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Introduction: In the fed state when glucose is abundant, hepatic glycogen synthesis plays a key role in attenuating plasma glucose levels and this may 
be mediated by two distinctive mechanisms. Firstly, portal vein glucose levels can be directly reduced via hepatic glucose uptake and conversion to 
glycogen. Secondly, hepatic glycogen can act as a short-term sink for gluconeogenic G6P, thus diverting this flux away from hepatic glucose synthesis 
thereby reducing net hepatic glucose output. These mechanisms have not been well resolved because exogenous glucose is partially converted to 
glycogen via the gluconeogenic or indirect pathway (Figure 1). With current methodologies, resolution of these pathways requires the integration of 
tracer measurements with an assay of the change in hepatic glycogen levels before 
and after the meal. This precludes the study of individual conscious animals since it is 
not practical to perform serial biopsies of hepatic glycogen levels under these 
conditions. By combining 13C isotopomer analysis of hepatic glycogen enrichment 
from [U-13]glucose with 2H-enrichment from 2H2O, we were able to determine the 
fraction of glycogen synthesized following administration an oral glucose load 
enriched with [U-13C]glucose and 2H2O during the experiment and resolve the load 
contribution from that of endogenous gluconeogenesis. We applied this measurement 
to determine the role of hepatic glycogen fluxes in stabilizing plasma glucose levels 
after an oral glucose tolerance test in 24-hour fasted rats. 
 
Methods: Male Wistar rats weighing 170 – 230g were fasted for 24h with free access to water. 2H2O was delivered as 2 mL of 2H2O in the 
intraperitoneal cavity and 2 ml as part of the oral glucose load. The load (2g/Kg) was enriched to 10% with [U-13C]glucose and administered by gavage. 
After 3 hours, animals were sacrificed and the liver excised and immediately freeze-clamped in liquid nitrogen. Liver glycogen was extracted by KOH-
ethanol treatment, enzymatically hydrolysed to glucose by amyloglucosidase incubation and converted to MAG by acetonation [1] . Hepatic glycogen 
13C and 2H enrichment distributions were quantified by 13C- and 2H-NMR analyses of this derivative. From the 2H enrichments, the ratio of position 5 to 
position 2 enrichment (D5/D2) was used to calculate the fraction of glycogen derived from gluconeogenic G6P [2]. This gluconeogenic G6P contribution 
represents the combined fluxes from endogenous gluconeogenic substrates and indirect pathway metabolism of the glucose load (see Figure 1). The 
direct pathway contribution was estimated as 1- D5/D2 [2]. From the 13C NMR analysis of MAG, [U-13C]glycogen¸ [1,2-13C2] and [1,2,3-13C3]glycogen 
isotopomers were quantified [3]. The direct pathway contribution was estimated from the ratio of [U-13C]glycogen/[U-13C]glucose load enrichments, and 
the indirect contribution was estimated from the  ratio of [1,2-13C2] + [1,2,3-13C3]glycogen/[U-13C]glucose load enrichments after correcting for Krebs 
cycle dilution [3]. The contribution of endogenous gluconeogenic sources was calculated as the difference between total gluconeogenic G6P and 
indirect pathway contributions. Note that the direct pathway contribution is independently estimated by the 2H2O and [U-13C]glucose tracers.  
 
Results and Discussion: Residual glycogen present before the load contributed less than 10% of the total glycogen recovered and was therefore not a 
major factor in the dilution of the [U-13C]glucosyl or 2H labels. Figure 2 A and B shows representative 2H- and 13C-NMR spectra, respectively, for the 

derivatized glycogen samples. In the 13C NMR spectrum, 
the carbon 1 resonance is expanded and consists of a 7-
line multiplet: central singlet (S) for [1-13C] glycogen, 
doublet (D1,2) for [1,2-13C2] + [1,2,3-13C3]glycogen and a 
quartet (Q1,2,5) for [U-13C]glycogen. From the measured 
[U-13C]glycogen enrichment levels, the direct pathway 
contribution to glycogen was found to be low (18 ± 3%). In 
the 2H-NMR spectrum, the D5/D2 ratio is high and is 
therefore also consistent with a low direct pathway 
contribution. The estimated direct pathway contribution by 
this analysis was 16 ± 13 %, in excellent agreement with 

the value derived by [U-13C]glucose tracer. Hence, the large majority (~85%) of hepatic glycogen was synthesized from gluconeogenic G6P. From the 
enrichment levels of the [1,2-13C2] + [1,2,3-13C3]glycogen isotopomers, the indirect pathway contribution was estimated to be 16 ± 2%. Therefore, the 
majority of gluconeogenic G6P (66 ± 14 %) was derived from endogenous gluconeogenic substrates rather than from indirect pathway metabolism of 
the glucose load. From these observations, we draw the following conclusions. 1) In 24-hour fasted rats administered with an oral glucose load, about 
two-thirds of hepatic glycogen is synthesized from endogenous gluconeogenic sources while the oral glucose load contributes less than one-third of 
newly-synthesized glycogen. 2) The glucose load is metabolized to hepatic glycogen through approximately equal direct and indirect pathway fluxes. 
Under these conditions, the major effect of hepatic glycogen synthesis on plasma glucose levels is through the diversion of gluconeogenic carbons from 
hepatic glucose production rather than through the net uptake of glucose.  
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Figure 1 Hepatic glycogen fluxes in the fed state 

 

 

 

 

Figure 2 Representative 2H- (A) and 13C-NMR (B) spectra for derivatized glycogen 
sample 
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