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Precision-cut liver slices as an ex vivo
model to assess impaired hepatic glucose
production
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Fasting hypoglycemia is a severe and incompletely understood symptom of various inborn errors of
metabolism (IEM). Precision-cut liver slices (PCLS) represent a promising model for studying glucose
production ex vivo. This study quantified the net glucose production of human and murine PCLS in the
presence of different gluconeogenic precursors. Dihydroxyacetone-supplemented slices from the fed
mice yielded the highest rate, further stimulated by forskolin and dibutyryl-cAMP. Moreover, using '*C
isotope tracing, we assessed the contribution of glycogenolysis and gluconeogenesis to net glucose
production over time. Pharmacological inhibition of the glucose 6-phosphate transporter SLC37A4
markedly reduced net glucose production and increased lactate secretion and glycogen storage,
while glucose production was completely abolished in PCLS from glycogen storage disease type la
and Ib patients. In conclusion, this study identifies PCLS as an effective ex vivo model to study hepatic
glucose production and opens opportunities for its future application in IEM research and beyond.

Inborn errors of metabolism (IEM) constitute a heterogeneous group of
disorders characterized by impairments in metabolic pathways, which drive
a range of clinical manifestations with different degrees of severity (e.g.,
exercise intolerance, muscle, and abdominal pain, seizures) and can be
associated with high mortality'. Although individually rare, altogether,
IEMs are estimated to have a prevalence of 1:2000 live births worldwide”. To
date, more than 1.000 IEMs have been reported""“‘. The disorders can be
broadly divided into three main groups: (I) intoxication disorders, e.g.,
aminoacidopathies, (II) energy metabolism disorders, e.g, fatty acid oxi-
dation disorders/FAOD, and (III) storage diseases, e.g., glycogen storage
diseases/GSDs". Several IEMs present with loss of glucose homeostasis,
which in turn can cause acute and life-threatening symptoms (e.g., fasting
hypoglycemia), and drive chronic illness throughout life*”. Despite its
severity, the mechanisms underlying dysfunctional glucose production in
several IEMs remain incompletely understood.

The liver is the central metabolic hub of the body and maintains glu-
cose homeostasis under various conditions. After a meal, the liver takes up

the excess circulating glucose and stores it as glycogen, which serves as a
glucose reservoir through fasting periods. In the post-absorptive state, the
liver contributes up to 80-90% of the endogenous glucose production®.
Besides glycogenolysis, during prolonged fasting the liver synthesizes glu-
cose de novo from endogenous substrates (e.g., glycerol, lactate) at the
expense of ATP, in a process referred to as gluconeogenesis. Hepatic glucose
production is tightly regulated by hormones, neural stimulation, and sen-
sitive to intracellular/extracellular nutrient concentrations’. The intrinsic
complexity of hepatic physiology as well as the contribution of intestine and
kidney to endogenous glucose production'®"' make it challenging to isolate
and study the liver’s contribution to systemic glucose (un)balance in vivo. In
this context, liver-specific in vitro/ex vivo models are critical to unravel the
biochemical and molecular mechanisms underlying dysfunctional hepatic
glucose production.

Historically, different hepatic model systems have been used to assess
glucose production in vivo', in vitro (primary hepatocytes, cell lines)'*'* and
ex vivo (perfused liver or precision-cut liver slices (PCLS)'>'°. As early as the
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1960s, perfused rat livers were used to study gluconeogenesis ex vivo'®.
Despite the advantages of working with the intact organ, this model is non-
economical, and does not allow high-throughput experimentation. Isolated
or primary hepatocytes are the gold standard in vitro liver cell models. Liver-
derived cell lines, such as HepG2 and IHH cells, are relatively cheap to
culture, easy to multiply and are often used to study hepatic metabolism"”.
Yet, these cell lines exhibit low levels of glucose 6-phosphatase (the enzyme
that produced glucose), and therefore low net glucose production rates".
Primary hepatocytes derived from murine and human livers are preferred
models to study hepatic glucose production in vitro, as they show a higher
production rate than cell lines. However, net glucose production rates of
primary hepatocytes are still considerably lower than endogenous glucose
production rates quantified in vivo (Table 1).

One asset of PCLS is that this model system comprises all the different
hepatic cell types and conserves tissue structure, in which the hepatocytes
are embedded in their original microenvironment. Therefore, PCLS more
closely resemble in vivo conditions than other cell-based models that
exclusively contain hepatocytes. Although previous studies have demon-
strated that PCLS show net glucose production in the initial hours of
culture”, to the best of our knowledge, quantitative measures of PCLS
glucose production rates have not been reported yet. Moreover, loss of
hepatic glucose production can be caused by an impairment in glycogen-
olysis and/or gluconeogenesis while the contribution of these individual
processes to hepatic glucose production have not been systematically
assessed in PCLS. Furthermore, experimental conditions such as the med-
ium composition/gluconeogenic precursor supply, use of hormonal or
pharmacological stimuli, and incubation times, may impact on glucose
production rates". As specific experimental conditions may favor the study
of either glycogenolysis or gluconeogenesis, insight into glucose production
rates under well-defined experimental conditions is essential when
designing a study that aims to investigate dysfunctional hepatic glucose
production in specific disease contexts. Altogether, a comprehensive char-
acterization of PCLS glucose production in the context of human disease is
warranted.

The current study therefore aims to optimize culture conditions and
comprehensively characterize PCLS as an experimental model to investigate
(dys)functional glucose production in the context of metabolic disease by (1)
systematically assessing the effect of different gluconeogenic precursors on
net glucose production rates of PCLS derived from fed and fasted mice and
human liver; (2) estimating the fractional contributions of gluconeogenesis
and glycogenolysis to PCLS glucose production; (3) evaluating the effect of
hormonal and pharmacological stimulation on net glucose production
rates; and (4) providing a proof-of-concept for the use of PCLS to investigate
hepatic glucose production in IEM, specifically hepatic GSD type Ia and Ib.

Results

Murine PCLS produce glucose ex vivo and DHA supplementation
leads to a higher net glucose production rate

We first confirmed that murine PCLS produces glucose ex vivo and opti-
mized the experimental conditions to this end. In vivo, endogenous glucose
production is activated during fasting. As blood glucose levels drop, the liver
degrades its glycogen stores and synthesizes glucose de novo from various
gluconeogenic substrates (Fig. 1a)"”. To stimulate glucose production
ex vivo, PCLS derived from either fed or overnight fasted mice were incu-
bated in glucose-free Williams E (WE) medium, either without gluconeo-
genic precursors, or supplemented with dihydroxyacetone (DHA), lactate/
pyruvate mixture (L/P), or glycerol (Fig. 1a, b).

PCLS derived from both fed and fasted mice produced glucose in the
presence and absence of gluconeogenic precursors (Fig. 1c, d and Supple-
mentary Table S2). The glucose levels measured in PCLS medium represent
the net result of production and consumption. In fed mice, DHA supple-
mentation showed an increased rate of net glucose production measured
over 5h (Fig. le) and an increased net cumulative glucose level over 24 h
(Fig. 1f). In PCLS from fasted mice, the response to DHA was ablated:
neither the net glucose production rate nor the 24 h net cuamulative glucose
level was affected by precursor supplementation (Fig. le, f).

Primary hepatocytes, a commonly used in vitro model to study
hepatic glucose production, are often subjected to a 24 h-recovery period
in high-glucose medium after isolation. To test how such a recovery
period would affect the viability and glucose production of PCLS, they
were pre-incubated in WE medium containing 11 mM glucose for 24 h
prior to incubation in the glucose-free medium (Fig. 1b, g-j). Slice via-
bility was preserved during pre-incubation (Supplementary Table S3).
Over the first 5h of incubation in glucose-free medium, both the net
cumulative glucose values and the glucose production rates were lower
than in PCLS that were not pre-incubated (Fig. 1g-i and Supplementary
Table S2). Interestingly, after 24 h in culture, the pre-incubated PCLS
exhibited the same glucose production pattern as those without the pre-
incubation, albeit at lower absolute values (cf. Fig. 1f, j). Also after pre-
incubation, DHA supplementation resulted in both the highest net glu-
cose production rates and the highest net cumulative glucose levels in
pre-incubated PCLS from fed mice (Fig. 1, j).

In summary, the net ex vivo glucose production rates by murine PCLS
depend on the availability and type of gluconeogenic substrate, as well as on
the feeding state of the mice. Since the highest net glucose production rates
were observed with DHA as the precursor, all further experiments were
done with PCLS supplemented with either NP or DHA. Since the pre-
incubation in a high-glucose medium did not enhance glucose production,
it was discontinued.

Table 1 | Estimates of glucose production rates in vivo and in vitro

System Source Gluconeogenic substrate Glucose production rate (hmol/mg liver protein/h)
Mouse In vivo - 166734
Human In vivo - 23474
AML12 cells Mouse Lactate/pyruvate (20 mM/2 mM) 45"
HEPG2 cells Human Lactate/pyruvate (20 mM/2 mM) 75"
PH5CHS cells Human Lactate/pyruvate (20 mM/2 mM) 80"

IHH cells Human Lactate/pyruvate (20 mM/2 mM) 120"
Primary hepatocytes Mouse Pyruvate (1 mM) 140"
Primary hepatocytes Mouse Lactate/pyruvate (20 mM/2 mM) 280"
Primary hepatocytes Mouse Dihydroxyacetone-phosphate (2 mM) 290"
Primary hepatocytes Mouse Dihydroxyacetone (5 mM) 195%
Primary hepatocytes Mouse Glycerol (2 mM) 120%

“Refer to the calculation in Supplementary Table S1.
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Fig. 1 | Glucose production. a Simplified scheme of the main glucose production
pathways: 1. Glycogenolysis and 2. Gluconeogenesis; b Experimental design and
conditions; NP no precursor, DHA dihydroxyacetone, L/P lactate/pyruvate;

c—f Without 24 h pre-incubation: 5 h net cumulative glucose production of PCLS
from fed (c) and fasted (d) mice; e Net glucose production rate of PCLS from fed and
fasted mice; f 24 h net cumulative glucose of PCLS from fed and fasted mice;

g-j With 24 h pre-incubation: 5 h net cumulative glucose production of PCLS from
fed (g) and fasted (h) mice; i Net glucose production rate of PCLS from fed and fasted
mice; j 24 h net cumulative glucose of PCLS from fed and fasted mice; *p < 0.05, vs
NP in the same condition; “p < 0.05, vs DHA group in the same condition; data
presented as mean + SEM; the individual data points are depicted in Supplementary
Fig. S1; n = 3-4 mice per group.

Forskolin and dibutyryl-cAMP stimulate net glucose production

In vivo, hepatic glucose uptake, storage, and synthesis are modulated by
hormones'””. Glucagon activates glycogenolysis and gluconeogenesis
(Fig. 2a)*". In contrast, insulin stimulates glycogen synthesis and inhibits
gluconeogenesis, thereby decreasing net glucose production”. We tested if
the PCLS responded to hormonal stimulation in a similar way. However,
under the tested conditions, insulin and glucagon had no effect on the net
cumulative glucose production by PCLS, irrespective of the feeding state of
the mice (Fig. 2b, ¢ and Supplementary Table S4).

Cyclic adenosine monophosphate (cAMP) is a ubiquitous second
messenger, essential in the glucagon signaling cascade (Fig. 2a). In in vitro
studies, forskolin and dibutyryl-cAMP are often used as glucagon
mimetics™*. Forskolin activates adenylate cyclase (AC), thus increasing
cAMP, while dibutyryl-cAMP is a cell-permeable analog of cAMP (Fig. 2a).
Notably, both forskolin and dibutyryl-cAMP increased the net glucose
production by PCLS. In the absence of precursor, forskolin only had an
effect in PCLS from fasted mice, while dibutyryl-cAMP augmented net
glucose production in PCLS from both fed and fasted animals (Fig. 2b, c and
Supplementary Table S4). A similar stimulating effect was observed in PCLS
supplemented with DHA, albeit on the brink of significance (Fig. 2d), with
the difference that forskolin now stimulated net glucose production in PCLS
from fed, but not fasted mice. These results suggest that the signaling cascade
downstream of the glucagon receptor is active in murine PCLS, as it
responded to an increase in the cAMP pool.

Since glucagon and insulin did not affect net glucose production after
5h incubation, we tested if these hormones activated their downstream
signaling pathways in PCLS (Fig. 3). Indeed, insulin increased the phos-
phorylation of its downstream target Akt (Fig. 3a, c—e). Upregulation of the
pAkt-T308/Akt ratio was sustained during 5 h. pAKT-T308 itself showed a
transient peak at 30 min after administration of insulin, but remained ele-
vated during the entire 5 h of the experiment. Nevertheless, insulin had no
effect on glucose production, not even at the earlier time points (Fig. 3g).
Glucagon induced a pronounced, transient phosphorylation of its down-
stream target, PKA substrates (Fig. 3b, f). In agreement with this, glucagon
positively stimulated net glucose production (Fig. 3h), but not significantly
(p=0.07) and only transiently during the first 2 h. Finally, forskolin also
induced phosphorylation of PKA substrates, however, an upregulation of
net glucose production was not observed (Fig. 3i-k).

In conclusion, hormone signaling was intact in PCLS, but the down-
stream effect on glucose production was blunted in the case of insulin and
transient in the case of glucagon.

Both glycogenolysis and gluconeogenesis contribute to glucose
production by murine PCLS, and their relative contributions
change over time

Next, we investigated the sources of glucose production by murine PCLS.
Glycogenolysis and gluconeogenesis are the pathways responsible for
endogenous glucose production (Fig. la). To estimate their relative
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and fasted mice incubated with WE medium supplemented with DHA and treated
with forskolin or dibutyryl-cAMP; HCl was used as a vehicle for insulin and glu-
cagon, and DMSO was used as a vehicle for forskolin; *p < 0.05, vs the corresponding
vehicle; data presented as mean + SEM; n = 3 mice per group. GPCR G protein-
coupled receptor, AC adenylate cyclase.

contributions, the culture medium was supplemented with the labeled
gluconeogenic precursors [2-"C]-glycerol or [2-"C]-DHA. These pre-
cursors are first converted into [2-"’C]-dihydroxyacetone-phosphate
(DHAP in Fig. la), which is in rapid equilibrium with glyceraldehyde
3-phosphate (G3P). In the following, we will denote DHAP and G3P
together as the triose phosphate (TrioseP) pool. Glucose is formed from two
molecules of TrioseP. Since there are other sources of TrioseP besides
[2-"C]-glycerol or [2-"*C]-DHA, only a fraction of the TrioseP pool con-
tains the "°C label. Theoretically, conversion of Triose-P to glucose could
lead to the formation of glucose isotopologues containing no *C atoms
(m 4+ 0, formed from two molecules of unlabeled TrioseP), one **C atom,
hence a mass unit heavier (m + 1, from a labeled and an unlabeled TrioseP),
or two *C atoms (m + 2, from two labeled TrioseP). Indeed, we observed
that incubation of PCLS with either [2-"C]-glycerol or [2-"C]-DHA led to
"C incorporation into the produced glucose (Fig. 4a, b). This demonstrates
that these precursors were utilized as substrates for gluconeogenesis.

The relative contributions of gluconeogenesis and glycogenolysis were
subsequently calculated from the measured isotopologue distributions, as
outlined in the section “Methods”. Throughout the entire experiment, both
gluconeogenesis and glycogenolysis contributed to the net cumulative
glucose production, irrespective of which labeled substrate was given
(Fig. 4c, d). Initially, approximately 70% of the net cumulative glucose
originated from glycogen (Fig. 4c, d). After 5h in culture, however, the
glycogen stores were substantially and equally reduced in all conditions
(Fig. 4e). In line with this, the contribution of glycogenolysis decreased over
time, in favor of gluconeogenesis (Fig. 4c, d). The contribution of gluco-
neogenesis increased faster in [2-"*C]-DHA-supplemented medium than in
the [2-"C]-glycerol medium. After 24 h, gluconeogenesis was the main
contributor to the net glucose produced in the medium supplemented with
[2-"C]-DHA (68.6 +1.9%), while in the medium with [2-"C]-glycerol,
gluconeogenesis contributed 54.3 +9.7% and glycogenolysis 45.7 +9.7%
(Fig. 4c, d). The larger contribution of gluconeogenesis in the [2-"C]-DHA
medium is consistent with the higher net glucose production rate in the

medium supplemented with DHA, compared to that supplemented with
glycerol (Fig. 1).

Finally, the ratio of m 4 1 over m + 2 glucose allowed us to calculate
the fraction of labeled TrioseP (Fig. 4f and section “Methods”). The total
precursor enrichment of the TrioseP pool (m + 1) was less than 100% after
24 h, specifically 85.8 + 3.8% (DHA) and 80.5 + 0.9% (glycerol). It indicates
that the TrioseP pool was not only filled from [2-">C]-glycerol or [2-"C]-
DHA, but also from other non-labeled sources. These could be for instance
amino acids in the medium, which can be used by the liver as gluconeogenic
precursors. Based on the calculated net glucose production rate and glu-
coneogenesis contribution (Supplementary Text 1), we estimated that
0.27 mM amino acid would be necessary from the medium over 24 h to
supply the unlabeled TrioseP fraction. However, no substantial decrease of
any amino acid was observed in the medium of the PCLS during the course
of incubation (Table S5). In fact, after 24 h, we observed a significant
increase in branched-chain amino acids in the medium of PCLS incubated
without precursors. Glutamate was also elevated in the medium of PCLS
incubated with no precursor and DHA.

Altogether, these results demonstrate that both glycogenolysis and
gluconeogenesis take place in the PCLS. Their relative contributions to the
net glucose production shift in time and in response to different gluco-
neogenic precursors.

S4048-treated murine PCLS mimic the disease phenotype of
hepatic glycogen storage disease (GSD) type Ib ex vivo

Our goal was to characterize murine PCLS as an ex vivo model to study
dysfunctional glucose production in metabolic disease. We selected GSD
type Ib as a proof of concept, since it has a known genetic cause with a clear
clinical phenotype, and its primary defect is impaired glucose production.
GSD type Ib is caused by a loss-of-function mutation in the gene encoding
the glucose 6-phosphate (G6P) transporter SLC37A4” (Fig. 5a). SLC37A4
transports G6P into the lumen of the endoplasmic reticulum, to where it is
converted into free glucose by glucose 6-phosphatase (G6PC). In patients,
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Fig. 3 | Time course of effects of insulin, glucagon and forskolin on downstream
signaling pathways and net glucose production. Immunoblotting of PCLS derived
from fed mice incubated with WE medium supplemented with DHA and treated
with insulin (a) or glucagon (b) at different time points (0, 15, 30, 60,150, and

300 min). The complete dataset (three biological replicates) is provided in Supple-
mentary Fig. S2. a For insulin, total Akt and pAkt-T308 were monitored by
immunoblot. b For glucagon, phosphorylation of PKA substrates was monitored by
immunoblot. c-e Quantification of data shown in (a); total Akt (c), pAkt-T308 (d)
and ratio pAkt-T308/ total Akt (e) were compared between vehicle (HCI) and
insulin-treated PCLS; data presented as mean + SEM. f Quantification of data shown
in (b); phosphorylation of PKA substrates was compared between vehicle (HCI) and
glucagon-treated PCLS; data presented as mean + SEM. g-h 5 h cumulative net

glucose production of PCLS treated with insulin g and glucagon h; data presented as
mean = SEM. i Immunoblotting of PCLS derived from fed mice incubated with WE
medium supplemented with DHA and treated with forskolin; phosphorylation of
PKA substrates was monitored. The complete dataset (three biological replicates) is
provided in Supplementary Fig. S3. j Quantification of data shown in (i); phos-
phorylation of PKA substrates was compared between vehicle (DMSO) and
forskolin-treated PCLS; data presented as mean + SEM. k 5 h cumulative net glucose
production of PCLS treated with forskolin. For all the analyses, vehicle- and
hormone-treated groups were compared using two-way ANOV A followed by Tukey
multiple comparison test; *p < 0.05, vs the corresponding vehicle; data presented as
mean * SEM; n = 3 mice per group.
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the loss of SLC37A4 primarily leads to decreased hepatic glucose produc-
tion, intracellular accumulation of G6P, and as a consequence, enhanced
cellular production of lactate and storage of glycogen (Fig. 5a). To test if
murine PCLS could mimic this clinical phenotype, they were treated for 5 h
with $4048, a pharmacological inhibitor of SLC37A4°. In agreement with
the clinical phenotype of GSD Ib patients, PCLS derived from both fed and
fasted mice showed reduced net glucose production rates (Fig. 5b, c), ele-
vated net lactate production (Fig. 5d, €), and less utilization of glycogen (Fig.
5f, g) upon incubation with S4048. In agreement with earlier observations
(Fig. 1), PCLS derived from fasted mice showed a lower net glucose pro-
duction rate than those of fed mice, which was further decreased by $4048
(Fig. 5¢). These results suggest that PCLS can be effectively used to study the
acute hepatic GSD Ib human clinical phenotype.

Human PCLS as an ex vivo model to study dysfunctional glucose
production

Finally, we questioned if PCLS derived from human liver (hPCLS) could
also be used to study (dys)functional glucose production ex vivo. In previous
studies, hPCLS were used to evaluate the safety and efficacy of drug
candidates””, and to model liver diseases ex vivo (e.g. metabolic
dysfunction-associated steatotic liver disease, MASLD)*~*'. hPCLS derived
from two human livers were individually incubated in WE medium up to
5 h, either without or with a gluconeogenic precursor. In both experiments,

hPCLS produced glucose in the presence and absence of gluconeogenic
substrates (Fig. 6a, b). In contrast to the murine PCLS, however, hPCLS did
not exhibit a time-dependent increase in net cumulative glucose production.
In hPCLS derived from human liver I, as in murine PCLS, DHA supple-
mentation yielded the highest net cumulative glucose levels of the three
precursors (Fig. 6a). In PCLS from both livers, pharmacological inhibition of
SLC37A4 by S4048 decreased the net cumulative glucose production (Fig.
6b, ¢ and Supplementary Fig. S4). This was more evident in the PCLS
supplemented with DHA, as without precursor the net glucose levels were
very low anyway (Fig. 6b, c).

Exceptionally, we had the opportunity to evaluate the net glucose
production of hPCLS from one GSD Ia and one Ib patient who underwent
liver transplantation. In both cases, the medium glucose levels remained
below detection limit, during the entire 5 h of incubation, irrespective of the
incubation time and gluconeogenic substrate used (Fig. 6a, three replicates,
based on separate incubations of slices derived from the same liver). PCLS
from the GSD Ia patient showed low ATP contents (<2 pmol/pg protein)
(Supplementary Table S6), below the range considered acceptable for livers
from healthy donors®. The hepatic mitochondrial oxygen consumption rate
in liver mitochondria isolated from the GSD Ia patient was also lower than
that of the GSD Ib patient (Supplementary Fig. S5). In both livers, State 4
respiration was low, demonstrating that there was little proton leak, thereby
suggesting mitochondrial integrity.
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In essence, these results are consistent with the observations made in
murine PCLS, illustrating that hPCLS produce glucose ex vivo and can be
used to study dysfunctional glucose production in human liver tissue.

Discussion

This study comprehensively and quantitatively analyzed net glucose pro-
duction rates of PCLS, within the first 24 h of ex vivo culture. For this
purpose, PCLS were incubated with commonly used gluconeogenic pre-
cursors and the contributions of glycogenolysis and gluconeogenesis to net
glucose production were assessed over time. Herein, we show that: (1) net
glucose production rates depend on the feeding state at the time of liver
tissue collection, with rates being higher in the PCLS from fed than from
fasted mice; (2) DHA supplementation to PCLS from fed mice yields the
highest net glucose production rates; (3) over 24 h incubation the con-
tribution of glycogenolysis to net glucose production decreases in favor of
that of gluconeogenesis (4) murine and human PCLS can be used to model
and investigate impaired hepatic glucose production in IEMs, such as GSD
Ia and Ib.

In a direct comparison of net glucose production rates among different
hepatic in vitro and ex vivo models (Table 1) compiled from the literature,
PCLS exhibited the highest rates (Table S2). Based on calculated endo-
genous glucose production rates, we estimated in vivo total glucose pro-
duction rate in mice to be 1667 nmol/mg protein/h (Table S1). It is
important to note that this value does not only represent the liver, but also
includes some contribution from kidney and intestine”**. PCLS exhibited
17% (no precursor) to 32% of this rate under fed conditions (DHA sup-
plementation), whereas immortalized mouse hepatocytes (AMLI12 cells)
line and murine primary hepatocytes recuperated only 3% and 17% of the
in vivo glucose production capacity, respectively (Table 1). The type of
gluconeogenic precursor and the experimental design (pre-incubation,
feeding state of the mouse) significantly affected the rate of glucose pro-
duction. The difference between mouse PCLS and primary hepatocytes may
be explained by the fact that the PCLS contained a substantial amount of
glycogen, which was the dominant source of glucose in the first 3-5h,

suggesting that the rate of gluconeogenesis is similar between the two
models.

DHA has been broadly used as substrate in studies on hepatic glucose
production in vitro'***”” and was recently shown to be a useful tool to study
redox-regulation of gluconeogenesis™”. In contrast to DHA, glycerol and L/
P are gluconeogenic precursors commonly used in vitro as well as natural
in vivo precursors”. A recent study in murine primary hepatocytes
compared single gluconeogenic precursors to precursor mixtures”. There,
glycerol was the preferred substrate, yielding a dose-dependent and higher
culture medium glucose level than L/P after 8 h incubation®. Unfortunately,
the latter study did not include DHA. Moreover, despite its comprehensive
analysis of substrate incorporation into gluconeogenesis and TCA cycle
intermediates, it did not quantify the net rate of glucose production nor the
relative contributions of glycogenolysis and gluconeogenesis. In agreement
with our results in PCLS, DHA also yields the highest rate of net glucose
production in most studies with hepatocyte suspensions or primary
hepatocytes™**, with the exception of ref.”. This is furthermore in
agreement with the higher incorporation of the *C-label from DHA than
from glycerol into both glucose and trioseP (Fig. 4c, d, f). Glucose pro-
duction from glycerol or lactate depends on the cytosolic NADH/NAD*
ratio, whereas DHA bypasses the redox reactions (Fig. 1a)*. Therefore, the
cytosolic redox state of the hepatocytes is a critical determinant of gluco-
neogenesis from natural precursors'"”’, but not from DHA. This may
suggest that gluconeogenesis in the PCLS and primary hepatocytes is limited
by the redox state. Alternatively, the abundance of enzymes required spe-
cifically for glycerol and pyruvate/lactate metabolism may be limiting in
both models.

Notably, PCLS from fasted mice did not respond to any gluconeogenic
precursor (Fig. 1d, f). We initially expected that PCLS derived from fasted
mice would exhibit higher glucose production rates than those from fed
mice, as fasting drives hepatic glucose production in vivo®. The opposite
result may be explained by PCLS derived from fasted mice re-using a larger
fraction of the produced glucose, thereby lowering the net glucose pro-
duction rate and minimizing the effect of DHA. The glycogen pool did not
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differ substantially between fed and fasted mice (Fig. 4a), hence could not
explain the different net glucose production rates observed. Remarkably, the
net glucose production was not increased after 24 h of incubation in a high-
glucose medium. In fact, the 24 h pre- incubation step even reduced the
glucose production rate. Exposure to high glucose has been reported to
decrease the glucose 6-phosphatase (G6Pase) level and activity, thus low-
ering the net glucose production rate’*”. In line with this, rat primary
hepatocytes showed a 25% reduction in G6Pase activity after 24h in
culture'**.,

Interestingly, after 24 h incubation in the presence of labeled substrates,
the total precursor enrichment was lower than 100% (Fig. 4f). This obser-
vation made us question which other sources of non-labeled substrate could
be feeding into the TrioseP pool. As outlined in the supplementary text 1,
glycogen stored within PCLS would be sufficient and likely represents the
primary source of unlabeled glucose in the initial hours. Presumably, after
24 h, the breakdown of remaining unlabeled glycogen may still contribute to
the glucose production. Furthermore, we estimated that 0.27 mM of amino
acid would be necessary to supply the non-labeled pool. However, amino
acid consumption did not reach this extent, which suggests that the amino
acids from the medium did not serve as the major substrates for glucose
production under these conditions. An alternative source of amino acids
would be intracellular degradation of proteins within PCLS. In vivo studies
have shown that hepatic autophagy represents an essential source of glu-
coneogenic precursors in long fasting periods®™. Consistent with an
induction of protein degradation, we observed that PCLS from fed mice

cultured in the absence of precursors secreted branched-chain amino acids
in the medium.

Net glucose production by PCLS did not respond to insulin or glucagon
during a long (5 h) incubation (Fig. 2b, c), but was stimulated by forskolin
and dibutyryl-cAMP (Fig. 2b-d) and transiently by glucagon (Fig. 3h). The
latter compounds increase the intracellular pool of cAMP pool, a second
messenger in the glucagon signaling cascade (Fig. 2a). In agreement with
this, its downstream target PKA substrate was induced by forskolin (Fig.
31, j). We confirmed that also glucagon and insulin activated their down-
stream signaling pathways (Fig. 3a—f), but the effect was only transient in the
case of glucagon and attenuated with time in the case of insulin. Non-
parenchymal cells have been reported to degrade and internalize insulin and
glucagon in vitro. This could reduce their availability and effectiveness over
time"** and may explain the lack of response to insulin and glucagon
observed in a 5 h incubation. Previously, PCLS have been shown to lower
glucose production during shorter (i.e., 20 min) incubations with insulin*’.
In primary rat hepatocytes, 30 and 60 min of incubation with glucagon
increased glucose production™, in agreement with our results. Similarly,
mouse primary hepatocytes exhibited a significant decrease in their glyco-
gen content after 30 min incubation with glucagon"’. Apart from the timing,
a critical difference between our study and these previous reports is the
multi-cellular composition of PCLS versus primary hepatocytes.

Finally, we tested if human and murine PCLS serve to model major
clinical phenotypes of IEMs. For this purpose, we selected GSD type I as a
proof of concept, as its primary defects include impaired glucose production
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and hepatic glycogen accumulation. The pharmacological inhibition of the
glucose 6-phosphate transporter by S4048 markedly reduced glucose pro-
duction in mouse and human PCLS, indicating the efficacy of this approach
to model clinical GSD Ib symptoms. The effect of 54048 in hPCLS was most
clear under DHA-supplemented conditions, in which the highest net glu-
cose production rates were measured, consistent with findings in mice.
Similarly, net glucose production by hPCLS from a GSD type Ia and a GSD
type Ib patient was negligible. The ATP level and mitochondrial oxygen
consumption rate were notably lower in the GSD Ia liver than in the GSD Ib
liver. As the ATP level is commonly used to assess PCLS viability, one might
question the tissue integrity of the GSD Ia liver. However, the oxygen
consumption measurements showed coupled respiration, suggesting at least
mitochondrial integrity. The fact that respiration was lower in the mito-
chondria from the Ia patient than in those from the Ib patient may be
attributed to mitochondrial dysfunction in GSD Ia, in line with earlier
reports’"*, although we cannot exclude a difference in tissue quality.

A limitation of this study is that only two healthy human livers and two
patient livers were included. Nevertheless, particularly the patient livers
provided an exceptional opportunity, since GSD 1 is a rare disease, with a
prevalence of 1:100,000 newborns™** and access to human liver depends on
liver transplantation. In recent years, living donor transplantations have
become feasible for children, making this a realistic treatment option in
hepatic inherited metabolic diseases’*. Therefore, glucose production by
hPCLS can in principle be measured routinely, when children are
transplanted. This information will give an indication of residual G6Pase
activity in kidney and intestine, which are not transplanted. Thus,
although the availability of human organs and the variation between
donors are concerns, these results open the perspective of also using
hPCLS for the study of human metabolic diseases. A methodological
limitation is that our analysis provides the cumulative contributions of
glycogenolysis and gluconeogenesis rather than their relative contribu-
tions at a specific time point. To infer the latter a continuous (non-
circulating) perfusion system would be required. Moreover, the use of a
single-labeled precursor and analysis of label incorporation in only glu-
cose precluded the quantification of cycling between glucose and glucose
6-phosphate (also interpreted as glucose re-uptake) and cycling between
glucose 6-phosphate and glycogen. In this respect our approach differs
from that of Hellerstein”** and Van Dijk*, who co-administered mul-
tiple labeled substrates and that of Kalemba® who analysed the incor-
poration of label into gluconeogenic intermediates.

In conclusion, this study provides a comprehensive and quantitative
analysis of net glucose production in PCLS. This ex vivo system along with
the ’C isotope-tracer assay can be used as an effective tool to study the origin
of dysfunctional glucose production and glycogen metabolism in IEMs. In
addition, this work adds to the growing number of applications for
bioreactor-based PCLS systems™ to investigate liver-centered diseases, such
as NAFLD and liver fibrosis™”.

Methods

Animals

Male, wild-type C57/BL6 mice (internal breeding line UMCG Central
Animal Facility, Groningen, The Netherlands) aged 8-12 weeks were
housed at 21 °C and light-controlled (12 h light; from 8.00 a.m. to 8.00 p.m.
during summer and from 7.00 a.m. to 7.00 p.m. during winter) conditions,
with ad libitum access to water and Chow diet—V1554-70 (Ssniff, Soest,
Germany). Mice from the fasted group were overnight fasted for 12h
(21:00-9:00). Drinking water was at all times available. Termination was
done via exsanguination under isoflurane/O, anesthesia. The liver was
harvested, weighed, and stored in ice-cold UW preservation solution
(Bridge to Life, #1022622) prior to slicing. We have complied with all
relevant ethical regulations for animal use. All animal experiments were
approved by the Institutional Animal Care and Use Committee of the
University of Groningen (Groningen, The Netherlands) under permit
numbers AVD105002015245 and AVD10500202115288, and they are in
line with the Guide for the Care and Use of Laboratory Animals.

Human liver biopsy

Human liver tissue was collected from two transplantation donors at the
University Medical Center Groningen (UMCG, Netherlands). These livers
were used for research purposes after being rejected for transplantation.
Informed consent for research purposes was obtained from the donor’s
relatives. Prior to slicing, hepatic tissue samples were stored in ice-cold UW
preservation solution for up to 24 h. Additionally, after obtaining written
informed consent, a tissue sample from the liver explant was obtained from
a 12-year-old male GSD type Ia and a 11-year-old male GSD type Ib patient
who underwent liver transplantation. In both cases, tissue was used for
slicing within 3h after completion of surgery. All experiments were
approved by the Research Ethics Committee of UMCG All ethical regula-
tions relevant to human research participants were followed.

Preparation of precision-cut liver slices (PCLS)

Liver biopsy cores were made with a 6 mm biopsy punch (KAI Medical).
Murine and human PCLS, of approximately 5 mg and with an estimated
thickness of 250-300 pm, were prepared using a Krumdieck Tissue Slicer
(Alabama Research and Development), as described elsewhere™. Individual
slices were kept in culture for up to 24 h in 12-well plates with glucose-free
Williams E medium (WE) (US Biological Life Sciences, C17082259) and
gentamycin (50 pg/mL, Invitrogen), unless otherwise stated. The plates were
kept under a continuous supply of 80% O,/5% CO,, shaking at 90 rpm, at
37 °C, as previously described™.

PCLS culture conditions for net glucose production assays

For time courses of glucose production, individual slices were incubated for
up to 24 h in 1.5 mL glucose-free WE medium at pH 7.4 either without any
supplementation (no precursor/NP), or supplemented with different glu-
coneogenic precursors: 10 mM DHA, 20 mM lactate and 2 mM pyruvate
(L/P), and 10 mM glycerol (final concentrations) (Fig. 1a, b). These con-
centrations are in agreement with the literature, in which up to 20 mM of
these substrates was used, typically at a lactate to pyruvate ratio of
10-1°%%7%%_If not mentioned otherwise, the slices were placed in the
aforementioned medium immediately after slicing. Alternatively, the slices
were pre-incubated in WE medium supplemented with 11 mM glucose
(Gibco, 32551-020) for 24 h after which there was a switch to glucose-free
medium (Fig. 1a). To calculate the net glucose production rates, medium
samples (100 uL) were collected at 0, 2, 3, 4, 5, and 24 h.

To test if the net glucose production by the PCLS responds to hormone
or pharmacological stimulation, the slices were incubated in WE medium
either without any supplementation or with 10 mM DHA, plus: (I) insulin
(0.1 or 1uM)® (Sigma-Aldrich, 12643), (II) glucagon (0.1 or 1uM)
(Sigma-Aldrich, G2044)°%, (III) forskolin (10 or 20 uM) (Tocris Bios-
ciences, 1099)”, (IV) dibutyryl-cAMP (50-100 uM) (Sigma-Aldrich,
16980-89-5)>". Insulin and glucagon were both prepared in HCI (17.3 uM
final concentrations, which was used as vehicle control). Based on previous
reports of hormone degradation by liver tissue***, supraphysiological
concentrations of insulin and glucagon were used in order to mitigate
potential hormone loss during the 5h-incubation protocol, in agreement
with earlier studies’"*

To mimic GSD Ib, murine and human PCLSs were incubated with the
compound S4048 (10 uM) (kindly provided by Sanofi S.A.), a pharmaco-
logical inhibitor of the glucose 6-phosphate (G6P) transporter SLC37A4°.
Its solvent DMSO (0.1% final concentration) was used as vehicle control. In
addition, net glucose production by PCLS from GSD Ia and Ib patients were
assessed either in the presence of $4048 (10 uM) or DMSO.

ATP quantification

The viability of the slices was assessed by quantification of the intracellular
ATP content using a bioluminescence kit (Roche Diagnostics), as described
elsewhere”. The ATP values were corrected for the protein content, mea-
sured according to Lowry (BioRad DC Protein Assay). The slices were
considered viable and accepted when their ATP content was equal to or
above 2 pmol/ pg protein® (Supplementary Tables S3 and S6).
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High-resolution respirometry in liver mitochondria isolated from
GSD | patient liver biopsies

Mitochondria were isolated from fresh liver tissue biopsies as described
elsewhere®. Oxygen consumption rates were measured at 37 °C using a
two-channel high-resolution Oroboros oxygraph-2k (Oroboros) in
MiRO05 buffer (110 mM sucrose, 60 mM potassium lactobionate, 20 mM
taurine, 20 mM HEPES, 0.5 mM EGTA, 10 mM KH,PO,, 3 mM MgClz,
and 1 mg/ml bovine serum albumin, pH7.1)(’7. First, mitochondria were
injected into the instrument along with substrates to measure residual
oxygen consumption (State 2). The following substrate combinations
were used: (I) 2 mM pyruvate and 2 mM malate, (II) 25 uM palmitoyl-
carnitine and 2 mM malate, (III) 25 uM palmitoyl-CoA, 2 mM L-car-
nitine, and 2 mM malate, and (IV) 5 mM glutamate and 2 mM malate.
Next, an ADP- generating method was applied to measure maximal
coupled respiration (State 3), which consisted of hexokinase (1.5U/
mL), glucose (10 mM), and ATP (1 mM). The basal respiration (State 4)
was determined by the subsequent addition of 1.25uM carboxya-
tractyloside (CAT) to inhibit ADP/ATP translocase. Finally, uncoupled
respiration (State U) was measured after subsequent administration of
1.5uM carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
(FCCP). DatLab software (Oroboros) was used for data acquisition and
analysis. Oxygen consumption rates were normalized to mitochondrial
protein, which was quantified using the BCA assay (Thermo Scien-
tific, 23225).

Metabolite analyses in PCLS culture medium

Glucose and lactate concentrations in the medium were enzymatically
determined as described elsewhere®. The amino acid concentration in the
medium was measured by GC/MS at three time points (0, 5, and 24 h),
according to Evers®.

Glycogen measurement

Glycogen content was quantified using an enzymatic assay”. Briefly, indi-
vidual PCLS were incubated with 500 uL. 1 M KOH at 90 °C (30 min,
600 rpm). In a new tube, 200 pL 3 M acetic acid was added to 400 uL sample
or 400 pL standard, to achieve pH 5.0, and samples were spun down (4 min,
13.523 g, 4 °C) to precipitate the protein. Next, glycogen was broken down
into glucose by the addition of 600 pL of amyloglucosidase solution (4.8
units amyloglucosidase in 0.2 M acetate buffer pH 5.6) to 400 pL super-
natant of the previous step. Samples were incubated at 37 °C (at least 60 min,
600 rpm). For glucose determination, either 10 pL standard or 50 pL sample
was incubated with 1.25 mL or 1.21 mL incubation buffer pH 7.5 (0.3 M
triethanolamine, 30 mM MgSO,, 12.6 mM ATP, 1 mM B-NADP.Na,H),
respectively. 7 units of glucose 6-phosphate dehydrogenase (EC 1.1.1.49;
Roche, 10737232.001) was added. Background absorbance at 340 nm was
measured (A340-1). To start the reaction, 4.4 units of hexokinase (EC
2.7.1.1; Sigma-Aldrich, 11426362001) were added and endpoint absor-
bance at 340 nm was measured after 5min (A340-2). The difference
between background and endpoint absorption (340-2-A340-1) was used
for quantification.

Glucose isotope tracing

PCLS derived from fed mice were incubated for 5 h or 24 h in glucose-free
WE medium supplemented with the following gluconeogenic substrates: (1)
10 mM glycerol, (2) 10 mM [2-"*C]-glycerol (Sigma-Aldrich, 489484). (3)
10 mM DHA, (4) 10 mM [2-"C]-DHA (Sigma-Aldrich, 767891). In order
to obtain a stock solution of 1 M monomeric DHA, 0.1 g 1,3-Dihydrox-
yacetone-[2-"C] dimer was resuspended in 1.1 mL Milli-Q H20 while
rotating overnight at room temperature”’.

From each time point, 100 pL of medium was used for the analysis. The
detailed protocol for preparation of glucose penta acetate derivatives from
culture medium samples, and their subsequent GC/MS analysis has been
described elsewhere”’. The measured isotopologue distribution (m/z
408-414) in glucose derived from samples incubated with the labeled
substrate was corrected for the natural abundance of isotopes™.

One glucose molecule is formed by the combination of two triose
phosphates, dihydroxyacetone-phosphate (DHAP) and glyceraldehyde
3-phosphate (GA3P), which are interconvertible. In the following, the
DHAP and G3P pool together will be denoted as TrioseP. According to the
combination of labeled and non-labeled TrioseP, glucose could be found in
three forms: non-labeled (m + 0; m/z 408), single-labeled (m + 1; m/z 409),
or double-labeled (m + 2; m/z 410) (Fig. 7). The “C-labeled TrioseP frac-
tion (to be inferred) is denoted by p (Fig. 7). The fraction of glucose derived
from glycogen is denoted by Fglycogen and the fraction derived from glu-
coneogenesis by Fgng. The subfractions Glucosem ,, Glucosem,; and
Glucosem, , within the gluconeogenesis fraction are denoted by Py, P; and
P,(Fig. 7), respectively, with:

Py=(1-p) (1
Py =2-(p)-(1—p) ()
P, =p? (3)

The sum of Py, P;, and P, is one. Therefore, it can be derived that p
equals:

2

= P, /P, +2 @)

p

The measured sub fractions of Glucosem o, Glucosem,;, and
Glucosem, , are denoted by Qo, Q;, and Q,, respectively. Since Glucosem
and Glucosem ;, are solely generated via gluconeogenesis, the ratio P;/P,
equals the measured ratio Q,/Q,. Therefore, p could be calculated directly
from the data, based on:

2

QT2 ©)

p

Subsequently, Py, P;, and P, were calculated by substituting p
in Egs. 1-3
The measured fractions Q,, Q;, and Q, relate to Fgng via'

Q0:l:iglycogen—’—FGNG'PO=(1_FGNG)—’_FGNG'PO (6)
Qi = Fang - Py (7)

Q, =Fong - Py (®)

Thus, Fong and Fgiyeogen Were calculated according to:
Fgng = Q/Py = Q/P, )

(10)

Fglycogen =1- FGNG

It should be noted that any cycling of labeled glucose 6-phosphate via
glycogen® is not accounted in this analysis. Labeled glucose that is incor-
porated into glycogen escapes our observation, possibly leading to an
underestimation of gluconeogenesis. If labeled precursor is first incorpo-
rated into glycogen via gluconeogenesis and subsequently released as glu-
cose into the medium, it is interpreted as part of the gluconeogenesis
fraction. The strength of the correction for the inferred enrichment of the
Triose-P pool is that the calculated gluconeogenesis includes the cumulative
contribution of all gluconeogenic contributions, not only that of the labeled
precursor.

Tissue lysis and immunoblotting
For each experimental condition, three slices (technical replicates) were
pooled in one 1.5mL tube and 400 uL of radio immunoprecipitation
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Glucose m+0 <—{ TrioPm+0 +

(1-p)

TrioP m+0 | P, = (1-p)*(1-p)

(1-p)

TrioP m+1 l
(1-p) (p)

Glucose m+1 P, =2%*(p)*(1-p)

TrioP m+0 ‘
(p) (1-p)

Glucose m+2 <—{ TrioP m+1 + TrioP m+1 | P,=(p)*(p)
(p) (p)

Fig. 7 | PC-labeled trioseP enrichment in glucose. Calculation of "C-labeled
trioseP enrichment (p) in glucose. Equations 1-3.

assay buffer was added (1% IGEPAL CA-630, 0.1% SDS, and 0.5%
sodium deoxycholate in PBS). RIPA buffer was supplemented with
Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich, P5726) and Cocktail 3
(Sigma-Aldrich, P0044) and Complete Protease Inhibitor Cocktail
(Sigma-Aldrich, 1186145001). Next, samples were homogenized using a
Mini beadbeater (6000 Hz, 45, 4 cycles, on ice) (Bertin Technology).
Lysates were kept on ice for 15 min and then spun down at maximum
speed for 10 min at 4 °C. Protein content was determined using Protein
Lowry Assay Kit (BioRad DC Protein Assay). Lysates were adjusted with
Laemmli loading buffer (5x: 60 mM Tris-Cl pH 6.8, 10% glycerol, 1%
SDS, 0.05% Bromophenol Blue, 1% beta-mercaptoethanol). The protocol
followed for immunoblotting has been described elsewhere™. Briefly,
protein separation was performed in SDS-PAGE 10-14% using a Mini
PROTEAN Tetra Vertical Electrophoresis Cell system (Bio-Rad). For
western blot, proteins were transferred to a polyvinylidene difluoride
membrane (Immobilon®-P, Millipore). The following primary anti-
bodies were used: GAPDH (Abcam, AB8245), Vinculin (Cell Signaling,
4650), Phospho-PKA Substrate (RRXS*/T*) (100G7E) (Cell Signaling,
9624), Akt (pan) (Cell Signaling, 4691), Phospho-Akt (thr308) (Cell
Signaling, 2965).

Statistics and reproducibility

Each experiment consisted of at least three biological replicates (PCLS
obtained from three different mice). Regarding human PCLS, each
experiment consisted of three technical replicates (three PCLS obtained
from the same liver biopsy). The results are presented as mean + standard
error of the mean. For the time courses and comparisons between fed and
fasted mice, two-way repeated measures ANOVA followed by Dunnett’s
multiple comparisons test was used. Ordinary one-way ANOVA followed
by Tukey’s multiple comparison test was used for comparisons between
control (e.g., no precursor or vehicle treatment) and treatments (e.g., glu-
coneogenic substrates, hormones) at a single time point. These analyses
were performed using GraphPad Prism version 9.1 for Windows (Graph-
Pad Software). The results were considered statistically significant when the
p- value was smaller than 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The numerical source data for the main and Supplementary Figs. are
available in the Supplementary Data Files 1 and 2, respectively. The
uncropped blots are available in the Supplementary Data file 3. The authors

declare that data supporting the findings of this study are available within
the manuscript and its supplementary files.
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