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Glycerol is the by-product of biodiesel production and its utilisation in fish feed has
recently gained relevance. As an important metabolic intermediate and structural
component of triacylglycerol (TAG), it is still unclear whether its supplementation affects
lipid utilisation and/or deposition in different tissues. Accordingly, a set of studies was
aimed to evaluate how increasing levels of dietary glycerol (0, 2.5 and 5%) affect lipid
synthesis in the liver, muscle and adipose tissue. After a growth trial with rainbow
trout (8 weeks) and European seabass (6 weeks) fish were sampled at 6 and 24 h
to assess mRNA levels of lipid metabolism-related enzymes. The remaining fish were
subjected to a metabolic trial consisting of a 6-day residence in deuterated water
(2H2O) for metabolic flux calculations. This study stands as the second part of a
broader experiment that also aimed at evaluating the carbohydrate metabolism (Viegas
et al., 2022). Dietary supplementation at 5% glycerol significantly increased plasma TAG
levels in both species and liver TAG levels in seabass, with no repercussions on the
perivisceral fat index. Despite responding as expected in a postprandial setting, only
fas and 16-fad in trout and 16-fad in seabass responded significantly by increasing
with the dietary supplementation of glycerol. In trout, the observed differences in the
regulation of these enzymes were not reflected in the de novo lipogenic fluxes. The
fractional synthetic rates (FSR) were overall low in all tissues with an average of 0.04,
0.02 and 0.01% d−1, for liver, muscle and perivisceral fat, respectively. In seabass on
the other hand, and despite increased mRNA levels in 16-fad, the overall lipid profile
in the liver muscle and perivisceral fat was higher in MUFA at the expense of lower
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PUFA. Moreover, glycerol supplementation altered the lipogenic capacity of seabass
with hepatic fractional synthetic rates for TAG-bound FA increasing with increasing
glycerol levels (0.32 ± 0.18, 0.57 ± 0.18, and 0.82 ± 0.24 for 0%, 2.5% and 5%
glycerol supplementation, respectively). The findings of the present study suggest that
supplementation up to 2.5% of glycerol did not severely impact the lipid metabolism nor
increased lipogenic potential in liver, muscle and perivisceral fat accumulation.

Keywords: 2H NMR, aquaculture, circular economy, deuterated water, glycerol, muscle, perivisceral fat,
triacylglycerol (TAG)

INTRODUCTION

Glycerol (1,2,3-propanetriol or glycerine; ChEBI: 17754) is a
water-soluble, almost colorless, odorless, viscous, hygroscopic
3-carbon sugar alcohol. Glycerol is an important structural
component of triglycerides and phospholipids, as well as
an important metabolic intermediate at the crossroad of
several pathways. Its sites of activation to glycerol-3-phosphate,
transportation between cells, as well as regulatory roles of related
enzymes or genes on lipid metabolism have been extensively
studied and reviewed (Xue et al., 2017). However, several aspects
of the complex interplay between glycerol and lipid metabolism
are yet to be unraveled. Early on, studies in mice hypothesised
that dietary glycerol supplementation could cause problems
associated with hepatic lipid mobilisation by increasing the liver
ability to sequester and re-esterify fatty acids (FA) from tissue
(Lin et al., 1976). Glycerol could also stimulate hepatic lipogenesis
and speed up the induction of fatty acid desaturases resulting
in changes in liver FA composition and in altered membrane
permeability (Narayan and Mcmullen, 1979). The metabolisation
of glycerol in liver has been clearly associated with the pentose
phosphate pathway, from which NADPH, the reducing agent for
lipogenesis, is produced (Jin et al., 2014). Besides, the versatility
of this 3-carbon substrate puts it at the centre of lipid metabolism
also in extrahepatic tissues (Coppack et al., 1999; Nye et al.,
2008). This is particularly evident in scenarios of energy storage
in adipose tissue (Rotondo et al., 2017; Ho-Palma et al., 2019)
and energy mobilisation (e.g., exercise) in muscle tissue (Montell
et al., 2002; van Hall et al., 2002).

With the rampant increase in biodiesel production in the early
2000s, where 1 kg of crude glycerol can be generated for every
10 kg of biodiesel (Ayoub and Abdullah, 2012), soon the potential
of glycerol as ingredient for livestock feed was identified and
evaluated (Food and Agriculture Organization [FAO], 2012). In
beef cattle, diets at levels up to 15% glycerol did not impair
performance or carcass characteristics (Del Bianco Benedeti et al.,
2016). In feedlot young bulls, the fat content in the longissimus

Abbreviations: 2H, deuterium; 2H2O, deuterated water; BW, body water; cpt1,
carnitine palmitoyltransferase I (EC: 2.3.1.21); DNL, de novo lipogenesis; elovl,
elongation of very long-chain fatty acid protein (EC 2.3.1.199); FA, fatty acids;
fas, fatty acid synthase (EC 2.3.1.85); FSR, fractional synthetic rate; dgat,
diglyceride acyltransferase (EC 2.3.1.20); hoad, 3-hydroxyacyl-CoA dehydrogenase
EC 1.1.1.35; HSI, hepatosomatic index; MUFA, monounsaturated fatty acid; n-3,
omega-3; NMR, nuclear magnetic resonance; PUFA, polyunsaturated fatty acid;
RAS, recirculated aquatic system; SFA, saturated fatty acid; TAG, triacylglycerol;
TW, tank water; UFA, unsaturated fatty acid; 16-fad, acyl-CoA 6-desaturase
(EC:1.14.19.3).

dorsi muscle, particularly oleic acid (18:1n-9) increased, while the
saturated fatty acids (SFA) content decreased linearly as function
of glycerol addition (Carvalho et al., 2014). In dairy cows glycerol
supplementation did not affect overall intake but impacted
feeding patterns including particle sorting (Carvalho E.R. et al.,
2012). Glycerol utilisation in swine was even more appealing due
to the metabolisable-to-digestible energy ratio similar to corn
or soybean oil (Lammers et al., 2008b). Supplementations up
to ∼10% did not impair performance, carcass characteristics,
and meat quality (Lammers et al., 2008a; Schieck et al., 2010;
Ordoñez-Gomez et al., 2017) as well as plasmatic parameters such
as glucose, triglycerides, cholesterol, and urea nitrogen (Carvalho
P.L.D.O. et al., 2012). Similar to what has been observed in cattle,
adding 5% glycerol also increased significantly the proportion of
oleic acid in pig backfat but at the expense of linoleic (18:2n-6)
and linolenic acids (18:3n-3; 18:3n-6), consequently decreasing
the unsaturation index of fat (Mourot et al., 1994). In broilers
diets containing 10% glycerol influenced performance thus 5%
is considered the appropriate supplementation level (Cerrate
et al., 2006; Freitas et al., 2017). However, while these studies
reported no alterations in abdominal fat content, others reported
increased abdominal fat pad weight when compared to control
diets (Lessard et al., 1993).

The use of glycerol in fish feed was recently reviewed
(Mauerwerk et al., 2021a) but studies and insight into lipid
metabolism are scarce and its putative lipogenic potential is
yet to be evaluated thoroughly. Early studies with rainbow
trout (Oncorhynchus mykiss) reported that glycerol was not an
effective precursor for lipogenesis (Menton et al., 1986) but since
then evidence has been presented that this may not be the
case in other species and/or dosages. In juvenile Mozambique
tilapia (Oreochromis mossambicus), the incorporation of dietary
glycerol into liver and muscle lipids was demonstrated using
pellets labeled with 14C-glycerol. This incorporation into
muscle was statistically lower in glycerol-supplemented fish
while no difference in incorporation was observed into
hepatic lipids (Costa et al., 2017). In another study with
the same species, glycerol supplementation > 10% increased
triacylglycerol (TAG) levels in liver and white muscle (Costa
et al., 2015). On the contrary, in channel catfish (Ictalurus
punctatus), glycerol supplementation > 15% decreased liver
lipids (Li et al., 2010). Fish plasma TAG seems to be
irresponsive to glycerol supplementation (Neu et al., 2013;
Costa et al., 2015; Mauerwerk et al., 2021b) with the
exception of curimbatá (Prochilodus lineatus) (Balen et al.,
2017) which presented significantly increased TAG levels
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at 12% supplementation. Although these studies provide
valuable insight, and in the absence of enzymatic studies,
plasma TAG or liver lipids are merely indicative of the
actual status of lipid metabolism. In order to evaluate
how dietary stimuli affects lipid utilisation and deposition
in several tissues, namely liver, muscle and adipose tissue,
deuterated water (2H2O) has been employed successfully
in fish (Viegas et al., 2016, 2019). Deuterium (2H) is
differentially incorporated into different positions of the
molecules and, if using 2H NMR, it is possible to discriminate
such positional 2H-enrichment, an advantage over other types
of instrumentation able to detect overall 2H-enrichments.
This means that in this case, within a TAG molecule,
2H NMR is able to separately quantify the enrichment
in the glycerol backbone and on its three esterified FA.
Differential positional labeling should stem, amongst others,
from pathways where unlabeled glycerol (in this case, dietary
glycerol) is involved. Accordingly, the present study aimed
to describe how dietary glycerol affects lipid synthesis and
accumulation in different tissues. 2H2O-based metabolic flux
calculations were paired with the mRNA levels of important lipid
metabolism-related enzymes using as model two representative
carnivorous species of European aquaculture: freshwater rainbow
trout (Oncorhynchus mykiss) and marine European seabass
(Dicentrarchus labrax).

MATERIALS AND METHODS

This work is the second of two parts focussing on the utilisation
of dietary glycerol in carnivorous fish. The first part, providing
insights into hepatic carbohydrate metabolism (Viegas et al.,
2022), and the present manuscript are based on the same set
of experiments. Viegas et al. (2022) will be often referred to
as “Part I” whenever necessary and describes in detail all the
experimental procedures that led to the production of the data
presented hereafter. The “Ethics statement,” “Diet Formulation,”
and “Growth trials – fish handling and sampling” sections of
Part I cover in its entirety the information needed for replicating
the experiment. Further details about diet formulations can be
found in Part I as Supplementary Information (Viegas et al.,
2022 – Supplementary Table 1). The formulation was the same
for both species (D0, D2.5 and D5), but for the sake of clarity
and context they will hereafter be referred to T0, T2.5, T5 or
S0, S2.5, S5, if when addressing the rainbow trout or European
seabass experiment, respectively. All remaining details specific to
replicating the present experiment are provided in the following
sections. Briefly, the experiment consisted of a 6- to 8-week
feeding trial (Viegas et al., 2022 – Table 1), after which samples
taken 6 h and 24 h after last meal were used to assess the
molecular regulation of hepatic enzymes (two to three fish per
tank for a total n = 8 for trout and n = 7 for seabass, per
diet, per sampling time). The remaining fish were transferred
to 2H2O (4%) for 6 days for a metabolic trial (total n = 24
per diet for both species). Here, 2H gets incorporated into
metabolites and molecules following well-defined metabolic steps
with consequent analysis of the positional 2H-enrichment by 2H
NMR. Further details on the growth trials can be found in Palma

et al. (2019) and Magnoni et al. (2021) for rainbow trout and in
Palma et al. (2019) for European seabass.

Molecular Analysis of Intermediary
Metabolism
Sampling, sample treatment and consequent relative gene mRNA
level determination by real-time quantitative polymerase chain
reaction (qPCR) are extensively described in Part I, including
the PCR protocol and amplification cycles. Plasma and liver
TAG were quantified using a commercial kit (TRG050; Sobioda).
The primer sequences used in real-time quantitative qPCR
assays for lipid metabolism gene and other information for
the analysis are presented in Supplementary Table 1 for
trout and Supplementary Table 2 for seabass. mRNA level
for key enzymes of lipogenesis (fas, fatty acid synthase EC
2.3.1.85); dgat (diglyceride acyltransferase EC 2.3.1.20), lipolysis
(hoad, 3-hydroxyacyl-CoA dehydrogenase EC 1.1.1.35; cpt1a and
cpt1b carnitine palmitoyltransferase I isoforms a and b EC:
2.3.1.21) and enzymes involved in long chain polyunsaturated
fatty acids (PUFA) biosynthesis (16-fad, acyl-CoA 6-desaturase
EC:1.14.19.3; elovl2 and elovl5, elongation of very long-chain fatty
acid protein 2 and 5 EC 2.3.1.199). Elongation factor-1 alpha
(ef1α) was used as reference gene.

Metabolic Trial – Labeling of
Triacylglycerol With 2H2O
As described in Part I, the fish remaining from the growth trials
were transferred to a closed recirculated system consisting of
3 × 150 L tanks for the metabolic trials. Tank water (TW)
contained ∼4% 2H-enriched water, achieved by the addition
of 99%-enriched 2H2O (CortecNet, France) to water from the
system where the respective growth trial took place as previously
described (Viegas et al., 2011). Fish remained in 2H-enriched
water for 6 days, being fed once a day (ad libitum) and euthanized
24 h after last meal on day 5. Fish were anesthetised (MS-
222; 3-aminobenzoic acid ethyl ester, 0.1 g L−1), euthanized and
sampled for blood, liver, muscle and perivisceral fat as described
in Part I. Plasma TAG was quantified with commercial kit (I.S.E.
S.r.l.; A-R0100000901). In order to ensure samples that yielded
2H NMR spectra with high signal-to-noise ratios, tissue from 2 to
4 fish were pooled (for a final n = 6 per diet).

TAG were extracted from N2-pulverised (liver and muscle)
or recently thawed (perivisceral fat) tissue according to Matyash
et al. (2008) using methyl tert-butyl ether, methanol and water
mixture (MTBE:MeOH:H2O, 10:3:2.5; 20 mL g−1 of tissue), after
1 h in agitation at room temperature. The organic phase was
then transferred to glass amber vials, dried under N2 stream and
stored at −20◦C. TAG were purified by solid phase extraction
with pre-packed 2 g cartridges (Discovery R© DSC-NH2 52.641-
U, Supelco) and TAG identity was confirmed by spotting onto
thin by thin-layer chromatography (TLC) plates alongside TAG
standards. The plate was developed with petroleum ether/diethyl
ether/acetic acid (7.0/1.0/0.1; v/v/v). After drying, lipid spots
were visualised under iodine vapour and correspondent fractions
dried under N2 stream and stored at −20◦C until NMR analysis
(Viegas et al., 2016).
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2H NMR Acquisition and Metabolic Flux
Calculations
Proton-decoupled 2H NMR spectra were obtained with a
Bruker Avance III HD 500 spectrometer using a 2H-selective
5 mm probe incorporating a 19F-lock channel. Body water
(BW) and tank water (TW) 2H-enrichments were quantified
as previously described in Part I according to Jones et al.
(2001). Triacylglycerol samples were reconstituted in 400 µL
of chloroform (Sigma-Aldrich 528730; HPLC grade, ≥99.9%)
and transferred to a 5-mm NMR-grade tube with a pyrazine
standard and 50 µL of hexafluorobenzene. TAG spectra were
obtained at 25◦C: 1H NMR spectra were acquired with a 90◦

pulse, 3 s of acquisition time and 5 s of pulse delay, for 16
scans; 2H NMR spectra were acquired with a 90◦ pulse, 0.37 s
of acquisition time and 0.1 s of pulse delay, for 10,000 to 20,000
scans. As control for the TAG extraction, a FA/glycerol ratio
(should be ∼3) was calculated from the area of all α protons
times 2, divided by TAG-bound glycerol sn1,3 protons (Duarte
et al., 2014; Viegas et al., 2016). The FA profile (in percentage)
for saturated (SFA) and unsaturated fatty acids (UFA), both
poly- (PUFA) and monounsaturated fatty acids (MUFA) were
estimated from 1H NMR spectra according to Viegas et al. (2016).
2H-enrichments were quantified from the 1H and 2H NMR
spectra by measuring the 1H and 2H intensities of selected signals
relative to the 1H and 2H intensities of a pyrazine standard, as
described previously (Duarte et al., 2014; Viegas et al., 2016).
Briefly, TAG-bound FA synthetised de novo were estimated by
determining the 2H-enrichment in the FA terminal methyl site
and newly synthesized and/or turned-over TAG-bound glycerol
was estimated by determining the 2H-enrichment in the sn-
1,3 glycerol site. Estimates on desaturation rates were made by
determining the 2H-enrichment in the MUFAs’ allylic protons.
Estimating elongation rates are based on the principle that during
the residence in 2H2O, the terminal methyl site is enriched
during the first round of FA synthesis, while the α protons
incorporate 2H in the last round of elongation. Therefore, if
elongation occurs on pre-existing (unlabeled) FA, the α- and
methyl-protons will be differentially labeled and will inform of
the fractional contribution of elongation to lipid synthesis. Excess
TAG positional 2H-enrichments were calculated after systematic
subtraction of the values with 0.0156%, taken as natural
abundance 2H-enrichment. Fractional synthetic rates (FSR;
in% day−1) were estimated by dividing these above described
positional TAG enrichments by that of body water. Spectra were
processed by applying exponential multiplication to the free-
induction decay (1H: 0.1 Hz; 2H: 1.0 Hz), and analyzed using
the curve-fitting routine supplied with ACD/NMR Processor
Academic Edition from ACD/Labs 12.0 software (Advanced
Chemistry Development, Inc.).

Statistics
Data are presented as mean ± SD. Normality (Shapiro-Wilk’s
test) and homogeneity of variance (Bartlett’s test) were verified
prior to the analysis. For the plasma and hepatic parameters and
mRNA levels of lipid-related enzymes, the effects of sampling
time and diet were analyzed by two-way ANOVA, with time (6 h
and 24 h) and glycerol level (D0, D2.5 and D5) as variables.

In the case of significant interactions, one-way ANOVA was
performed followed by Tukey’s HSD for multiple comparison.
For the parameters evaluated following the metabolic trial, such
as FSR for de novo lipogenesis, glycerol turnover, elongation
and desaturation rates, were analyzed by one-way ANOVA. In
the case of detecting significant differences through the one-
way ANOVA, a Tukey multiple range test was performed to
discriminate differences between diets. Statistical analysis was
performed in GraphPad Prism software (GraphPad Software,
La Jolla, CA, United States) and differences were considered
statistically significant at p < 0.05.

RESULTS

Tank water (TW) 2H-enrichment was maintained between 3.5
and 4.0%. Body water 2H-enrichment ranged from 2.7 to 4.1%
(average of 3.6 ± 0.3%) with no statistical differences between
dietary treatments for both species. After the growth trial no
differences in the final body weight for both diet (D0, D2.5, D5)
and sampling time (6 h vs. 24 h after last meal) were observed for
trout or seabass (Viegas et al., 2022).

Rainbow Trout
Plasma and liver TAG levels were not significantly affected
by diet and sampling time. However, it is worth noting that
for TAG levels in plasma p-value for diet was 0.065, which
may indicate that increased glycerol dietary levels may lead to
hypertriglyceridaemia. This was corroborated by the plasma TAG
levels from the fish at the end of the metabolic trial, which were
sampled only 24 h after last meal but that were significantly
increased in T5. As explained in Part I for liver glycogen analysis
the liver tissue assigned for the TAG assay was poorly maintained
and this parameter was not measured (Viegas et al., 2022). The
perivisceral fat index did not reveal any statistical differences. The
results from both trials in trout are summarised in Table 1.

In order to assess the impact of glycerol-supplemented diets
on hepatic metabolism, mRNA levels of key enzymes involved
in the regulation of lipid metabolism were assessed after the
growth trial at two different sampling times after last meal (6
and 24 h) by real-time qPCR (Figure 1). At 6 h after last
meal, as expected in a postprandial setting, and as already
observed in Part I with the enzymes related to the carbohydrate
metabolism (Viegas et al., 2022), most enzymes related with lipid
metabolism significantly differed between sampling times. In
addition, as expected in a postprandial setting, the mRNA levels
of lipogenic enzymes were up-regulated and the lipolytic enzymes
were down-regulated at 6 h after last meal. But contrary to that
observed in the enzymes related to carbohydrate metabolism
where none of them responded to dietary treatment, fas and
16-fad (involved in the de novo synthesis of FA and long
chain PUFA biosynthesis, respectively), involved in the de novo
synthesis of FA and long chain PUFA biosynthesis, respectively,
were significantly increased with up-regulated levels of dietary
glycerol. The differences observed in the regulation of enzymes
involved in lipid metabolism were not reflected in the overall lipid
profile of TAG-bound FA in liver (Table 2). However, in muscle
and perivisceral TAG there seemed to be an increase in MUFA at
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TABLE 1 | Plasma and liver parameters for rainbow trout (Oncorhynchus mykiss) fed with different levels of glycerol (0, 2.5, and 5%) for 8 weeks sampled at the end of
the growth trial at 6 h and 24 h after last meal and the metabolic trial (6-day residence in 2H-enriched water) 24 h after last meal.

Growth trial

6 h 24 h 2-way ANOVA p-value

Rainbow trout T0 T2.5 T5 T0 T2.5 T5 time glycerol interaction

Plasma TAG (mM) 3.67 ± 0.97 3.89 ± 0.20 5.75 ± 1.90 3.36 ± 1.55 3.54 ± 1.95 3.92 ± 1.49 0.091 0.065 0.349

Hepatic TAG (mg/g) 20.66 ± 10.60 18.68 ± 11.75 18.63 ± 12.77 16.56 ± 3.27 19.25 ± 15.93 15.05 ± 11.75 0.432 0.824 0.783

Metabolic trial – 2H2O T0 T2.5 T5 1-way ANOVA p-value

Plasma TAG (mM) 2.19 ± 0.65a 2.19 ± 0.51a 2.78 ± 0.52b 0.022

PVFI* 2.52 ± 0.80 2.50 ± 0.78 2.42 ± 0.79 0.892

*Perivisceral Fat Index as PVFI = (perivisceral fat weight/body weight) *100.
Values are mean ± SD. Significant differences in the growth trial (n = 8) were evaluated by two-way ANOVA (p < 0.05, values in bold). Significant differences between
dietary treatments in the metabolic trial (n = 12) are indicated by different letters (one-way ANOVA, p < 0.05; followed by Tukey’s test).

A B

C D E

F G H

FIGURE 1 | mRNA levels of selected lipogenic enzymes (A) fas (fatty acid synthase), (B) dgat (diglyceride acyltransferase); lipolytic enzymes (C) hoad
(3-hydroxyacyl-CoA dehydrogenase), (D) cpt1a and (E) cpt1b (carnitine palmitoyltransferase I a and b, respectively); and enzymes involved in long chain PUFA
biosynthesis: (F) 16-fad (acyl-CoA 6-desaturase), (G) elovl2 and (H) elovl5 (elongation of very long-chain fatty acid protein 2 and 5, respectively), in the liver of
rainbow trout (Oncorhynchus mykiss) fed with different levels of glycerol (0, 2.5, and 5%) for 8 weeks. Values are mean ± SD (n = 8); nd: not detected. Significant
differences were evaluated by two-way ANOVA (p < 0.05, values in bold).
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TABLE 2 | Percentage of fatty acid classes as determined from 1H NMR spectra of TAG from liver, muscle and perivisceral fat of rainbow trout (Oncorhynchus mykiss)
fed with different levels of glycerol (0, 2.5, and 5%).

Liver Muscle Perivisceral fat

Rainbow trout T0 T2.5 T5 T0 T2.5 T5 T0 T2.5 T5

n-3 FA 7.3 ± 2.2 7.4 ± 1.0 7.2 ± 2.4 24.5 ± 2.0 26.3 ± 3.9 23.4 ± 1.0 23.4 ± 1.4 23.0 ± 0.9 23.8 ± 1.6

non n-3 FA 92.7 ± 2.2 92.6 ± 1.0 92.8 ± 2.4 75.5 ± 2.0 73.7 ± 3.9 76.6 ± 1.0 76.6 ± 1.4 77.0 ± 0.9 76.2 ± 1.6

SFA 21.4 ± 6.1 24.3 ± 2.5 21.1 ± 3.1 22.0 ± 2.0 20.9 ± 3.9 22.4 ± 2.6 22.0 ± 1.5 23.1 ± 1.8 21.0 ± 1.9

UFA 78.7 ± 6.1 75.7 ± 2.5 78.9 ± 3.1 78.0 ± 2.0 79.2 ± 3.9 77.6 ± 2.6 78.0 ± 1.5 76.9 ± 1.8 79.0 ± 1.9

PUFA 35.5 ± 4.7 33.3 ± 3.2 34.1 ± 5.9 43.2 ± 3.6 ab 46.2 ± 7.2 b 38.3 ± 1.3 a 41.2 ± 0.7 41.8 ± 1.2 40.2 ± 2.8

MUFA 43.2 ± 3.1 42.5 ± 2.3 44.8 ± 3.0 34.8 ± 1.7 a 32.9 ± 3.6 a 39.3 ± 2.2 b 36.9 ± 2.1 ab 35.1 ± 1.0 a 38.8 ± 2.7 b

Values are mean ± SD (n = 6). Significant differences between dietary treatments are indicated by different letters (one-way ANOVA, p < 0.05; followed by Tukey’s test).
MUFA, monounsaturated fatty acid; n-3 FA, omega-3 fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid UFA, unsaturated fatty acid.

FIGURE 2 | TAG-bound fatty acid fractional synthetic rate (FA FSR; de novo lipogenesis) expressed as percent of newly synthesized fatty acids per day (left) and
TAG-bound glycerol fractional synthetic rate (Glycerol FSR; glycerol synthesis/turnover) expressed as percent of newly synthesized/turned over glycerol per day in
hepatic, muscular and perivisceral TAG of rainbow trout (Oncorhynchus mykiss) fed with different levels of glycerol (0, 2.5, and 5%) after a 6-day residence in a tank
with ∼4% 2H-enriched water. Mean values ± SD are presented (n = 6). Significant differences between dietary treatments are indicated by different letters (one-way
ANOVA, p < 0.05; followed by Tukey’s test).

the highest glycerol inclusion (T5) when compared with T2.5 but
not when compared with T0.

A deeper insight into the impact of glycerol-supplemented
diets on lipid metabolism was gained through the analysis of the
positional 2H-labeling of TAG with 2H2O (Figure 2). Glycerol
supplementation did not alter the lipogenic capacity of rainbow
trout as evaluated by the 2H-enrichment of TAG-bound FA
(Figure 2). These were overall low in all tissues with average
fractional synthetic rates at 0.04, 0.02 and 0.01% d−1, for liver,
muscle and perivisceral fat, respectively. It is worth noting
that the variability was very high amongst fish from the same
dietary treatment. TAG-bound glycerol revealed much higher
2H-enrichment relative to TAG-bound FA without significant
differences between levels of glycerol supplementation for all
tissues. The hepatic glycerol pool was completely turned over
with fractional synthetic rates similar to TW 2H-enrichment.
Glycerol fractional synthetic rates for muscle and perivisceral fat
(0.38 and 0.09% d−1, respectively) were lower compared to the
ones observed in the liver.

European Seabass
After the growth trial significant differences were found in plasma
TAG levels between diets (S0, S2.5, S5) and sampling time (6 h,
24 h after last meal). Significant differences were also found in

hepatic TAG but only between sampling time. In the metabolic
trial, no alterations were found in plasma TAG levels or in the
perivisceral fat index. The results from both trials in seabass are
summarised in Table 3.

Similar to that observed in trout, most mRNA levels of
key enzymes involved in the regulation of lipid metabolism
did not respond significantly to the different levels of dietary
glycerol with the exception was 16-fad (Figure 3). However, the
differences observed in the regulation of this enzyme were not
reflected in the overall lipid profile of TAG-bound FA in liver
muscle and perivisceral fat TAG. In fact, an increase in MUFA
was observed in every tissue while PUFA decrease regardless of
increased 16-fad expression observed in the liver (Table 4).

Contrary to observed in rainbow trout, glycerol
supplementation altered the lipogenic capacity of seabass
with hepatic fractional synthetic rates for TAG-bound FA
increasing with increasing glycerol levels (Figure 4) (0.32 ± 0.18,
0.57 ± 0.18, and 0.82 ± 0.24 for 0%, 2.5% and 5% glycerol
supplementation, respectively). No 2H-enrichment was detected
in muscle TAG while the enrichments found in perivisceral
fat were extremely low (0.01% d−1) and not influenced by
dietary treatment. TAG-bound glycerol revealed much higher
2H-enrichment relative to TAG-bound FA. Also as observed
in rainbow trout, the hepatic glycerol pool was completely
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TABLE 3 | Plasma and liver parameters for European seabass (Dicentrarchus labrax) fed with different levels of glycerol (0, 2.5, and 5%) for 6 weeks sampled at the end
of the growth trial at 6 h and 24 h after last meal and the metabolic trial (6-day residence in 2H-enriched water) 24 h after last meal.

Growth trial

6 h 24 h 2-way ANOVA p-value

European Seabass S0 S2.5 S5 S0 S2.5 S5 time glycerol interaction

Plasma TAG (mM) 11.72 ± 3.47 18.22 ± 4.34 27.06 ± 7.13 9.28 ± 3.63 10.19 ± 2.63 19.37 ± 4.17 2.59E-4 6.63E-8 0.243

Hepatic TAG (mg/g) 120.51 ± 22.0 110.71 ± 26.6 133.44 ± 10.6 122.04 ± 20.0 129.53 ± 6.9 137.10 ± 11.3 0.127 0.033 0.334

Metabolic trial – 2H2O S0 S2.5 S5 1-way ANOVA p-value

Plasma TAG (mM) 8.45 ± 5.45 10.31 ± 6.25 11.43 ± 7.42 0.524

PVFI* 1.96 ± 1,29 2.05 ± 1.26 2.23 ± 1.54 0.773

*Perivisceral Fat Index as PVFI = (perivisceral fat weight/body weight) *100.
Values are mean ± SD. Significant differences in the growth trial (n = 7) were evaluated by two-way ANOVA (p < 0.05, values in bold). Significant differences between
dietary treatments in the metabolic trial (n = 12) are indicated by different letters (one-way ANOVA, p < 0.05; followed by Tukey’s test).

turned over with fractional synthetic rates similar to TW 2H-
enrichment, without significant differences between levels of
glycerol supplementation for all tissues.

DISCUSSION

Our understanding of fish nutrition and metabolism has
advanced substantially and the use of isotopes has greatly
assisted to follow the metabolic fate of various metabolites,
glycerol included. Delivery strategies may be methodologically
challenging in aquatic organisms but are valid both in vitro, by
using labeling incubation medium for fish hepatocytes (Lech,
1970) or muscle slices (Kam and Milligan, 2006), and in vivo.
Amongst the latter, the feeding of labeling pellets (Costa et al.,
2017) raises the issue of leaching of costly compounds into the
water. This can be circumvented by forced feeding or gavage
which then require handling, anaesthesia and more invasive
protocols. The same applies to intraperitoneal (IP) injection
(Savina and Wojtczak, 1977; Rito et al., 2019). This methodology
assures the delivery of a controlled amount of label, in spite
of doing so in a somehow unrealistic transfer (in terms of
rate and dosage) of the labeling metabolite into circulation. On
the other hand, dorsal aorta cannulation in combination with
a continuous infusion of a radiolabeled metabolite requires a
surgical procedure, which is highly dependent on fish size for
access through the mouth and on the skills of highly trained
personnel (Haman and Weber, 1996). This is an invasive method
that, if properly setup, can allow for accurate estimation of
substrate fluxes (Weber et al., 2016), including glycerol (Bernard
et al., 1999; Magnoni et al., 2008), in fully recovered fish
under minimal stress. If using radioactive isotopes like [3H]
or [14C] glycerol, additional laboratory security procedures and
safe discard of leftover solutions and biomass must be in place,
amounting to experimental costs. Despite all the technicalities
behind these approaches, the aforementioned studies were able
to clearly demonstrate that glycerol is incorporated into lipids. Li
et al. (2016) using [14C]glycerol on Atlantic cod (Gadus morhua)
larvae, were even able to determine that the predominant
destination lipid classes were TAG and phosphatidyl-choline

(PC), followed by phosphatidylethanolamine (PE). A significant
increase in [14C]PC and a decreasing percentage of [14C]TAG
over time were also reported. On the other hand, deuterium 2H
is stable (non-radioactive) isotope, and if delivered on the form
of 2H2O is ideally suited for metabolic studies in fish. It can be
incorporated into tank water safely for an indefinite period, if
periodically adjusted for evaporation, 2H-enrichment and water
quality. 2H-enrichment incorporation allows for a non-invasive
measurement of glycerol utilisation on naturally feeding fish, and
in the case of TAG, separately quantify the enrichment of the
glycerol backbone and its esterified FA.

Small 3-carbon glucose precursors like lactate, pyruvate,
alanine and glycerol are metabolically versatile and display
inter-organ moiety with several described metabolic shuttles.
However, if considered as aquafeed ingredients, glycerol has
the advantage of being a gluconeogenic substrate that does not
generate nitrogenous disposal. This is particularly relevant in fish
farmed at high densities or using a recirculated aquatic system
(RAS), and even more relevant to carnivorous fish species that
do not tolerate high levels of dietary carbohydrate and depend
highly on gluconeogenesis to regulate glycaemia and glycogen
reserves (Viegas et al., 2013, 2015, 2019). This was confirmed and
thoroughly discussed in Part I of the present study for hepatic
glycogen synthesis in rainbow trout and blood glucose regulation
in European seabass (Viegas et al., 2022). Moreover, high glycerol
turnover allows for incredibly high rate of re-esterification (or
TAG/FA cycling) in rainbow trout at rest (Magnoni et al.,
2008; Turenne and Weber, 2018) which surprisingly remains
unaltered when in exercise. This is a very different paradigm
when compared with mammals that need to boost their lipolytic
rates (measured as Ra glycerol) by 2–5 fold (Turenne and Weber,
2018). This mechanism in fish has also been suggested as a means
to achieve rapid membrane remodeling in variable environments.

Liver
Alteration to lipid metabolism may be revealed by a spectrum
of parameters amongst which the most common are plasma
and liver TAG/lipid levels. In the present study both species
provided evidence that dietary glycerol may in fact increase
plasma TAG levels. In Nile tilapia and silver catfish (Rhamdia

Frontiers in Marine Science | www.frontiersin.org 7 April 2022 | Volume 9 | Article 836612

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-836612 April 15, 2022 Time: 15:22 # 8

Viegas et al. Utilization of Dietary Glycerol – Carbohydrate Metabolism

A

B C

D E

FIGURE 3 | mRNA levels of selected lipogenic enzymes (A) fas (fatty acid synthase); lipolytic enzymes (B) hoad (3-hydroxyacyl-CoA dehydrogenase) and (C) cpt1
(carnitine palmitoyltransferase I); and enzymes involved in long chain PUFA biosynthesis: (D) 16-fad (acyl-CoA 6-desaturase) and (E) elovl5 (elongation of very
long-chain fatty acid protein 5) in the liver of European seabass (Dicentrarchus labrax) fed with different levels of glycerol (0, 2.5, and 5%) for 8 weeks. Values are
mean ± SD (n = 7); n.d.: not detected. Significant differences were evaluated by two-way ANOVA (p < 0.05, values in bold). In the case of significant interactions,
significant differences are indicated by different letters (one-way ANOVA, p < 0.05; followed by Tukey’s test).

quelen) dietary glycerol did not influence plasma TAG (Costa
et al., 2015; Mauerwerk et al., 2021b) even with diets with up to
15% and 7.5% glycerol, respectively. Moreover, dietary glycerol
appeared to result in an increase of liver TAG levels of seabass, as
previously observed in Nile tilapia but at supplementation levels
of 15% glycerol (Santos et al., 2019). However, in tilapia, indirect
measurements of adiposity in liver through the assessment of

histological parameters, suggested that there was no strong
relationship between diet and the accumulation of lipids in the
hepatocytes (Mewes et al., 2016) or alteration in hepatocyte area
(Santos et al., 2019). In channel catfish, diets containing 5 and
10% glycerol provoked no significant differences in liver lipid
level while fish fed diets containing 15 and 20% glycerol reduced
liver lipid content (Li et al., 2010). In seabass, the increase in

Frontiers in Marine Science | www.frontiersin.org 8 April 2022 | Volume 9 | Article 836612

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-836612 April 15, 2022 Time: 15:22 # 9

Viegas et al. Utilization of Dietary Glycerol – Carbohydrate Metabolism

TABLE 4 | Percentage of fatty acid classes as determined from 1H NMR spectra of TAG from liver, muscle and perivisceral fat of European seabass (Dicentrarchus
labrax) fed with different levels of glycerol (0, 2.5, and 5%).

Liver Muscle Perivisceral fat

European
seabass

S0 S2.5 S5 S0 S2.5 S5 S0 S2.5 S5

n-3 17.8 ± 2.6 17.1 ± 2.2 16.3 ± 2.5 20.2 ± 0.7b 17.2 ± 0.6a 17.7 ± 0.7a 18.3 ± 3.4 17.6 ± 0.9 15.2 ± 3.7

non n-3 82.2 ± 2.6 82.9 ± 2.2 83.7 ± 2.5 79.9 ± 0.7 a 82.8 ± 0.6 b 82.3 ± 0.7b 81.7 ± 3.4 82.4 ± 0.9 84.8 ± 3.7

SFA 29.3 ± 5.1 25.5 ± 2.6 26.3 ± 2.4 22.7 ± 1.0 23.7 ± 1.0 24.9 ± 1.4 22.3 ± 3.3 25.0 ± 2.1 25.5 ± 2.0

UFA 70.7 ± 5.1 74.5 ± 2.6 73.7 ± 2.4 77.4 ± 1.0 76.3 ± 1.0 75.1 ± 1.4 77.8 ± 3.3 75.0 ± 2.1 74.4 ± 2.0

PUFA 32.1 ± 3.7 b 31.2 ± 2.7 ab 26.7 ± 3.6 a 39.0 ± 1.7 b 34.6 ± 0.7 a 32.6 ± 2.6 a 34.7 ± 3.7 b 31.7 ± 1.3 ab 28.2 ± 3.6 a

MUFA 38.6 ± 3.1 a 43.3 ± 2.6 b 47.0 ± 2.3 b 38.3 ± 1.4 a 41.8 ± 1.3 b 42.5 ± 1.3 b 43.1 ± 4.4 43.3 ± 1.0 46.2 ± 4.9

Values are mean ± SD (n = 6). Significant differences between dietary treatments are indicated by different letters (one-way ANOVA, p < 0.05; followed by Tukey’s test).
MUFA, monounsaturated fatty acid; n-3 FA, omega-3 fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid UFA, unsaturated fatty acid.

FIGURE 4 | Triacylglycerol-bound fatty acid fractional synthetic rate (FA FSR; de novo lipogenesis) expressed as percent of newly synthesized fatty acids per day
(left) and triacylglycerol-bound glycerol fractional synthetic rate (Glycerol FSR; glycerol synthesis/turnover) expressed as percent of newly synthesized/turned over
glycerol per day in hepatic, muscular and perivisceral TAG of European seabass (Dicentrarchus labrax) fed with different levels of glycerol (0, 2.5, and 5%) after a
6-day residence in a tank with ∼4% 2H-enriched water. Mean values ± SD are presented (n = 6). Significant differences between dietary treatments are indicated by
different letters (one-way ANOVA, p < 0.05; followed by Tukey’s test). n.d.: not detected.

liver TAG levels was accompanied by a change in its composition
in S5 provoking a significant decrease in PUFA at the expense
of an increase in MUFA. This pattern in FA composition was
observed also in muscle and perivisceral fat. No such alterations
in lipid composition were observed in trout liver that was
apparently able to compensate by significantly up-regulating
16-fad. Despite not displaying any significant alterations to
liver TAG and its composition, trout liver responded to dietary
glycerol with a significant up-regulation of fas. Excess FA may
have been exported to the muscle where the same pattern of
decrease in PUFA at the expense of an increase in MUFA
verified in seabass tissue was observed. As mentioned before,
glycerol supplementation may alter the unsaturation index of fat
in cattle and pigs (Mourot et al., 1994; Carvalho et al., 2014)
and the mechanisms behind this pattern should be addressed
in future studies. Nonetheless, the up-regulation of fas was not
corroborated by the metabolic flux data, where no significant
increase in de novo lipogenesis was observed in trout. In seabass,
the increase in liver TAG levels was corroborated not by not
by changes in fas mRNA levels but by a sustained increased
in de novo lipogenesis as revealed by 2H-enriched TAG-bound
FA terminal CH3. In fact, the FA fractional synthetic rates in
seabass were almost 10-fold of those found in trout. This is

revealing of the capacity of trout to efficiently retain dietary lipid
as previously described in gilthead seabream fed with 5% glycerol
(Silva et al., 2012), or in trout where fat is being replaced by
starch (Figueiredo-Silva et al., 2012). During the 6-day residence
in 2H2O the glycerol turnover in liver was almost complete and
not influenced by dietary glycerol. This is asserted by the fact
that TAG-bound glycerol 2H-enrichment equalled that of the
tank water (average 5.1 ± 0.3 vs. 3.9% TW in trout; average
4.1 ± 0.1 vs. 3.5% TW in seabass). Other than fas in trout
and 16-fad in trout and seabass, the mRNA levels of the other
lipid metabolism-related enzymes did not respond to the dietary
treatment. This is in agreement with the results obtained from
the glycerol metabolism-related enzymes evaluated in trout from
the present study (Panserat et al., 2020). Even if poorly regulated
by glycerol, the mRNA levels of these enzymes in liver were
overall responsive to time after last meal (6 vs. 24 h), as previously
described for both species (Panserat et al., 2009; Kamalam et al.,
2013; Castro et al., 2015a,b).

Muscle and Perivisceral Fat
One of the first reports on the effects of dietary glycerol in fish
(rainbow trout) revealed that the addition of 1% free glycerol
(approximately the amount of bound glycerol found in a 10%
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addition of lipid to the control diets) resulted in no effect on
the final carcass lipid levels (either whole or eviscerated fish)
(Menton et al., 1986). This supplementation, even if at a relatively
low dosage, was made to low and high-energy diets, and the
lack of significant alteration appeared to indicate that dietary free
glycerol had no significant effect on lipogenic activity in trout.
Other studies in other fish species reported that, in general, fillet
protein and fat generally decrease, while moisture increases as
dietary glycerol level increase (Li et al., 2010; Moesch et al., 2016;
Santos et al., 2019). In humans, glycerol has been associated with
increased fluid retention via osmotic effect on the kidneys, being
independent of hormonal response (Goulet et al., 2007; Nelson
and Robergs, 2007). It is, however, speculative to assert the same
mechanisms for aquatic organisms, especially marine species that
have to finely osmoregulate, mechanisms to which glycerol has
not been clearly associated yet. In spite of the potential impact of
glycerol on water retention, whole body moisture in trout reared
in the present study was not affected by diet as reported elsewhere
(Magnoni et al., 2021).

The association between increasing levels of glycerol and
muscle lipids are complex to interpret since most studies test
a wide range of supplementations. In Nile tilapia, carcass lipids
showed the highest values at 5% and the lowest at 10% (Neu et al.,
2013) which may represent not a linear metabolic response but
a severe metabolic deregulation at higher dosages. In gilthead
seabream, the individual muscle FA analyzed did not differ
between diets (control vs. 5% glycerol), and there were no
significant differences between major lipid classes (Silva et al.,
2012). In the present study there was a decrease in muscle PUFA
at the expense of an increase in MUFA in both species, even if
apparent digestibility coefficient for crude lipid was not impacted
by diet in trout as previously reported elsewhere for the same
fish from the present study (Magnoni et al., 2021). Choline is
an essential component of cell membranes in the form of PC
preventing excessive lipid accumulation. In trout, muscle choline
was decreased in the T5 group compared to the T0 group as
previously reported for in a metabolomic analysis performed in
the same fish from this study (Palma et al., 2019). As stated before,
PC is the major fate lipid class to glycerol after TAG (Li et al.,
2016), and as most diets shift toward plant-based ingredients
an exogenous supply of choline may be essential for normal
metabolism. This is particularly true since choline is essential for
transport and export of lipids across the mucosa of the pyloric
caeca and for prevention of lipid malabsorption syndrome (LMS)
(Hansen et al., 2020). At the time of death, gilthead seabream
fed with glycerol had a significantly higher ATP content in the
muscle (Silva et al., 2012); however, fish from the present study
(both species) revealed no effects on the overall energetic state of
the muscle as calculated by adenylate energy charge (Palma et al.,
2019). From a consumer’s perspective, glycerol increased the
hardness of raw gilthead seabream fillets, but this effect dissipated
in the cooked fillets (Silva et al., 2012).

From a metabolic point of view, TAG in extrahepatic tissues
TAG presented much lower enrichments compared to the liver,
since in the muscle of seabass no 2H-enrichment was detected
(neither in the TAG-bound FA nor glycerol) as previously
described (Viegas et al., 2019). Relatively lower TAG-bound

glycerol 2H-enrichments were also observed in extrahepatic
tissues of trout (muscle: 0.38 ± 0.13% d−1; perivisceral fat;
0.09 ± 0.04% d−1) and seabass (muscle: not detected; perivisceral
fat; 0.12 ± 0.03% d−1). As the liver is the main metabolically
active organ, this may stem from the limited capacity of
the liver to export labeled metabolites, or of the peripheral
tissues to incorporate circulating dietary (unlabeled) glycerol.
The latter seems to be the case for seabass since Viegas et al.
(2019) reported glycerol 2H-enrichments in muscle between 1
and 2.5% for the same period of residence in 2H2O. Overall,
no differences were found due to the dietary treatment in
extrahepatic tissues for TAG-bound FA and glycerol. As in
the present study, liposomatic index, visceral fat weight or
perivisceral fat/viscerosomatic index were not correlated (Silva
et al., 2012; Neu et al., 2013; Gonçalves et al., 2015) or were
even negatively correlated with glycerol supplementation (Santos
et al., 2019) in several other species. Visceral fat composition
mimicked what was in generally observed in liver and muscle
with a significant decrease in PUFA in seabass and a significant
increase in MUFA in trout.

CONCLUSION

In conclusion, we present evidence that dietary glycerol
supplementation at 5% significantly increased plasma
TAG levels in both species and liver TAG levels in seabass.
A supplementation of 2.5% glycerol is recommended since it
did not severely impact the lipid metabolism nor increased
lipogenic potential in liver, muscle and perivisceral fat
accumulation in both species. Moreover, the TAG-bound
FA composition was in general higher in MUFA at the expense
of lower PUFA in all tissues. This means that increasing the
PUFA profile in the diet formulation should be considered
to compensate this effect of glycerol supplementation.
Overall, endogenous turnover rates of TAG-bound glycerol
were not impacted by dietary glycerol but extrapolations
to other species should be cautious. Specific differences
were evident since seabass synthesized FA de novo at much
higher rates than trout and in proportion to increasing
dietary glycerol.
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