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Abstract 

Glycerol is a well-tolerated additive in aquafeeds. We hypothesized that in seabass, a carnivorous 

fish whose endogenous carbohydrate demands are mostly met by hepatic amino acid 

gluconeogenesis, glycerol effectively competes with these substrates for endogenous glucose and 

glycogen synthesis. To test this hypothesis, we injected fasted and fed juvenile seabass with an 

intraperitoneal 2 g.kg-1 bolus of glycerol enriched to 25% with [U-13C3]glycerol and monitored the 

appearance of blood glucose and hepatic glycogen 13C-isotopomers 48-hours thereafter by 13C NMR 

spectroscopy. This information was used to determine the fractional contribution of the glycerol load 

to systemic glucose appearance and liver glycogen synthesis. In 21-day fasted fish, the glycerol bolus 

contributed 47 ± 3% of circulating glucose appearance and 40 ± 3% of hepatic glycogen at 48-hr 

post-bolus. In fed fish, the glycerol bolus accounted for 17 ± 3% of circulating glucose and 3 ± 1% 

of hepatic glycogen at 48-hr post-polus. While the majority of glycerol was metabolized to glucose 

and glycogen via the canonical linear gluconeogenic pathway, a significant minority was converted 

to glucose and glycogen via the hepatic Krebs cycle. In fasted fish, linear gluconeogenesis accounted 

for 40 ± 3% of glucose appearance while the Krebs cycle route accounted for 7 ± 2%. In fed fish, 

linear and Krebs cycle-mediated contributions were 10 ± 2% and 6 ± 2%, respectively. These data 

indicate that glycerol effectively competes with endogenous precursors for hepatic gluconeogenesis 

in carnivorous fish thereby representing a novel mechanism for reducing the catabolic utilization of 

amino acids. 

 

1. Introduction:   

The European seabass (Dicentrarchus labrax) is a carnivorous fish that is widely cultured in Europe 

(FEAP, 2017). It is adapted to a diet high in protein (Peres and Oliva-Teles 1999) hence its hepatic 

intermediary metabolism is characterized by high rates of catabolic amino acid (AA) utilization for 

the biosynthesis of carbohydrates and for energy generation. In addition to diverting AA away from 
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muscle growth, these processes generate waste ammonia (Peres and Oliva-Teles 2005). Thus, there is 

strong interest in identifying feed supplements that not only replace dietary protein but also attenuate 

AA catabolism. AA-gluconeogenesis is a central pathway for synthesis of hepatic glucose-6-

phosphate (Glc-6-P) - the principal precursor for the synthesis of endogenous glucose, glycogen and 

the carbohydrate moieties of glycoproteins and other structural carbohydrate components (Hers 

1976; Krebs 1964). Therefore, substrates that compete with AA for Glc-6-P synthesis could in 

principle be effective at sparing gluconeogenic AA catabolism.  

Glycerol is one such substrate that can potentially compete with gluconeogenic AA for 

hepatic Glc-6-P synthesis. Following the growth in biodiesel production there is now a worldwide 

abundance of glycerol and it has been tested as a feed supplement for various farmed animals, 

including fish (Arif et al. 2017; Lee et al. 2011; Li et al. 2010; Meurer et al. 2012; Moesch et al. 

2016). To date, studies have shown that glycerol supplementation up to 15% of total feed does not 

impair growth rates or feed conversion ratios in several different fish species (da Costa et al. 2017; 

Gonçalves et al. 2013; Li et al. 2010; Silva et al. 2012). However, while there have been a few 

studies of glycerol metabolism in various fish species, its contribution to endogenous carbohydrate 

synthesis has not been specifically determined. In mammals, a glycerol load is rapidly and efficiently 

converted to glucose and glycogen via hepatic gluconeogenesis and glycogenesis (Kosuga et al. 

2011; Lin 1977). Such activity has not been generally well described in fish species, although early 

in vitro studies of rainbow trout (Oncorhynchus mykiss) liver slices reported a capacity for glycerol 

conversion to glycogen by carnivorous fish (Lech 1970). A recent study of [U-14C]glycerol 

utilization by Nile tilapia (Oreochromis niloticus) revealed that the major fraction of the label was 

recovered in liver and muscle tissue fractions that were not protein or lipid (da Costa et al. 2017). 

Therefore, our aim was to assess the capacity of juvenile seabass to incorporate glycerol carbons into 

endogenous circulating glucose and hepatic glycogen following an intraperitoneal injection of 

glycerol. Glycerol incorporation was primarily measured by quantifying the appearance of glucose 



4	
	

		

and glycogen 13C-isotopomers from a glycerol load enriched with [U-13C3]glycerol. Our data showed 

that juvenile seabass have an inherently strong capacity for converting glycerol to both glucose and 

glycogen appearances and in doing so displaces contributions from gluconeogenic AA. 

 

2. Materials and Methods 

2.1 Fish handling: For this experiment, 80 European seabass (Dicentrarchus labrax L.) provided by 

a local farm were transported to the lab and randomly distributed in four tanks of 200 L volume 

capacity. There were 20 fish per tank with a mean initial body weight of 48 ± 3 g and a mean initial 

body length of 15.4 ± 0.3 cm. Fish were acclimated for one month in a recirculating aquatic system 

(RAS) equipped with a central filter and UV unit at 20ºC temperature, 30‰ salinity and well aerated 

seawater (> 90% O2). Water temperature, pH, dissolved oxygen and salinity were continuously 

monitored and NH4+, NO3- and NO2- were measured twice weekly and were found to be within 

optimal ranges. During the acclimation period fish were fed every day with automated feeders to 

satiety (feeders distributed four to six meals per day, with the meal size and the number of meals 

adjusted based on the presence of uneaten feed in the tank) with a commercial diet (Aquagold 5, 

SORGAL, S.A.; 45.0% crude protein, 18.0% fat, 10.0% ash, 2.0% fiber, 2.0% calcium, 1.0% 

phosphorus, 0.4% sodium, 19% nitrogen-free extract). After acclimation, two groups of fish were 

fasted for 21 days while the others were maintained on the described feeding protocol. 

 

2.2 Glycerol injection and sampling: At the end of the feeding/fasting period, fish were anesthetized 

in a 30 L tank containing the same rearing seawater with 0.1 g.L-1 of MS-222. They were then 

measured, weighed, and 100 µL of blood was taken with heparinized syringes from the caudal vein 

and kept on ice until processing. An intraperitoneal injection was given to each fish (10 mL.kg-1) of 

200 mg.ml-1 of glycerol enriched to 25% with [U-13C3]glycerol for a load of 2 g.kg-1. The second 

groups of fish serving as controls were injected with an equivalent volume of saline. Fish were 
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allowed to recover in the same rearing seawater and were not fed for the following 48 hours. After 

the 48 hours, fish were again anesthetized, measured and weighed. Blood was collected and an 

aliquot of 100 µL was kept for glucose and glycerol assays with the remaining portion kept for 

glucose derivatization and 13C NMR analysis. Fish were then sacrificed by cervical section. Livers 

were extracted and freeze clamped under liquid nitrogen and then stored at -80ºC until further 

processing. All these procedures complied with the Guidelines of the European Union Council 

(86/609/EU). 

 

2.3 Sample processing: Blood aliquots of 100 µL were centrifuged at 3000 g for 10 min and plasma 

was collected and stored at -20°C. Plasma glucose and glycerol levels were measured with 

commercial kits (Amplex® Red Glucose/Glucose Oxidase Assay Kit, Invitrogen; Glycerol Assay Kit, 

Sigma-Aldrich Co. LLC). Blood from 2-3 fish was pooled for 13C-NMR isotopomer analysis of 

glucose enrichment. Blood samples were deproteinized by adding 0.3 M ZnSO4 and 1.5 M Ba(OH)2 

(1.5 mL of each per mL of blood) and centrifuged at 3500 g for 15 min. The supernatant was 

desalted by passage through sequential columns containing Dowex® 50WX8 (hydrogen form; 

Sigma-Aldrich) and Amberlite® IRA-67 (free base, Fluka; Sigma-Aldrich) and the column effluents 

were lyophilized. For quantification and 13C NMR isotopomer analysis of hepatic glycogen, livers 

from 2 fish were pooled and glycogen extraction, quantification and hydrolysis to glucose was 

performed according to Viegas et al. (Viegas et al. 2012). Glycogen was extracted by alcoholic 

precipitation after alkaline tissue hydrolysis following Good et al. (1933) (Good et al. 1933). Briefly, 

powder frozen liver was treated with 30% KOH (2 mL per gram of liver) at 70°C for 30min. After 

vigorous vortex, the mixture was treated with 6% Na2SO4 (1 mL per gram of liver) and 99.9% 

ethanol (to a final concentration of 70%, 7 mL per gram of liver) and left overnight at 4 °C to 

precipitate glycogen. After centrifugation, the upper liquid phase was discarded and the solid residue 

dried. The residue was resuspended in 5 mL acetate buffer (0.05 M pH = 4.5), and 20 µL of an 
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aqueous solution containing 16 U of amyloglucosidase from Aspergillus niger (Glucose-free 

preparation, Sigma-Aldrich, Germany) was added to hydrolyse glycogen to its glucosyl units. 

Samples were incubated overnight at 55°C and centrifuged. The supernatant was collected and a 100 

µL aliquot was stored separately. The glucose derived from glycogen enzymatic hydrolysis was 

quantified by assay kit (Amplex® Red Glucose/Glucose Oxidase Assay Kit, Invitrogen). 

Glucose samples obtained from blood and liver glycogen were then derivatized to 

monoacetone glucose (MAG) (Viegas et al. 2012). MAG was further purified by solid phase 

extraction and prepared for 13C NMR spectroscopy as recently described (Rito et al. 2017). 

 

2.4 13C NMR Spectroscopy: Proton-decoupled 13C NMR spectra of MAG were acquired at 14.1 T 

with a Varian VNMRS 600 MHz NMR (Agilent, Santa Clara, CA, USA) spectrometer equipped 

with a 3 mm broadband probe with z-gradient. Spectra were obtained at a temperature of 25ºC, using 

a 70° pulse, 2.5 s acquisition time, 0.5 s pulse delay and 5,000 to 15,000 free-induction decays (f.i.d.). 

The two methyl naturalabundance carbon signals of MAG were used as intramolecular standards for 

converting the 13C isotopomer multiplet areas of carbon 2 and carbon 5 into 13C-isotopomer 

enrichment values for [1,2,3-13C3]hexose, [4,5,6-13C3]hexose, [1,2-13C2]hexose, [5,6-13C2]hexose, 

[2,3-13C2]hexose and [4,5-13C2]hexose. Isotopomer signals were defined to be below the limits of 

quantification when their signal-to-noise ratio was below 5:1. NMR spectra were analyzed with 

ACD/NMR Processor Academic Edition software (ACD/Labs, Advanced Chemistry Development, 

Inc.). 

 

2.5 Theory and metabolic flux calculations: 

As shown in Figure 1, direct gluconeogenic conversion of [1,2,3-13C3]glycerol to Glc-6-P results in 

the formation of [1,2,3-13C3] and [4,5,6-13C3]hexose isotopomers. This mixture is hereafter referred 

to as isotopomers A. If [1,2,3-13C3]glycerol is metabolized to Glc-6-P via the Krebs cycle, a 
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proportion is converted to [2,3-13C2]Triose-P due to label randomization by the exchange of 

oxaloacetate, malate and fumarate. These [2,3-13C2]Triose-P intermediates are metabolized via 

gluconeogenesis to form [1,2-13C2] and [5,6-13C2]Glc-6-P, hereafter referred to as isotopomers B. 

Assuming that Krebs cycle randomization is complete, each equivalent of [1,2,3-13C3] or [4,5,6-

13C3]glycerol that is metabolized via the Krebs cycle generates 0.5 equivalents of [1,2-13C2] or [5,6-

13C2]hexose and 0.5 equivalents of [1,2,3-13C3] or [4,5,6-13C3]hexose. Therefore, the linear 

gluconeogenic pathway contribution is estimated by the difference between isotopomers A and B 

enrichments, as shown below: 

 

Linear gluconeogenesis (%) = [Isotopomers A (%) – Isotopomers B (%)] × 100/F   (1) 

 

Where isotopomers A represent the mean abundance of [1,2,3-13C3] and [4,5,6-13C3]hexose 

isotopomers, isotopomers B represent the mean abundance of [1,2-13C2] and [5,6-13C2]hexose 

isotopomers, and F is the percent fractional enrichment of the glycerol load. 

 

The contribution of gluconeogenesis via the Krebs cycle was estimated by the following equation:  

 

Krebs cycle gluconeogenesis (%) = 2 × Isotopomers B × 1.5 × 100/F                                               (2) 

                                                                                                                                       

Multiplication by 2 reflects the fact that isotopomers B are accompanied by equivalent amounts of 

isotopomers A. In the Krebs cycle, there is dilution of both A and B isotopomer populations by 

unlabeled oxaloacetate that is formed via the oxidative portion of the cycle. The dilution factor of 1.5 

is based on the assumption of net anaplerotic flux being twice that of oxidative Krebs cycle flux 

(Rito et al, 2017).   
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2.6 Statistical analysis: 

Values are expressed as means ± standard error of the mean (S.E.M.). Statistical differences between 

groups with P < 0.05 were assessed using Student’s two-tailed unpaired t test. 

 

3. Results: 

3.1 Circulating metabolites and hepatic glycogen: The effects of the intraperitoneal glycerol 

injection on selected metabolites of interest were evaluated. Plasma glucose levels in fasted seabass, 

while showing high variability between individual fish, tended to increase following the glycerol 

load (Table 1). Plasma glucose levels of fed fish showed no discernible effects from glycerol 

injection (Table 1). Hepatic glycogen levels were not statistically different between fasted and fed 

fish at 48 hr following the glycerol load (Table 1). However, they showed statistical differences 

between fasted and fed fish in the control groups (P<0.001) and between fasted fish in the control 

group and fasted fish 48-hour postglycerol load (P<0.005) (Table 1). 

 

3.2 NMR analysis of gluconeogenic [U-13C]glycerol metabolism: Passage of 13C from the injected 

[U-13C]glycerol into endogenous glucose and glycogen was monitored by 13C NMR. Figure 2 shows 

1H NMR spectra of plasma following deproteinization and derivatization of the glucose to MAG for 

fasted and fed fish that received the glycerol load (Fig. 2a) and the corresponding controls that 

received saline (Fig. 2b). Fish that received the glycerol load showed additional signals attributable 

to glycerol that had comparable intensities to those of MAG while saline-injected controls had 

residual amounts of glycerol signals. The 1H NMR resonances of MAG derived from plasma glucose 

of the glycerol-injected fish showed characteristic satellite signals originating from 1H-13C coupling 

indicating enrichment by 13C. This is most clearly observed for the well-resolved resonance of the 

hydrogen bound to carbon 1. 
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Figure 3 shows the corresponding 13C NMR spectra obtained from these samples. For the fish 

that did not receive [U-13C3]glycerol, represented by Figure 3b, the spectra consist of singlet signals 

representing the 1.11% natural abundance 13C-enrichment. Differences in 13C-signal amplitudes, for 

example carbon 1 versus carbon 2, reflect differences in 13C-signal linewidths between different 

positions. Within the limits of precision determined by the signal-to-noise ratio, the relative areas of 

the six hexose and two acetonide signals were equivalent. For the fish that received the [U-

13C3]glycerol load, the singlet natural-abundance signals for the six hexose carbons were 

accompanied by multiplets representing glucose 13C-isotopomers formed by conversion of [U-

13C3]glycerol to glucose. The multiplet structures originate from the splitting of the 13C-signal by 

13C-13C-coupling with a neighbouring 13C nucleus. Also present are singlet and multiplet signals 

originating from circulating glycerol derived from the [U-13C3]glycerol-enriched load. Multiplets of 

the carbon 2 and carbon 5 13C NMR signals, shown in expanded form, provide quantitative 

information on the appearance of glucose and glycogen 13C-isotopomers A-D derived from the [U-

13C3]glycerol load. 13C-Isotopomer abundances from the de-convolution and analysis of these 

multiplets are shown in Table 2. 

Figure 4 shows the carbon 2 multiplets of MAG derived from blood glucose and liver glycogen 

from a fasted and a fed seabass administered with [U-13C3]glycerol. Up to nine peaks can be 

observed: a quartet component (C2Q) representing [1,2,3-13C3]hexose formed by the gluconeogenic 

conversion of [U-13C3]glycerol to glucose via triose and hexose phosphates; a doublet (C2D12) 

representing [1,2-13C2]hexose formed by the cycling of [1,2,3-13C3]triose-P via pyruvate and the 

Krebs cycle; a minor doublet (C2D23) representing [2,3-13C2]hexose formed by further 

randomization of label through a full turn of the Krebs cycle, and a singlet (C2S) representing the 

natural-abundance 13C from triose moieties that were not derived from [U-13C3]glycerol. The carbon 

5 multiplet yielded information for the corresponding [4,5,6-13C3], [5,6-13C2] and [4,5-13C2]hexose 
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isotopomers from the other triose half of glucose (not shown). The calculated isotopomer abundances 

from analysis of the 13C NMR carbon 2 and carbon 5 multiplets are shown in Table 2. 

For fasted fish, the glucose multiplet was dominated by C2Q, representing [1,2,3-13C3]glucose 

and reflecting high incorporation of [U-13C3]glycerol into glucose via the linear gluconeogenic 

pathway. However, the presence of C2D12 signals, representing [1,2-13C2]glucose, indicates that a 

portion of glycerol carbons were metabolized to hexose via the Krebs cycle. The low abundance of 

[1,2-13C2]glucose relative to [1,2,3-13C3]glucose (similarly [5,6-13C2]glucose relative to [4,5,6-

13C3]glucose) indicates that the majority of glycerol carbons were converted to glucose via the linear 

gluconeogenic pathway. 13C NMR spectra of MAG derived from liver glycogen had substantially 

higher signal-to-noise ratio compared to that of the blood because of the higher quantities of glucosyl 

units that were recovered from the pooled liver glycogen samples. 

Glycogen and glucose 13C-isotopomers from fasted fish showed similar but not identical 13C-

isotopomer populations. The singlet component was noticeable higher in spectra derived from 

glycogen compared to those from glucose. This can be attributed to the presence of pre-existing 

unlabeled glycogen resulting from incomplete turnover of the hepatic glycogen pool during the 48-

hour period of tracer administration. This fraction only contributes to the 13C-natural-abundance 

singlet signals thereby increasing its intensity relative to the multiplets derived from glycogen that 

was synthesized from [U-13C3]glycerol. Based on previous estimates of glucose turnover in Kelp 

bass (Bever et al. 1977), the whole-body glucose pool is assumed to have been fully replaced during 

this period hence there is no pre-existing glucose that would selectively contribute to the natural-

abundance singlet signals. While levels of isotopomers A were similar for plasma glucose and 

glycogen of fasted fish (see Table 2), the abundances of isotopomers B were higher in glycogen 

compared to glucose. 

Plasma glucose 13C NMR multiplets from fed fish showed substantial differences from those of 

fasted fish, as exemplified by the carbon 2 multiplets shown in Figure 4. The C2Q contribution was 
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substantially lower compared to the fasting condition indicating a lower fractional contribution of 

linear glycerol gluconeogenesis to plasma glucose appearance. The C2D12 signal intensity was 

similar to that of fasted fish, indicating that glycerol metabolism to glucose via the Krebs cycle 

contributed a similar fraction of glucose appearance. The C2D23 signals were below the limit of 

quantification suggesting that the fraction of glycerol carbons that underwent a complete Krebs cycle 

turn before being reincorporated into gluconeogenesis was also reduced. As shown in Table 2, 

differences in carbon 5 isotopomer abundances between fed and fasted fish were fairly consistent 

with those of carbon 2. 13C-Glycogen signals from fed fish were dominated by the natural abundance 

singlet signal from pre-existing glycogen. The very low intensities of the multiplet signals relative to 

the singlet (see Table 2) indicates that only a minor fraction of liver glycogen was derived from the 

[U-13C3]glycerol load under these conditions. 

 

3.3 Conversion of the glycerol load to circulating glucose and hepatic glycogen: From the 13C-

isotopomer analyses of glucose and glycogen, estimates for the fractional contribution of the glycerol 

load to these metabolites via the canonical gluconeogenic pathway involving triose phosphate 

intermediates and by a more circuitous route involving initial conversion to pyruvate followed by 

triose phosphate regeneration via Krebs cycle anaplerosis. Table 3 shows estimates of the glycerol 

fractional contribution to glucose and glycogen appearance. Under fasting conditions, the glycerol 

load accounted for almost one-half of glucose appearance at 48 hours post-injection. The majority of 

glycerol carbons were converted to glucose via the linear gluconeogenic pathway while glycerol 

conversion to glucose via pyruvate and the Krebs cycle accounted for a minor fraction. Analysis of 

glycogen 13C-isotopomers showed that approximately 40% of total glycogen was derived from 

glycerol. In comparison to plasma glucose the fractional contribution of the linear pathway was 

lower and contributions via the Krebs cycle were higher. In fed fish, the contribution of the glycerol 

load to plasma glucose appearance was more modest, with linear gluconeogenesis contributing about 
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twice that of the Krebs cycle pathway. The contribution of the glycerol load to liver glycogen was 

very low, reflecting slow glycogen turnover rates during daily feeding regimes and consistent with 

previous observations of low glycogen turnover rates in seabass under these conditions (Viegas et al. 

2015; Viegas et al. 2012). 

 

4. Discussion: 

Our experimental results indicate that an intraperitoneal glycerol bolus is readily utilized as a 

gluconeogenic substrate by juvenile seabass, contributing ~20 and 50% of systemic glucose 

appearance in fed and fasted conditions, respectively. Moreover, glycerol also replenished the 

hepatic glycogen reserves of 21-day fasted fish. To the extent that this activity is sparing the 

gluconeogenic catabolism of dietary AA, glicerol utilization could have a significant impact on waste 

ammonia generation. While this potentially beneficial aspect of glycerol metabolism has not been yet 

investigated in fish rearing, replacement of 5-15% of fish-feed components by glycerol appears to be 

well tolerated by many different species including carnivorous fish. In cultured channel catfish 

(Ictalurus punctatus), substitution of 10% feed dry weight by glycerol had no significant effects on 

growth and fillet quality (Li et al. 2010). Moreover, glycerol was well retained within feed pellets 

and efficiently ingested (Li et al. 2010). In mature gilthead seabream (Sparus aurata), 

supplementation of standard feed with 5% glycerol increased muscle glycogen and ATP levels over 

fish fed on standard feed alone, indicating a positive contribution to whole body carbohydrate and 

energy reserves (Silva et al. 2012). To date, glycerol utilization by farmed fish has been studied most 

closely in tilapia, a widely cultured omnivorous fish species. In Nile tilapia fingerlings, complete 

replacement of dietary maize (17% of feed weight) by glycerol was well tolerated (Moesch et al. 

2016) while in another study, replacement of wheat bran with glycerol representing up to 15% of 

feed weight also sustained normal growth rates (da Costa et al. 2017). To our knowledge, glycerol 

utilization by seabass has not been previously reported. 
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While metabolism of circulating glycerol derived either endogenously via triglyceride 

lipolysis or exogenously from a glycerol load has been well studied in humans and other mammalian 

species (Baba et al. 1995; Bergman et al. 1968; Cohen et al. 1979; Jin et al. 2014; Jin et al. 2016; 

Landau et al. 1996), to date there have been relatively few reports of glycerol metabolism in fish. 

Endogenous glycerol production and synthesis activities have been indirectly inferred from studies of 

triglyceride turnover using labeled triglyceride and VLDL (Magnoni et al. 2008) and hepatic 

triglyceride biosynthesis using deuterated water (Viegas et al. 2016). As in mammals, it appears that 

triglyceride turnover rates are considerably in excess of fatty acid oxidation in rainbow trout 

(Magnoni et al. 2008). In seabass, turnover of the hepatic triglyceride glycerol moiety far exceeded 

that of the fatty acid components (Viegas et al. 2016). Both sets of observations are consistent with 

fatty acid-triglyceride cycling activity and imply the operation of a corresponding cycle of 

endogenous glycerol clearance and de novo glycerol-3-P synthesis. Since the canonical pathway for 

systemic glycerol disposal is hepatic conversion to glucose via glycerol kinase and glycerol-3-

phosphate dehydrogenase followed by gluconeogenesis, it follows that this activity is likely to be 

constitutive in fish as well as in mammals. This, coupled with the presence of intestinal aquaporin 

transporters that facilitate glycerol absorption (Engelund et al. 2013; Tingaud-Sequeira et al. 2010) 

may explain the high rates of feed glycerol utilization that have been measured to date in various fish 

species (Balen et al. 2014; da Costa et al. 2017). 

In rainbow trout, glycerol kinase activity was measured in superfused liver slices while 

radiolabeling of glycogen and lipids from 14C-glycerol was also detected in vitro (Lech 1970). A 

portion of the 14C-glycerol was recovered in CO2, indicating that a fraction of glycerol carbons had 

been incorporated into oxidative metabolism. This is consistent with our observations showing that a 

portion of the glycerol load was metabolized via the Krebs cycle. In a study of oral [U-14C]glycerol 

utilization by 12-hour fasted juvenile tilapia, radioactivity was recovered in both CO2 and muscle 

protein (da Costa et al. 2017). These data are also consistent with entry of glycerol carbon label into 
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the Krebs cycle where not only can it be oxidized to CO2 but can also be incorporated into aspartate, 

glutamate and alanine via transaminase-mediated exchanges with Krebs cycle intermediates and 

pyruvate. However, the majority of radioactivity in both liver and muscle was recovered from a so-

called nonprotein, non-lipid fraction (NPNL) which presumably included glucose and glycogen 

metabolites (da Costa et al. 2017). Their liver observations are consistent with the high contribution 

of glycerol to liver glycogen observed for the fasted fish in our study. Muscle NPNL labeling likely 

includes muscle glycogen generated from labeled circulating glucose that had in turn been derived 

from hepatic gluconeogenesis of the labeled glycerol. 

In fasted fish, a significant excess of [1,2-13C2] over the [5,6-13C2] isotopomer was observed 

in both glucose and glycogen. Similar observations were reported for plasma glucose 13C-

isotopomers from both fasted and fed rats that were intraperitoneally administered with [U-

13C3]glycerol (Jin et al. 2014). This isotopomer inequality is explained by pentose phosphate 

pathway (PPP) activity and provides a basis for estimating PPP fluxes, provided that [2,3-13C2] and 

[4,5-13C2]glucose or glycogen isotopomers can also be measured (Jin et al. 2014). In our experiments, 

[2,3-13C2] and [4,5-13C2]glucose isotopomers could not be reliably measured due to insufficient 

signal-to-noise, hence we could not confidently estimate PPP fluxes from plasma glucose analysis 

under our experimental conditions. In the fasted glycogen spectra where [2,3-13C2] and [4,5-

13C2]glycogen isotopomers were quantified with high confidence, PPP flux as a fraction of glycerol 

gluconeogenesis was estimated according to the method of Jin et al. (Jin et al. 2014) and was found 

to be not significantly different from zero (data not shown). 

In our study, the glycerol load was supra-physiological and was administered 

intraperitoneally hence our observations may not reflect the metabolism of glycerol added to fish-

feed. We did not measure the fraction of un-metabolized glycerol that was cleared into the tank water. 

Our estimates of fractional glycerol utilization for glucose and glycogen synthesis did not take into 

account the possible dilution of the glycerol tracer by exchange with unlabeled triglyceride glycerol 
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mediated by triglyceride-fatty acid cycling. Analysis of the plasma [U-13C3]glycerol isotopomer 

signals from both fasted and fed fish indicated that the enrichment levels (27 ± 2% for both 

conditions) were equivalent to the 25%-enriched glycerol load indicating no significant dilution 

under our study conditions. However, a smaller glycerol load than the one used in our study and/or 

longer duration of labeled glycerol administration is likely to be more susceptible to such dilution. 

For estimating the fraction of hepatic glucose and glycogen that was synthesized from glycerol via 

the Krebs cycle, our assumptions of anaplerotic and oxidative hepatic Krebs cycle fluxes have not 

been validated in any fish species. Finally, since Cori cycling of [1,2,3-13C3] and [4,5,6-13C3]glucose 

also generates [1,2-13C2] and [5,6-13C2]Glc-6-P isotopomers1 (Coelho et al. 2015; Perdigoto et al. 

2003; Rito et al. 2017), there is uncertainty about the true extent of hepatic glycerol metabolism 

through the Krebs cycle.  

In conclusion, we present evidence for extensive gluconeogenic utilization of exogenous 

glycerol by juvenile seabass under both fasted and feeding conditions. Our studies suggest that 

glycerol can effectively compete with other endogenous gluconeogenic precursors such as AA for 

carbohydrate biosynthesis thereby potentially reducing AA catabolism and the resulting generation 

of nitrogenous waste. These observations open a new perspective on the beneficial effects of glycerol 

as a fish-feed supplement for carnivorous fish such as seabass. 
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Figure Legends: 

Figure 1: Schematic of glucose-6-phosphate (Glc-6-P) 13C-isotopomer classes A-D generated 

from the gluconeogenic metabolism of glycerol enriched with [U-13C3]glycerol. Selected metabolite 

carbon skeletons are represented by connected circles, where filled circles represent 13C atoms and 

unfilled circles represent 12C atoms. Conversion of [U-13C3]glycerol to form [1,2,3-13C3]triose-P 

followed by gluconeogenesis generates isotopomers A, represented by black filled circles. Passage of 

triose-P carbons into and out of the Krebs cycle via pyruvate carboxylase and PEP-carboxykinase, 

represented by the dashed line, converts a portion of [1,2,3-13C3]triose-P to [2,3-13C2]triose-P which 

in turn generate Glc-6-P isotopomers B, represented by dark grey filled circles. Further 

randomization of 13C through a complete turn of the Krebs cycle generates [1,2-13C2]triose-P 

resulting in Glc-6-P isotopomers C, represented by light gray filled circles. Unlabeled Glc-6-P 

formed from triose-P intermediates that are not enriched from [U-13C3]glycerol is also shown (D). 

For simplicity, some metabolic intermediates are omitted. Also, formation of Glc-6-P isotopomers 

from the condensation of two labeled triose-P precursors is assumed to be negligible. 

 

Figure 2: 1H NMR spectra of MAG obtained from pooled blood samples of 3 fish administered 

with a 2 g.kg-1 glycerol load enriched to 25% with [U-13C3]glycerol (a) and pooled blood samples of 

3 fish administered with saline (b). The numbers above each hydrogen resonance indicates its 

position in the hexose moiety of MAG. For the spectrum derived from [U-13C3]glycerol-injected fish, 

signals derived from 1H-13C coupling of position 1 hydrogen and 13C are indicated as 13C while the 

signal from 1H bound to 12C is indicated as 12C. Also shown are the resolvable plasma glycerol 1R, 3S 

and position 2 signals. 

 

Figure 3: 13C NMR spectra of MAG obtained from pooled blood samples of 3 fish administered 

with a 2g.kg-1 glycerol load enriched to 25% with [U-13C3]glycerol (a) and pooled blood samples of 
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3 fish administered with saline (b). The numbers above each carbon resonance indicates its position 

in the hexose moiety of MAG. The two natural-abundance 13C-signals from the acetonide methyl 

carbons of MAG are also indicated (A). The carbon 2 and carbon 5 resonances of spectrum (a) are 

shown in expanded view to illustrate their multiplet components. Q = quartet; D12 = doublet from 

coupling between MAG 13C1 and 13C2, D56 = doublet from coupling between MAG 13C5 and 13C6; 

S = natural abundance singlet. Also indicated are the 13C signals from glycerol carbon 2 (Gly 2) and 

carbons 1 and 3 (Gly 1,3). 

 

Figure 4: 13C NMR carbon 2 multiplets of MAG derived from plasma glucose and liver 

glycogen of fasted fish (top) and fed fish (bottom) following administration with [U-13C3]glycerol. 

The multiplet components are Q = quartet; D12 = doublet from coupling between MAG 13C1 and 

13C2, D23 = doublet from coupling between MAG 13C2 and 13C3; S = natural abundance singlet. 

Above the spectra, the relationship between the multiplet components and isotopomer groups A-D is 

shown. 
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Table 1: Plasma glucose and glycerol levels for fed and 21-day fasted seabass saline- (Control) and glycerol-injected immediately before (0 

hours) and 48 hours after the [U-13C]glucose load and final liver glycogen levels 

 

 Control Glycerol-injected 

 Fed Fasted Fed Fasted 

Plasma glucose (mM)     

0 hours 6.7 ± 0.77 6.1 ± 1.66 8.9 ± 2.87 5.6 ± 1.66 

48 hours 4.6 ± 1.42 8.8 ± 1.59 9.3 ± 0.46 11.0 ± 2.79 

Final liver glycogen 
(g.100g-1 liver) 

10.5 ± 0.22 * 2.7 ± 0.91 † 8.0 ± 1.21 7.7 ± 0.45 

Plasma glycerol (mM)     

0 hours 0.04 ± 0.00 0.05 ± 0.01 0.09 ± 0.01 Ψ 0.08 ± 0.02 Ψ 

48 hours 0.04 ± 0.01 0.07 ± 0.01 1.11 ± 0.03 1.02 ± 0.08 

 

Significant differences in glycogen between fed and fasted control groups are indicated by asterisks (t-test, * P< 0.001). Significant differences in 

glycogen between control and glycerol-injected fasted groups are indicated by † (t-test, P< 0.005). Significant differences in plasma glycerol 

between 0h and 48h glycerol-injected fed or fasted groups are indicated by Ψ (t-test, Ψ P< 0.0001). 
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Table 2: Percent abundances of nearest-neighbor 13C-isotopomers of positions 2 and 5 of pooled glucose and glycogen samples in fasted and fed 

juvenile seabass administered with 2 g.kg-1 [U-13C3]glycerol. For each metabolite and condition, n refers to the number of pooled samples. 

 

  
Position 2 Isotopomers 

 
 
 

 
Position 5  Isotopomers 

 
  

[1,2,3-13C3]- 
 

[1,2-13C2]- 
 

[2,3-13C2]- 
 

[2-13C]- 
 

 
 

[4,5,6-13C3]- 
 

[5,6-13C2]- 
 

[4,5-13C2]- 
 

[5-13C]- 
 

Isotopomer 
designation 

 

 
A 

 
B 

 
C 

 
D 

 
 

 
A 

 
B 

 
C 

 
D 

 
Fasted Glucose 

(n=4) 

 

9.4 ± 0.7 * 

 

1.2 ± 0.1 ‡ 
 

N.Q. 

 

1.1 

 

 

 

8.2 ± 0.4 * 

 

0.7 ± 0.2 Ψ 

 

N.Q. 

 

1.1 

 
Fasted Glycogen 

(n=8) 

 

9.3 ± 0.8 † 

 

1.6 ± 0.1 ‡‡ 
 

0.6 ± 0.1 

 

1.1 

 

 

 

7.3 ± 0.7 † 

 

1.1 ± 0.1 

 

0.4 ± 0.1 

 

1.1 

 
Fed Glucose 

(n=6) 

 

2.5 ± 0.4 

 

1.2 ± 0.2 

 

N.Q. 

 

1.1 

 

 

 

3.0 ± 0.4 

 

0.8 ± 0.2 

 

N.Q. 

 

1.1 

 
Fed Glycogen 

(n=7) 

 

0.3 ± 0.1 

 

0.2 ± 0.1 † 

 

N.Q. 

 

1.1 

 

 

 

0.3 ± 0.1 

 

0.1 ± 0.0 † 

 

N.Q. 

 

1.1 
 

N.Q.  not quantifiable – below the limit of quantification (isotopomer signal-to-noise ratio < 5:1) 

Significant differences between fasted and fed glucose are indicated by asterisks (t-test, P< 0.0001). Significant differences between fasted and 

fed glycogen are indicated by † (t-test, P< 0.0001). Significant differences between fasted [5,6-13C3]glucose and glycogen isotopomers are 
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indicated by Ψ (t-test, P< 0.05). Significant differences between [1,2-13C3]- and [5,6-13C3]glucose isotopomers are indicated by ‡  (t-test, P< 0.05)  

and differences between [1,2-13C3]- and [5,6-13C3]glycogen isotopomers by ‡‡  (t-test, P< 0.01). 
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Table 3: Fractional contribution of glycerol load carbons to circulating glucose and hepatic glycogen in fasted and fed juvenile seabass 

administered with 2 g.kg-1 [U-13C3]glycerol.  Contributions are resolved into linear gluconeogenesis and glucogneogenesis via the Krebs cycle. 

 
  

Fractional contribution of [U-13C3]glycerol load to glucose and glycogen appearance (%) 

  
All pathways 

 
Linear gluconeogenesis 

 
Gluconeogenesis via Krebs cycle 

 
Fasted Glucose 

 
47 ± 3 *   40 ± 3 ** 7 ± 2 

Fasted Glycogen 
 40 ± 3 28 ± 3 ‡ 12 ± 1 ‡ 

Fed Glucose 
 17 ± 3 Ψ Ψ      10 ± 2 Ψ Ψ Ψ 6 ± 2 Ψ 

Fed Glycogen 
 3 ± 1 † 2 ± 1 † 1 ± 0 † 

 
Significant differences between fasted and fed glucose are indicated by asterisks (t-test, * P< 0.0005; ** P< 0.0001).  Significant differences 

between fasted and fed glycogen are indicated by † (t-test, P< 0.0001).  Significant differences between glucose and glycogen fasted are indicated 

by ‡ (t-test, P< 0.05). Significant differences between glucose and glycogen fed are indicated by Ψ (t-test, Ψ P< 0.005; Ψ Ψ P< 0.001; Ψ Ψ Ψ P< 

0.0005.
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