped with a 
transport system encoded by the SLC37A4 gene mainly 
represented by the glucose-6P transporter (G6PT) that 
transports phosphorylated hexoses within the endoplas-
mic reticulum (ER) where the hydrolysis catalyzed by the 
glucose-6P-phosphatase beta (G6Pase-β) [4–6] might 
result in a significant tracer loss. Together with the evi-
dence that metabolic pathways confined within the ER 
largely contribute to a significant FDG-6P processing 

[7–11] in cancer, this consideration suggests that FDG 
uptake might reflect the competition between FDG-6P 
metabolism and hydrolysis within the ER rather than the 
glycolytic flux in the cytosol. Sato et al. reported a high 
FDG uptake in the liver in a patient with glycogen storage 
disease Ib, characterized by an impaired G6PT function 
[12]. However, whether this abnormality also interferes 
with tracer retention in cancer has not been fully eluci-
dated. Accordingly, the present study aimed to evaluate 
whether G6PT silencing does affect the kinetics of tracer 
uptake in cancer cells.

Materials and methods
Cell culture, short‑interfering RNA (siRNA) transfection 
and FDG kinetics
Murine breast cancer cells (4T1, ATCC, LGC Standards 
Srl, Milan, Italy) were cultured in complete RPMI (11 
mM glucose). Cells were seeded to reach 60–80% conflu-
ency to be transfected for 48 h with G6PT siRNA (cat: 
#43-908-43) or mock siRNA (cat: #43–908-43) accord-
ing to manufacturer instructions (Invitrogen, Waltham, 
USA, cat: #13,778,075).

Silenced and control cells (400,000) were cultured 
as a spot for 24  h. For the experiment, cultures were 
exposed to media with either 0 or 5.5  mM glucose and 
1.8–2.2 MBq/mL FDG whose uptake was evaluated using 
LigandTracer White® (Ridgeview, Uppsala SE) according 
to our standard procedure [13, 14]. After 120 min, the 
culture was exposed to an FDG-free medium containing 
the same glucose concentration to evaluate the washout 
rate.
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RT‑PCR and metabolic analysis
Gene expression was evaluated by real-time polymerase 
chain reaction (RT-PCR) as previously described using 
the Realplex Software (Eppendorf ) [15].

G6PT and G6Pase-β primers sequences:
G6PT: SLC37A4-F: TTC​AAC​CGC​AAA​ACC​TTC​TC, 

and SLC37A4-R: AAA​CTT​GCT​GAT​GGC​GTA​GG.
G6Pase-β: G6PC3-F: CCG​GGC​TAG​AGA​ATA​TGT​

GG, and G6PC3-R: AAA​AGG​GCC​TGT​CTC​CAA​AC.
m-TBP was employed as housekeeping gene.
To estimate glycolysis rate, we exploited the Seahorse-

XFp Extracellular Flux Analyzer (Agilent Technologies, 
USA) and the Glycolysis Stress Test Kit according to 
manufacturer instructions. In brief, this approach meas-
ures the proton efflux rate (PER). This index represents 
the rate of lactate release and was thus doubled to esti-
mate the glucose consumption in picomol × min−1 × mil-
lion cells−1.

Confocal microscopy
Access of phosphorylated hexoses to the ER was evalu-
ated by confocal microscopy (Leica Microsystems, 
Germany) using the FDG analogue 2-[N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG, 
50 µM) and the ER tracker glibenclamide (0.5 µM) as pre-
viously described [13, 14]. A minimum of four randomly 
selected fields were analyzed in three independent sam-
ples for each treatment using the Fiji software (Version 
2.3, NIH) to estimate colocalization according to Costes 
method.

Statistical analysis
All experiments were done at least in triplicate. Data are 
presented as mean ± standard deviation (SD) and com-
pared using Student’s t test. A probability value p < 0.05 
was considered significant.

Results
siRNA downregulated G6PT gene expression by almost 
90% (Fig. 1A), as opposed to the virtual ineffectiveness of 
scramble administration (data not shown). By contrast, 
mRNA levels of G6Pase-β were well represented and 
slightly (though not significantly) decreased after G6PT 
silencing (Fig. 1B).

Cell radioactivity content showed a progressive and 
virtually linear increase over the two hours observa-
tion period in both silenced and control cells (Fig.  1C-
D). Expectedly, the coincubation with unlabeled glucose 
markedly (ninefold) decreased the radioactivity accu-
mulation (Fig.  1C-D). By contrast, G6PT gene silencing 
markedly increased tracer retention by 2.5-fold in the 
absence of competing glucose (Fig.  1C, p  < 0.001) and 

by 1.5-fold in its presence (Fig. 1D, p < 0.01). During the 
subsequent exposure to the FDG-free medium, all cul-
tures showed a measurable washout that was, however, 
characterized by a lower rate in silenced than in control 
cells (Fig. 1E-F), regardless the presence or the absence of 
competition by unlabeled glucose.

However, this response was largely independent of glu-
cose consumption. As expected, PER (and thus lactate 
release) was absent in glucose-deprived cultures regard-
less of the gene expression profile (Fig. 2A). Nevertheless, 
glycolytic rate was almost halved by G6PT silencing in 
the cultures exposed to a physiological hexose concentra-
tion (Fig. 2B).

Finally, the transport of phosphorylated hexoses across 
the reticular membrane was documented by the co-local-
ization analysis of confocal microscopy images (Fig.  2C). 
Indeed, G6PT silencing decreased the fraction of 2-NBDG 
containing pixels stained by the reticular probe (Fig. 2D) as 
well as the fraction of glibenclamide retaining ones accu-
mulating the fluorescent FDG analogue (Fig. 2E).

Discussion
The present data document that the inhibition of FDG-
6P transport across the reticular membrane slows down 
tracer release, or, in other words, that a significant 
fraction of FDG-6P is transported across the reticu-
lar membrane into the ER lumen. In this compartment, 
the accumulated radioactivity can be either released 
or retained according to the competition between the 
G6Pase-β-catalyzed hydrolysis or the access to a process-
ing pathway able to prevent the metabolite access to the 
dephosphorylation.

Although somewhat disregarded, a measurable FDG 
washout from cancer had been already described since 
the introduction of the 2-deoxyglucose method to study 
brain metabolism [16]. A significant tracer release has 
been thereafter reported in cultured cells [17] and in can-
cer lesion evaluated both in the experimental [18, 19] and 
in the clinical setting [20]. The present data explain these 
findings, establishing a connection between radioactiv-
ity loss and FDG-6P access to the catalytic function of 
G6Pase-β within the ER lumen.

The evident slowdown in radioactivity washout 
induced by G6PT silencing paralleled a marked accelera-
tion in tracer uptake. Altogether, these responses iden-
tify the reticular lumen as both the escape route and the 
accumulation site of FDG-vehiculated radioactivity. This 
model closely agrees with previous evidence by our [9–
11, 15] and other groups [21] about the loose adherence 
of FDG uptake with glycolytic flux and its strict link with 
the activity of the hexose-6P-dehydrogenase (H6PD): the 
autosomal homologue of the best-recognized glucose-6P 
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dehydrogenase, able to channel a large variety of phos-
phorylated hexoses to a specific PPP confined in the 
reticular lumen [22]. The role of this pathway in fueling 
the cancer needs for energy, reductive power and build-
ing blocks for cell proliferation has been demonstrated in 
several cancer types [11, 23].

The evident role of FDG-6P transport across the reticu-
lar membrane in modulating radioactivity retention chal-
lenges the commonly accepted models for interpreting 
of FDG imaging [16, 24]. On the theoretical ground, it 
extends to cancer cells the notion that assuming an irre-
versible radioactivity accumulation and thus neglecting 
k4 leads to an underestimation of glucose consumption, 
as already demonstrated in the brain [25]. By contrast, it 
does not affect the direct measurement of the other rate 
constants (k1 to k3) when their direct measurement is 

performed considering tracer uptake as a reversible pro-
cess [26]. It also retains a potentially relevant impact on 
the clinical protocols. Indeed, the rate of competition 
between ER-PPP and G6Pase-β may vary considerably 
among different tumors or among different cell types 
populating the tumor. This variability might profoundly 
affect tracer retention and its distribution over time. As 
a matter of fact, imaging can often be delayed for various 
reasons after tracer injection. Current guidelines for FDG 
imaging require strict adherence to the minimum dis-
tribution time while the maximum interval can be pro-
longed up to 2 hours [2, 3]. Accordingly, the time elapsing 
between injection and imaging should be carefully con-
sidered, particularly when semi-quantitative indices of 
FDG uptake are estimated to evaluate cancer progression 
or response to therapy.

Fig. 1  FDG uptake and washout in G6PT silenced cells. A SLC37A4 and B G6Pase-β (G6P3) mRNA expression 48 h after siRNA transfection 
normalized for the housekeeping gene levels. (n = 4, *** = p < 0.001). Representative FDG time-activity curves in cultures exposed to glucose-free 
(C–E green) or 5.5 mM glucose media (D–F, red). Silenced cells are light while their relative controls are dark. G and H FDG washout rate evaluated 
after switching to the cold medium (t0). * = p < 0.05, ** = p < 0.01, *** = p < 0.001 vs corresponding controls
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and percent glibenclamide stained pixels containing 2-NBDG (E) were lower in silenced than in control cells (** = p < 0.01)

https://doi.org/10.1002/ana.410060502


Page 5 of 5Vitale et al. EJNMMI Research           (2024) 14:64 	

	3.	 Boellaard R, Delgado-Bolton R, Oyen WJG, Giammarile F, Tatsch K, Eschner 
W, et al. FDG PET/CT: EANM procedure guidelines for tumour imaging: 
version 2.0. Eur J Nucl Med Molecul Imag. 2015;42:328. https://​doi.​org/​10.​
1007/​s00259-​014-​2961-x.

	4.	 Chou JY, Mansfield BC. The SLC37 family of sugar-phosphate/phosphate 
exchangers. Curr Topics Membr. 2014. https://​doi.​org/​10.​1016/​B978-0-​12-​
800223-​0.​00010-4.

	5.	 Van Schaftingen E, Gerin I. The glucose-6-phosphatase system. Biochem 
J. 2002. https://​doi.​org/​10.​1042/​0264-​6021:​36205​13.

	6.	 Caracó C, Aloj L, Chen LY, Chou JY, Eckelman WC. Cellular release of 
[18F]2-fluoro-2-deoxyglucose as a function of the glucose-6-phos-
phatase enzyme system. J Biol Chem. 2000. https://​doi.​org/​10.​1074/​jbc.​
M9080​96199.

	7.	 Nakada T, Kwee IL, Conboy CB. Noninvasive in vivo demonstration of 
2-fluoro-2-deoxy-d-glucose metabolism beyond the hexokinase reaction 
in rat brain by 19f nuclear magnetic resonance spectroscopy. J Neuro-
chem. 1986. https://​doi.​org/​10.​1111/j.​1471-​4159.​1986.​tb129​45.x.

	8.	 Bolo NR, Brennan KM, Jones RM, Budinger TF. Fluorodeoxy glucose brain 
metabolism studied by NMR and PET. Ann N Y Acad Sci. 1987. https://​doi.​
org/​10.​1016/​s0001-​2998(86)​80002-2.

	9.	 Sambuceti G, Cossu V, Bauckneht M, Morbelli S, Orengo AM, Carta S, et al. 
18F-fluoro-2-deoxy-d-glucose (FDG) uptake. What are we looking at? Eur 
J Nucl Med Mol Imag. 2021. https://​doi.​org/​10.​1007/​s00259-​021-​05368-2.

	10.	 Cossu V, Marini C, Piccioli P, Rocchi A, Bruno S, Orengo AM, et al. Obliga-
tory role of endoplasmic reticulum in brain FDG uptake. Eur J Nucl Med 
Mol Imaging. 2019. https://​doi.​org/​10.​1007/​s00259-​018-​4254-2.

	11.	 Marini C, Ravera S, Buschiazzo A, Bianchi G, Orengo AM, Bruno S, et al. Dis-
covery of a novel glucose metabolism in cancer: the role of endoplasmic 
reticulum beyond glycolysis and pentose phosphate shunt. Sci Rep. 2016. 
https://​doi.​org/​10.​1038/​srep2​5092.

	12.	 Sato T, Inokuchi M, Nakano S, Iwabuchi Y, Hayashida T, Ishii T, Hasegawa 
T. Fluorodeoxyglucose-positron emission tomography as a potential 
alternative tool for functional diagnosis of glycogen storage disease type 
I. Radiol Case Rep. 2022. https://​doi.​org/​10.​1016/j.​radcr.​2022.​09.​084.

	13.	 Scussolini M, Bauckneht M, Cossu V, Bruno S, Orengo AM, Piccioli P, et al. 
G6Pase location in the endoplasmic reticulum: implications on compart-
mental analysis of FDG uptake in cancer cells. Sci Rep. 2019. https://​doi.​
org/​10.​1038/​s41598-​019-​38973-1.

	14.	 Marini C, Cossu V, Carta S, Greotti E, Gaglio D, Bertola N, et al. Fundamen-
tal role of pentose phosphate pathway within the endoplasmic reticulum 
in glutamine addiction of triple-negative breast cancer cells. Antioxi-
dants. 2023. https://​doi.​org/​10.​3390/​antio​x1201​0043.

	15.	 Cossu V, Bonanomi M, Bauckneht M, Ravera S, Righi N, Miceli A, et al. Two 
high-rate pentose-phosphate pathways in cancer cells. Sci Rep. 2020. 
https://​doi.​org/​10.​1038/​s41598-​020-​79185-2.

	16.	 Sokoloff L, Reivich M, Kennedy C, Rosiers MHD, Patlak CS, Pettigrew 
KD, et al. The [14c]deoxyglucose method for the measurement of local 
cerebral glucose utilization: theory, procedure, and normal values in the 
conscious and anesthetized albino rat. J Neurochem. 1977. https://​doi.​
org/​10.​1111/j.​1471-​4159.​1977.​tb106​49.x.

	17.	 Wolfs E, Struys T, Notelaers T, Roberts SJ, Sohni A, Bormans G, et al. 18F-
FDG labeling of mesenchymal stem cells and multipotent adult progeni-
tor cells for PET imaging: effects on ultrastructure and differentiation 
capacity. J Nucl Med. 2013. https://​doi.​org/​10.​2967/​jnumed.​112.​108316.

	18.	 Som P, Atkins HL, Bandoypadhyay D, Fowler JS, MacGregor RR, Matsui K, 
et al. A fluorinated glucose analog, 2-fluoro-2-deoxy-D-glucose (F-18): 
nontoxic tracer for rapid tumor detection. J Nucl Med. 1980;21(7):878.

	19.	 Goetz C, Podein M, Braun F, Weber WA, Choquet P, Constantinesco A, 
et al. Influence of animal heating on PET imaging quantification and 
kinetics: biodistribution of 18F-tetrafluoroborate and 18F-FDG in mice. J 
Nucl Med. 2017. https://​doi.​org/​10.​2967/​jnumed.​116.​177949.

	20.	 Lodge MA, Lucas JD, Marsden PK, Cronin BF, O’Doherty MJ, Smith MA. A 
PET study of 18FDG uptake in soft tissue masses. Eur J Nucl Med. 1999. 
https://​doi.​org/​10.​1007/​s0025​90050​355.

	21.	 Klebermass EM, Mahmudi M, Geist BK, Pichler V, Vraka C, Balber T, et al. If 
it works, don’t touch it? A cell-based approach to studying 2-[18F]FDG 
metabolism. Pharmaceuticals. 2021. https://​doi.​org/​10.​3390/​ph140​90910.

	22.	 Bubliz C, Steavenson S. The pentose phosphate pathway in the endoplas-
mic reticulum. J Biol Chem. 1988;263:12849–53.

	23.	 Tsachaki M, Mladenovic N, Štambergová H, Birk J, Odermatt A. Hexose-
6-phosphate dehydrogenase controls cancer cell proliferation and 

migration through pleiotropic effects on the unfolded-protein response, 
calcium homeostasis, and redox balance. FASEB J. 2018. https://​doi.​org/​
10.​1096/​fj.​20170​0870RR.

	24.	 Patlak CS, Blasberg RG. Graphical evaluation of blood-to-brain transfer 
constants from multiple-time uptake data. Generalizations. J Cereb Blood 
Flow Metab. 1985. https://​doi.​org/​10.​1038/​jcbfm.​1983.1.

	25.	 Schmidt K, Lucignani G, Moresco RM, Rizzo G, Gilardi MC, Messa C, 
Colombo F, Fazio F, Sokoloff L. Errors introduced by tissue heterogene-
ity in estimation of local cerebral glucose utilization with current kinetic 
models of the [18F]fluorodeoxyglucose method. J Cereb Blood Flow 
Metab. 1992. https://​doi.​org/​10.​1038/​jcbfm.​1992.​114.

	26.	 Wang J, Shao Y, Liu B, Wang X, Geist BK, Li X, et al. Dynamic 18F-FDG PET 
imaging of liver lesions: evaluation of a two-tissue compartment model 
with dual blood input function. BMC Med Imaging. 2021. https://​doi.​org/​
10.​1186/​s12880-​021-​00623-2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.1007/s00259-014-2961-x
https://doi.org/10.1016/B978-0-12-800223-0.00010-4
https://doi.org/10.1016/B978-0-12-800223-0.00010-4
https://doi.org/10.1042/0264-6021:3620513
https://doi.org/10.1074/jbc.M908096199
https://doi.org/10.1074/jbc.M908096199
https://doi.org/10.1111/j.1471-4159.1986.tb12945.x
https://doi.org/10.1016/s0001-2998(86)80002-2
https://doi.org/10.1016/s0001-2998(86)80002-2
https://doi.org/10.1007/s00259-021-05368-2
https://doi.org/10.1007/s00259-018-4254-2
https://doi.org/10.1038/srep25092
https://doi.org/10.1016/j.radcr.2022.09.084
https://doi.org/10.1038/s41598-019-38973-1
https://doi.org/10.1038/s41598-019-38973-1
https://doi.org/10.3390/antiox12010043
https://doi.org/10.1038/s41598-020-79185-2
https://doi.org/10.1111/j.1471-4159.1977.tb10649.x
https://doi.org/10.1111/j.1471-4159.1977.tb10649.x
https://doi.org/10.2967/jnumed.112.108316
https://doi.org/10.2967/jnumed.116.177949
https://doi.org/10.1007/s002590050355
https://doi.org/10.3390/ph14090910
https://doi.org/10.1096/fj.201700870RR
https://doi.org/10.1096/fj.201700870RR
https://doi.org/10.1038/jcbfm.1983.1
https://doi.org/10.1038/jcbfm.1992.114
https://doi.org/10.1186/s12880-021-00623-2
https://doi.org/10.1186/s12880-021-00623-2

	The pivotal role of endoplasmic reticulum in FDG uptake in cancer cells
	Introduction
	Materials and methods
	Cell culture, short-interfering RNA (siRNA) transfection and FDG kinetics
	RT-PCR and metabolic analysis
	Confocal microscopy
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


