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Hepatic glucose production rises with the
histological severity of metabolic dysfunction-
associated steatohepatitis
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e Glucose production is higher in individuals with MASH

compared to simple steatosis

e Glucose production is higher with liver inflammation and
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e Hepatic and adipose insulin resistance contribute to glucose

production in MASH

e The putative mechanism involves excess glucogenic/energy

substrates to the liver
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In brief

Sabatini et al. demonstrate that glucose
production is enhanced in individuals
with MASH and is associated with hepatic
fibrosis and inflammation. These findings
reveal altered hepatic glucose
metabolism, driven by hepatic and
extrahepatic insulin resistance that
contributes to the increased risk of
hyperglycemia and T2D in individuals
with MASH.
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SUMMARY

Metabolic dysfunction-associated steatotic liver disease (MASLD) and steatohepatitis (MASH) are associ-
ated with a high prevalence of type 2 diabetes (T2D). Individuals with MASLD exhibit insulin resistance (IR)
and hyperglycemia, but it is unclear whether hepatic glucose production (HGP) is increased with MASLD
severity. We evaluated HGP in a cohort of histologically characterized individuals with MASL/MASH using
stable isotope infusion (6,6-?H,-glucose, U-2Hs-glycerol) and liver-specific genome-scale metabolic models
(GEMSs). Tracer-measured HGP is increased with liver fibrosis and inflammation, but not steatosis, and is
associated with lipolysis and IR. The GEM-derived gluconeogenesis is elevated due to high glucogenic/en-
ergy metabolite uptakes (lactate, glycerol, and free fatty acid [FFA]), and the expression of insulin action
genes (IRS1, IRS2, and AKT2) is reduced in MASH with fibrosis F2-F4, with/without T2D, suggesting these
as putative mechanisms for increased fasting HGP and hyperglycemia. In conclusion, elevated HGP, lipol-
ysis, and IR help to explain the mechanisms for the increased risk of hyperglycemia and T2D in MASH.

INTRODUCTION which are the major risk factor for liver related outcomes,® and
the progression of fibrosis in these individuals is faster compared

Metabolic dysfunction-associated steatotic liver disease to those without T2D.""

(MASLD), previously named non-alcoholic fatty liver disease, is
defined as the excessive accumulation of triglycerides in the liver
(steatotic liver disease) in the presence of at least one cardiome-
tabolic risk factor and no other apparent causes for the condi-
tion" and comprises a spectrum of diseases spanning from iso-
lated steatosis (MASL) to steatohepatitis (MASH).” Although
MASLD is mainly related to altered lipid metabolism in both liver
and adipose tissue,®* glucose metabolism is also impaired.®
MASLD is associated with an increased risk (hazard ratio 2.69)
of developing type 2 diabetes (T2D)° and conversely, the preva-
lence of MASLD is higher in T2D.” Individuals with diabetes have
also a high prevalence of advanced fibrosis and cirrhosis,®'°

Glucose metabolism has been studied mainly in subjects with
MASLD, but only few studies were carried out in individuals with
biopsy-proven MASH.® In MASLD, fasting glucose production,
which is mainly hepatic (HGP),'? has been found to be similar
or increased compared to healthy controls.®>'%'* While it is
known that individuals with MASLD display insulin resistance
(IR) both in the liver and in peripheral organs (i.e., muscle and ad-
ipose tissue) even in the absence of obesity or diabetes,®'%'*
and that peripheral IR is increased with both steatosis® and
fibrosis,'® less is known about the impact of MASH phenotype
(i.e., ballooning and inflammation) and fibrosis on hepatic
glucose metabolism. Up to now, the investigation of hepatic
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Table 1. Clinical characteristics of the EPoS-flux group

MASH MASH

n MASL FO/F1 MASH F2 F3/F4
N 80 17 31 15 17
Gender (m/f) 80 17/0 27/4 12/3 11/6*
T2D (yes/no) 80 0/17 0/31 0/15 0/17
Age (years) 80 40.82 + 2.52 38.65 + 1.73 43.67 + 3.95 44.24 + 3.22
BMI (kg/m?) 80 27.95 +1.26 30.24 + 1.65 32.03 = 1.89 29.41 + 0.91
ALT (U/L) 80 69.41 + 10.59 69.06 + 5.91 54.13 + 9.85 96.35 + 9.36*"
AST (U/L) 79 36.71 + 4.37 35 +2.08 32 +3.12 51.47 + 3.96*"
Glucose 80 93.83 +1.76 94.73 £ 1.6 93.95 + 3.5 100.87 + 3.41
(mg/dL)
Insulin 80 11.73 + 1.68 15.23 + 2.1 14.65 + 1.63 17.36 + 2.06*
(mU/L)

Subjects with F4 n = 2. Cutoff for obesity: BMI 30 kg/m?2. Mann-Whitney’s test p value: * vs. MASL <0.05, ° vs. MASH-FO1 < 0.05, " vs. MASH-F2<0.05.

glucose metabolism was done only in small groups of individuals
with MASLD; few tracer studies have been conducted and only
in small groups of subjects with biopsy-proven MASH.® More-
over, the majority of these studies have focused on the relation-
ship with steatosis, without investigating if hepatic glucose
metabolism was altered with the severity of histology in subjects
with biopsy-proven MASH independently of diabetes.”

Thus, the aim of this study was to examine how the transition
from isolated steatosis (MASL) to MASH and the stage of fibrosis
affect hepatic glucose metabolism in fasting condition, consid-
ering the impact of IR in the liver and peripheral organs such
as muscle and adipose tissue, as well as of T2D. In this context,
glucose production was measured in a large cohort of subjects
with liver biopsy from the Elucidating Pathways of Steatohepati-
tis (EPoS) cohort using state-of-the-art technique, i.e., stable
isotope tracer infusion; the intra-hepatic glucose metabolism
was then explored by personalized genome-scale metabolic
models (GEMs) constructed using individual liver transcriptom-
ics and clinical data. These data provide information on the regu-
lation of fasting hepatic glucose fluxes and metabolism in MASH
considering also the separate impact of T2D.

RESULTS

Description of the EPoS cohort
Data were generated during the H2020-EPoS project in which
histologically characterized individuals with MASLD were
recruited.'®

Glucose production (HGP) and hepatic IR (Hep-IR) were
measured by stable isotope tracer infusion in 80 subjects without
diabetes whose clinical characteristics are shown in Table 1
(EPoS-flux group). Data were normalized by lean body mass
(LBM) to take into account the differences in BMI (range from
18 to 54 kg/m?."” This group included subjects spanning
from (1) isolated steatosis (“MASL”), (2) MASH with fibrosis
score 0 or 1 (“MASH-FO/F1”), (3) MASH with fibrosis score
2 (“MASH-F2”), and (4) MASH with fibrosis score 3 or 4
(“MASH-F3/F4”).

Intra-hepatic glucose metabolism was then explored in a
larger number of subjects (n = 206, EPoS-transcriptomics group)
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by investigating personalized GEMs based on liver transcriptom-
ics and clinical data (see STAR methods). The individuals of the
EPoS-transcriptomics group were histologically characterized
for MASLD with liver biopsy,'®'® had BMI range similar to the
EPoS-flux group (from 20 to 45 kg/m?), but also comprised sub-
jects without/with a previous diagnosis of T2D (54%) (Table 2). In
12 individuals, glucose fluxes were measured by both tracer infu-
sion and GEMs (Figure S1A).

Glucose production is increased with MASLD severity,
IR, and lipolysis

In the EPoS-flux group, tracer-measured HGP was signifi-
cantly higher in subjects with MASH compared to MASL,
with an increasing trend from MASL to MASH-FO/F1 to
MASH-F2 to MASH-F3/F4 (Figure 1A, Kruskal-Wallis p value =
0.01). Increased HGP was not related to the degree of steato-
sis, but was significantly higher in those with fibrosis F3/F4 vs.
FO/F1 and in those with activity score AS > 2 (Figures 1B, 1C,
and 1D), i.e., those with ballooning and inflammation, confirm-
ing that it is not the amount of hepatic lipids that serves as a
marker of dysregulated hepatic glucose metabolism,'® but
rather the degree of inflammation and fibrosis. Considering
IR, Hep-IR showed a stepwise trend from MASL to MASH
FO/F1 to F2 to F3/F4 (Figure 1E), indicating impaired insulin
suppression of HGP. Similar trends were observed for the ho-
meostatic model assessment for IR (HOMA-IR, Figure 1F) and
for the adipose tissue IR index (Adipo-IR, Figure 1G) that
also increased in a stepwise trend in individuals with MASH
and moderate-to-advanced fibrosis compared to MASL and
were positively associated with the absolute rates of HGP
(Figures 1H and 1l). Moreover, adipose tissue lipolysis,
measured by labeled glycerol infusion, was strongly corre-
lated with HGP (Figure 1J), indicating the association between
the elevated glucose production and the increased availability
of glucogenic and energy substrates i.e., glycerol and free
fatty acid (FFA), that occurs with the worsening of IR and
the progression of MASLD to a more severe form. Indeed,
higher FFA concentrations were observed in MASH-F3/F4
vs. MASL and their significant correlation with the plasma
concentrations of B-hydroxybutyrate, a product of the hepatic
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Table 2. Clinical characteristics of the EPoS-transcriptomics group

T2D

NO T2D

MASH
FO/F1

20

p value

MASH F3/F4

53

MASH F2
30

MASH FO/F1

13

MASL
13
8/5

MASH F3/F4

15

MASH F2
26

MASL
36

n

206
206

15/15 27/26

10/3

12/8 14/12 11/4

26/10

Gender
(m/f)
Age

8
§

48.42 £+ 2.9 57.6 + 2.7" 59.15 + 2.9 53.46 + 3.97 55.37 +1.77 58.77 + 1.18

50.55 +2.18

48.75 £ 2.18

206
206

33.34 + 0.68*
69.43 + 4.46*

30.04 £1.17 29.42 +1.26 32.46 £ 0.79

30.43+£1.3 32.11 £1.12* 30.52 +1.19

28.98 £ 0.72

BMI (kg/m?)
ALT (U/L)
AST (U/L)
Glucose
(mg/dL)
Insulin
(mU/L)

TG

57.07 + 4.61*

57.85 + 7.36

40.31 £ 4.04
29.67 + 3.08

79.53 + 11.36*
47.67 + 5.27°

71.55 + 8.54* 84.29 + 9.42*

33.47 £ 2.26

54.03 + 6.36

202

51.37 + 3.02*"
128.25 + 5.37

41.64 + 3.46*

34.38 + 1.92

46.54 + 4.47

37.31 £ 2.61

194
1

§

114.37 £ 11.64° 149.02 + 22.26 130.34 + 10.44 145.79 + 12.11

93.8 + 2.77

91.26 + 3.28

95.21 + 2.57

17

§

23.97 + 3.66

23.37 5

17.48 + 3.97 18.56 + 3.05* 20.72 + 3.82* 21.5+7.82 21.1 £6.03

10.09 + 1.37

77

2.11 £ 0.23

1.74 £ 0.18

1.82 £ 0.22

35+1.24
Subjects with F4 n = 14. Mann-Whitney’s test p value: * vs. MASL <0.05, ° vs. MASH-F01 < 0.05, " vs. MASH-F2<0.05. § Mann-Whitney’s test p value T2D vs. noT2D < 0.05. TG, triglycerides.

1.36 £ 0.11 2+0.38

1.81 £ 0.59

1.62 £ 0.25
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fatty acid oxidation, indicates increased FFA uptake and
oxidation by the liver (Figure S2).

Genome-scale metabolic models for the study of
intrahepatic glucose metabolism in subjects with MASH
Although tracer kinetics is the gold standard for the measure-
ment of metabolic fluxes in humans, other models have been
recently proposed, like genome-scale metabolic models, that
can be used as scaffolds to integrate multiple data.”® These
models have been used and validated for estimating intrahepatic
fluxes for hepatic lipid metabolism but never applied to the study
of hepatic glucose metabolism in humans.® In the EPoS-tran-
scriptomics group (n = 206, Table 2), GEMs were constructed
using individual gene expression and clinical data to estimate in-
trahepatic glucose fluxes that were then validated against tracer-
measured fluxes, as reported later and detailed in the STAR
Methods. HGP and Hep-IR, obtained using GEMs, showed the
same trends observed in EPoS-flux group using tracer infusion
(Figures 1 and 2). The EPoS-transcriptomics group includes sub-
jects with and without T2D. Individuals without T2D showed
similar characteristics in the EPoS-transcriptomics and the
EPoS-flux group in terms of BMI, weight, liver enzymes, and
glucose and insulin concentrations, while age and gender were
slightly different (Figure S1B; Table S1). In individuals with T2D,
HGP (Figures 2A and 2B) and Hep-IR (Figures 2F and 2G) were
higher than in those without T2D, as expected. HGP increased
with worsening of fibrosis and activity score (Figures 2D and
2E), but not with the degree of steatosis (Figure 2C), regardless
of T2D. Hep-IR showed a stepwise trend in individuals without
T2D (Figure 2F) as in tracer studies in Figure 1, while in the group
with diabetes, Hep-IR was increased vs. subjects without T2D
similarly in all MASH groups (Figure 2G). The same trend was
observed for HOMA-IR (Figures 2H and 2I), although less signif-
icant, and the association between HOMA-IR and HGP was still
present in the EPoS-transcriptomics cohort (Figure 2J).

A major advantage of GEMs is the estimation of intracellular
glucose fluxes (Figure 3A), which were different in individuals
with vs. without severe fibrosis and T2D (Figure S3). Gluconeo-
genesis was higher in subjects with T2D, as expected,® but the
main finding here is the higher fluxes in MASH F2-F4 vs. FO/F1
particularly in those with T2D (Figures 3B, 3C, and S4) that
were associated also with hepatic inflammation and fibrosis (Fig-
ure S4 D-G). Moreover, intracellular metabolic fluxes (see sys-
tem depicted in Figure 3A) were higher in individuals with F2—
F4 fibrosis compared to those with FO-F1 fibrosis (Figure 3C),
especially in presence of T2D (Figure 3C), and correlated with
the uptake of glucogenic precursors (Figure S4C).

Alterations in hepatic gene expression involved in
glucose and insulin metabolism in MASH with moderate-
to-advanced fibrosis

The differences in the hepatic gene expressions among the
MASL/MASH groups of the EPoS-transcriptomics group, en-
coded in GEMs, were milder (Figure 3A) compared to the
differences in the metabolic fluxes (Figures 3C and S5). The
expression of phosphoenolpyruvate carboxykinase-2 (R28)
and a-ketoglutarate dehydrogenase (R23) was lower in F2-F4
with respect to FO-F1, regardless of the presence of T2D

Cell Reports Medicine 5, 101820, November 19, 2024 3
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Figure 1. Glucose production, measured using stable isotope tracers,

and insulin resistance in the EPoS-flux group (n = 80)

In (A), boxplot of HGP grouping individuals according to MASL/MASH severity. In (B), (C), and (D), average HGP (mean) was reported considering the degrees of
steatosis, fibrosis, and activity score (AS, inflammation + ballooning), respectively. In (E), (F), and (G), boxplots of insulin resistance in liver (Hep-IR, measured as
umol/min LBM * mU/L), whole-body (HOMA-IR), and adipose tissue (Adipo-IR) in MASL/MASH groups, respectively. In (H), (l), and (J), linear associations of HGP
with HOMA-IR, Adipo-IR, and lipolysis, respectively. The linear regression lines are colored in red while the area in gray indicates confidence interval at level 0.95.
Dots were colored according to MASL/MASH severity. Mann-Whitney’s p value *<0.05, **<0.01, *** <0.001.

(Figure 3A), while other genes involved in the tricarboxylic acid
(TCA) cycle were downregulated only in F2-F4 with T2D (Fig-
ure S5). On the contrary, both the expression of L-lactate dehy-
drogenase (R14) and fructose-biphosphatase-1 (R5) and the
relative fluxes were significantly increased in individuals with
moderate-to-advanced fibrosis and T2D (Figure S5).

The expression of genes involved in insulin action and insulin
clearance, not used for GEM reconstruction and thus not directly
related to their predicted fluxes, was investigated. The hepatic
expressions of insulin receptor substrates, like IRS1, IRS2,
and AKT2, fundamental in glucose homeostasis,?’ were signifi-
cantly decreased in F2-F4 with respect to those with less severe
forms of MASLD, in both diabetic and non-diabetic groups
(Figures 4A-4C), consistently with the increased Hep-IR observed
in Figures 1E and 2F. Moreover, their expression was inversely
correlated with the intracellular glucose fluxes (Figure 4D).

Given that hepatic insulin clearance is decreased in MASLD,??
we also investigated genes involved in hepatic insulin meta-
bolism, i.e., carcinoembryonic antigen-related cell adhesion
molecule 1, CEACAM-1, involved in insulin internalization and in-
sulin-degrading enzyme (IDE), but their expression was not

4 Cell Reports Medicine 5, 101820, November 19, 2024

altered with fibrosis stage or the presence of T2D (Figures 4E
and 4F), nor with BMI.

Validation of genome-scale metabolic models versus
tracer models for glucose fluxes

GEMs were not previously used for the quantification of intrahe-
patic glucose fluxes, thus a validation of these estimates against
gold standard methods is crucial to ensure their reliability. The
validation was performed first by comparing the data of the indi-
viduals with glucose fluxes measured by both tracer infusion and
personalized GEMs (n = 12) showing good correlation (r = 0.40,
p = 0.03) and agreement (Figures S6A and S6B). Then, HGP
and gluconeogenesis obtained with GEMs were validated in
an independent cohort, the “GNG cohort,” which included
individuals with MASLD, with and without T2D, sharing charac-
teristics similar to the “EPoS cohort” in terms of age, gender,
weight, BMI, alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) (Figure S6C). A significant correlation
was observed between the fluxes measured by tracers and
GEMs (rho = 0.32 and 0.25 for HGP and gluconeogenesis,
respectively, p value <0.001, Figures S6D and S6E).
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Figure 2. Glucose production, estimated us-
ing genome-scale metabolic models, and in-
sulin resistance in the EPoS-transcriptomics
subgroup (n = 206)
In (A) and (B), boxplot of HGP in individuals without
and with T2D, respectively. In (C), (D), and (E),
average HGP (mean) was reported considering the
degrees of steatosis (green), fibrosis (blue), and
activity score (AS, inflammation + ballooning, red)
in individuals with and without T2D, respectively. In
(F), (G), (H), and (l), boxplots of hepatic insulin
resistance (Hep-IR, as mmol/h LBM * mU/L) and
HOMA-IR in individuals without and with T2D,
respectively. In (H) and (1), boxplots of whole-body
OSteatosis insulin resistance (HOMA-IR) in individuals without
OFibrosis and with T2D, respectively. In the boxplots, sub-
jects were grouped according to MASLD histo-
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DISCUSSION

The regulation of hepatic glucose metabolism is complex and
depends on several interdependent factors, both hepatic and
extrahepatic.”>** The present study explores the alterations in
hepatic glucose metabolism across the full spectrum of
MASLD, i.e., from MASL to MASH with different degrees of
fibrosis in individuals with and without T2D. Compared to previ-
ous studies that measured glucose fluxes in subjects with
different degrees of steatosis (MASLD),*>"'%?° this study inves-
tigated HGP and gluconeogenesis in a large cohort of individuals
with biopsy-proven MASL/MASH (EPoS cohort) and its relation-
ship with the components of liver histology, with and without the
presence of T2D.

We found that individuals with MASH and moderate-to-
advanced fibrosis (F2 or higher) had higher glucose production
than subjects with isolated steatosis (MASL) and that HGP
increased also in the presence of hepatic inflammation and
ballooning (activity score), but not steatosis (Figure 1). Further-
more, the increase in gluconeogenesis shown by the analysis
of GEMs (Figures 3 and S4) and its strong correlation with HGP
(rho = 0.58, p value <0.001, Figure S6F) points to gluconeogen-

N 2
log HOMA-IR

increased fasting glucose production
driven by gluconeogenesis even in sub-
jects without T2D, while no significant as-
sociation was found with steatosis, confirming our previous
report.'®

The presence of excess HGP and Hep-IR has been previously
reported in subjects with hepatic steatosis,®'*'**%" and we
showed here that having MASH and moderate-to-advanced
fibrosis is associated with much higher hepatic IR than isolated
steatosis, and glucose fluxes increase along with the severity
of fibrosis (Figures 1E, 2F, and 2G).

Itis known that individuals with obesity and/or T2D have higher
prevalence of MASH and moderate-to-advanced fibrosis®'® and
having MASLD increases the risk of developing T2D.° Excessive
fat accumulation, in particular abdominal fat, has been found
associated with the severity of MASLD/MASH and both visceral
and hepatic fat are associated with increased adipose tissue and
hepatic IR.* 9?32 Sybjects with MASH of the EPoS cohort had
high adipose tissue IR and increased lipolysis (Figure 1), resulting
in high release of glycerol and FFA into the bloodstream.
Splanchnic exchange of fuel substrates was found increased in
subjects with obesity and/or T2D,?”+**** and correlated with he-
patic fat.*>*® When adipose tissue is resistant to the antilipolytic
effect of insulin, glycerol is released together with fatty acids dur-
ing lipolysis that stimulate gluconeogenesis.>’*® Consistently,
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Gluconeogenesis

Figure 3. Gluconeogenesis is increased in individuals with severe fibrosis independently of T2D in the EPoS-transcriptomics group (n = 206)
In (A), the schematic representation of fasting hepatic glucose metabolism, focusing on gluconeogenesis pathway and TCA cycle. In (B), the contribution of the
gluconeogenesis flux to HGP expressed in pmol/min kg of LBM (GNG), estimated by genome-scale metabolic models in the EPoS-transcriptomics group. In-
dividuals were grouped according to fibrosis stage and presence of T2D. Mann-Whitney’s test p values: *<0.05, **<0.01, ***<0.001. In (C), heatmap of the
estimated fluxes through the metabolic reactions in the subnetwork of (A). Each reaction in (A) is listed on the horizontal axis of the heatmap. Individuals were
grouped according to fibrosis stage and T2D. Fluxes were scaled to zero mean and unit variance and reported as median within the groups. Mann-Whitney’s test
p values vs. FO/F1: *< 0.1, **<0.05 after false discovery rate (FDR) correction, in diabetic and non-diabetic subgroups, respectively.

the strong correlation between HGP and lipolysis (Figure 1J),
measured as glycerol rate of appearance that at steady state
equals the rate of peripheral uptake, indicates glycerol as an
important substrate for hepatic gluconeogenesis, as previously
suggested.®>° The high fatty acid and glycerol flux to the liver de-
termines an increase in hepatic acetyl CoA concentrations and in
pyruvate carboxylase activity resulting in increased conversion
of pyruvate to glucose.*® Thus, the putative mechanism respon-
sible for the enhancement of fasting HGP and gluconeogenesis
appears to be excess glucogenic substrates, like glycerol,
lactate, and amino acids, not surprising given that MASH is a
catabolic state.’” Also FFAs released during lipolysis play
an important role since they are used not only for triglycerides
synthesis®"*' but also as energy substrate for gluconeogen-
esis.?® The strong correlation between plasma FFA and B-hy-
droxybutyrate (Figure S2) in the presence of high lipolysis (Fig-
ure 1J) suggests a contribution to increased gluconeogenesis.
Taken together, these findings suggest that lipolysis and gluco-
neogenesis are drivers of elevated glucose output in MASH,
especially in those with moderate-to-advanced fibrosis.

Itis established that not only metabolic but also genetic factors
contribute to the pathophysiology of MASLD.**** The EPoS
cohort provided important information also on the expression
of genes that regulate hepatic glucose metabolism and insulin
action. The transcriptomic analysis of liver biopsies did not
show major alterations in genes related to gluconeogenesis
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and TCA cycle, although most genes were downregulated in sub-
jects with MASH and moderate-to-advanced fibrosis/cirrhosis
(Figure S5), but in agreement with previous studies in humans.®"
Moreover, no differences or a lower expression of genes like
phosphoenolpyruvate carboxykinase or glucose-6-phospha-
tase, catalytic (G6PC) were found in mice treated with a high-
fatdiet vs. controls orin humans with obesity undergoing bariatric
surgery, despite fasting hyperglycemia and increased hepatic
glucose fluxes.*~*® On the other hand, other studies with human
liver biopsies showed that such genes were increased in subjects
with MASLD as compared with normal liver but with mild differ-
ences between MASH and isolated steatosis.**">°

Knowing that HGP is tightly regulated by insulin that acts in the
liver by activating a signaling cascade,”®®' we examined the
expression of genes involved in insulin action, like IRS-1, IRS-2,
or AKT2. We found that individuals with MASH and moderate-
to-advanced fibrosis advanced fibrosis showed a downregulation
of these genes (Figure 4), independently of diabetes, in agreement
with previous reports.®"°>? The expression of these genes was
inversely associated with the estimated intracellular glucose
fluxes (Figure 4D). It is to be noted that these genes were not
included in the gene-protein-reaction rules used to build the
GEMs nor were they used in the estimation of intracellular fluxes
and, thus, their association with the predicted fluxes can be
considered non-trivial. Finally, considering that insulin clearance

is often found decreased in MASLD,?**>° we also investigated
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Figure 4. Hepatic expression of genes
involved in insulin action but not insulin clear-
ance is associated to advanced fibrosis,
regardless of the presence of T2D in the
EPoS-transcriptomics group (n = 206)

In (A), (B), and (C), expression levels of IRS1, IRS2,
and Akt2. Individuals were grouped according to
fibrosis stage and presence of T2D. In (D), Spearman
correlation matrix of the predicted fluxes through the
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the expression of the genes CEACAM-1 and IDE involved in he-
patic insulin metabolism,?” which did not change with severity of
MASH. Altogether, this suggests that the enhanced production
of hepatic glucose in MASLD was not associated with major
changes in the expression of gluconeogenesis genes, but rather
with the high de novo glucose synthesis driven by precursor avail-
ability and hepatic IR due to impaired hepatic insulin action,
although a reduced hepatic insulin uptake may contribute to
increased HGP.

In conclusion, we believe that the results of this study advance
previous knowledge, highlighting the dysregulation of glucose
hepatic metabolism as a major metabolic defect in subjects
with MASLD that worsens as subjects with isolated steatosis
progress to MASH with moderate-to-advanced fibrosis. These
results highlight that inflammation/ballooning and fibrosis, not
steatosis, are the markers of dysregulated glucose fluxes. The
putative mechanisms responsible for these alterations involves
both hepatic and adipose tissue IR and the consequent excess
glucogenic and energy substrates to the liver, resulting in
increased glucose production. This indicates a catabolic state
and explains, at least partially, the mechanisms for increased
risk of T2D and hyperglycemia in subjects with MASH.

Limitations of the study

This study investigated hepatic glucose metabolism across the full
spectrum of MASL/MASH in a large number of histologically char-
acterized individuals and it presents strengths and limitations. The
measurement of glucose fluxes was obtained using stable isotope
tracers infusion, which represent the gold standard for the mea-
surement of glucose fluxes in vivo in humans,’* while GEMs

system depicted in Figure 3A in the EPoS-tran-
scriptomics cohort and the hepatic expression of the
genes IRS1, IRS2, and Akt2. Significant correlation
(p value < 0.05) were marked with *. In (E) and (F),
expression levels of CEACAM-1 and IDE, according
to the presence of advanced fibrosis and T2D. In the
boxplots, Mann-Whitney’s test p values: *<0.05,
**<0.01, **<0.001.

were employed to evaluate intrahepatic
fluxes,>° which were here validated vs.
tracer studies. A further strength of the
study is the inclusion of a relatively large
group of individuals with liver biopsy span-
ning across the full spectrum of MASLD,
with and without T2D, showing that glucose
fluxes are increased with MASH and
fibrosis but also related to diabetic hyper-
glycemia. While tracer infusion is the gold
standard technique, the predictions of metabolic fluxes using
GEMs can be highly sensitive to model assumptions and con-
straints. Moreover, GEMs are tuned using transcriptomics data
and it is known that RNA levels do not directly reflect metabolic
flux and, as observed here as well, may even run in opposite direc-
tions (Figure S5). To validate the results presented here, we
compared GEMs and tracer-derived data showing good correla-
tions for HGP and gluconeogenesis (Figure S6) both in the EPoS
cohort and in an independent cohort. Nevertheless, the use of
GEMs to estimate intrahepatic metabolic fluxes in this paper
should not be considered as an alternative to more accurate and
quantitative methods, like PINTA,*® but rather an easy-to-access
way to integrate different data into a putative model for the study
of intrahepatic mechanisms without tracer infusion, providing in-
sights coherent with the tracer-based evidences. Another possible
limitation arises from the assumptions of some parameters that
were derived from individual clinical data using a previously pub-
lished methodology,’® since direct measurements of metabolites’
exchange rates within the liver were not available (their measure-
ment would have required invasive procedures, e.g., catheteriza-
tion of artery and hepatic and/or portal vein). However, despite
these assumptions, the agreement between tracer-based and
GEM fluxes inthe validation cohorts demonstrates that the method
is effective.
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Materials availability
This study did not generate unique reagents.

Data and code availability
o RNA-seq data have been deposited in the NCBI GEO database under
accession number GEO: GSE135251 and are publicly available as of
the date of publication. Scripts for GSMM, contextualization, and data
analysis can be downloaded from https://doi.org/10.5281/zenodo.
13837420 or alternatively from https://github.com/Silvia410/GSMM_
liver. The personalized GEMs (.mat files) of human-hepatocytes are
available upon request.
o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

EPoS cohort

In this study, we consider a subset of 274 individuals with liver biopsy from the EPoS-cohort,*® for which liver transcriptomics (EPoS-
transcriptomics, n = 206) and tracer-based fluxes (EPoS-flux, n = 80) were collected (Figure S1). The liver biopsies’ samples obtained
in this study were centrally scored by two expert liver pathologists according to the semiquantitative NASH-Clinical Research
Network ‘NAFLD Activity Score’ (NAS).?° Fibrosis was scored from FO to F4 (cirrhosis). For all subjects, alcohol consumption was
within the limit of 30g/day for male and 20g/day for female at the time of recruitment. All of the patients are from European descent.
All studies were approved by local and/or national Ethical Review Committees covering each participating center, with all patients
providing informed consent for participation. All participant recruitment and informed consent processes were conducted in accor-
dance with the World Medical Association Declaration of Helsinki 2018. The anthropometric and clinical characteristics of the EPoS-
flux and the EPoS-transcriptomics groups are reported in Tables 1 and 2.

GNG cohort

Data from an additional independent cohort (GNG cohort) were used for validation of the glucose fluxes estimated by using genomes-
cale metabolic modeling. The GNG cohort consisted of individuals with and without T2D (n = 57) spanning a wide range of obesity.'®
In this cohort liver fat content was measured by magnetic resonance spectroscopy and glucose fluxes, i.e., HGP and gluconeogen-
esis, were measured by tracer infusion and 2H,0O ingestion respectively, which is considered the gold standard tracer method."® For
GEM analysis we included only subjects with characteristics comparable to EPoS-transcriptomics, i.e., those having MRl liver fat
>5% or fibrotic NASH index®" FNI >0.33 (n = 50). The study protocol was approved by the Institutional Review Board of the University
of Texas Health Science Center at San Antonio, and informed written consent was obtained from each patient before participation.
The anthropometric and clinical characteristics of the GNG cohort are reported in Table S2.

METHOD DETAILS

Transcriptomics
Whole liver tissue RNA-Seq transcriptomic data were collected from biopsy’s samples and are publicly available in the NCBI GEO
repository: GSE135251. A description of transcriptomic analysis used in this study is detailed in.'®

Tracer-based fluxomics

Endogenous glucose production that is mainly hepatic (HGP, umol/min) was measured by the kinetics of 6,6-2H,-glucose following a
protocol previously described in details.>* The fractional contribution of gluconeogenesis to HGP was calculated as the product to
precursor ratio and gluconeogenesis flux (GNG) was then calculated by the product of %GNG times HGP. The fluxes were
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normalized by lean body mass (LBM) since this allows to account for the variability due to different degrees of obesity.'” Adipose
tissue lipolysis, i.e., rate of appearance of glycerol (umol/min), by the kinetics U-2Hs-glycerol. The two stable isotopes were co-
infused for 2 h during fasting state.

QUANTIFICATION AND STATISTICAL ANALYSIS

Body composition estimates

Itis well established that total body endogenous glucose output variability is wide and is largely explained by the amount of lean mass
(LBM)."” For subjects that do not have measurement of lean/fat mass, they were estimated using Hume’s formula.®? Muscle mass
was calculated for each subject as 0.63 x LBM — 4.1 as suggested by Mardinoglu et al.”®

Calculation of insulin resistance indexes
Indexes of insulin resistance were calculated as follows.

@ Hepatic insulin resistance'®** (Hep-IR) = HGP x Ins,
o Adipose tissue index (Adipo-IR) = FFA x Ins
® HOMA-IR = Glucose(mmol/l) x Ins(mU/I)

Genome-scale metabolic modeling and flux analysis

GEMs description

In this paper, GEMs were used to investigate hepatic glucose metabolism in fasting conditions across the full spectrum of MASLD.
Personalized genome-scale metabolic models of human liver were initially developed by Sen et al.,*® mapping transcriptomic data of
the 206 subjects from the EPoS-transcriptomics group into iHepatocytes2322°%, used as a template model, and deriving individual
constraints for the metabolic reaction fluxes. A detailed description of models’ development can be found in,®® and the GEMs were
tested to carry out 256 metabolic tasks exhibited by human liver.®* However, the GEMs developed by Sen et al. in°® did not include
glycogenolysis, that is an important contributor to HGP. Thus, the GEMs were modified to enable a net consumption of glycogen by
introducing a new reaction for the total glycogen breakdown, as previously done in.*°

Constraints on the exchange fluxes in the fasting state

During fasting, the liver is the main source of glucose production derived from both gluconeogenesis and glycogenolysis. Glucogenic
substrates, like lactate, amino acids and glycerol, released by peripheral tissues, are taken up by the liver and directed to gluconeo-
genesis. At the same time, glycogen stored in the liver is broken down to produce glucose. Liver also takes up free fatty acids (FFA),
released as well from adipocytes by lipolysis. Although they are not glucose precursors, FFA contribute to the formation of newly
synthesized di- or tri-acylglycerols or are oxidized to produce energy for the TCA cycle or ketone bodies. Moreover, the increased
production of hepatic acetyl-coA increases the activity of pyruvate carboxylase thus contributing to increased HGP and hepatic in-
sulin resistance.®”

Conditions like obesity, insulin resistance or T2D could alter the efflux of these substrates to the liver. Thus, we contextualized the
GEMs on glucose metabolism by incorporating individual constraints on the exchange fluxes between the liver and peripheral tissues
(such as muscle and adipose tissue) that release glucogenic/energy substrates during fasting. This methodology mirrors a previous
approach suggested by Mardinoglu®® and for each model and substrate, we derived upper and lower bounds from the literature,
based on body composition. Since, unlike the cohort of subjects studied in,*® the EPoS-transcriptomics group comprises subjects
with and without T2D, we adapted the calculations to our context, taking into account the presence of diabetes. The recent review of
Shah et al.®® retrieves from the literature evidence of the relative changes to glucose contribution from several precursors in the
setting of T2DM with respect to metabolically healthy controls, i.e., 2-fold increase for lactate and glutamine and 1.5-fold increase
for alanine. Such relative changes were used as multiplying factors for the estimates of lactate, alanine, glutamine and glycerol in
subjects with BMI<30 and a diagnosis of T2D.

Constraints on the upper bound of the glycogenolytic flux were imposed according to the rates of glycogenolysis measured by
tracers in subjects with or without T2D and BMI higher or lower than 27 kg/m? and reported in.?” Additional constraints for the
GEMs were imposed on exchange reactions to allow the uptake of other compounds necessary for the reactions, such as oxygen,
phosphate, minerals, etc., and the production of lipids (‘HMR_0031°). The uptake of further metabolites, e.g., glucose, was blocked
since not relevant in the fasting state for the study of glucose metabolism.

GEM reaction activity scores

Gene-protein-reaction (GPR) rules are logical expressions used in GEMs to link genes expression to reactions. To evaluate the tran-
scriptomic control over liver metabolism, the reaction activity score was computed for each reaction and individual model, based on
the expression of the genes encoding for catalyzing enzymes and on the relationship among them, expressed by the GPR rules: for
reactions involving enzymes composed by different subunits, the reaction activity score was computed as the minimum of the ex-
pressions of the genes encoding the subunits, while in the case of reactions catalyzed by different enzyme isoforms, the reaction
activity score was computed as the maximum of the expressions of the genes encoding the isoforms.
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GEM flux estimation

The range of feasible fluxes through each reaction was computed using flux variability analysis (FVA). Reversible reactions were rep-
resented as two distinct and complementary forward reactions. To obtain a single value for each reaction, we considered the average
between maximal and minimal possible fluxes. As objective function, we set the export of glucose, i.e., ‘HMR_9034’ or, equivalently
R1in Figure 3A, since we focused our interest on glucose metabolism in fasting conditions. Flux rates exceeding mean value of three
times the standard deviation were considered outliers and excluded from the analysis. Linear programming and optimization were
performed using ’ILOG-IBM CPLEX (version 128)’ solver. Simulations were performed using Cobra toolbox v3.0°” and RAVEN 2.0
suite.®® All the operations were performed in MATLAB 2019b (Mathworks, Inc., Natick, MA, USA). HGP was calculated as the
mean value of fluxes range determined by FVA for the exchange reaction of glucose in the models (R1 in Figure 3). To calculate
the separate contribution of glycogenolysis and gluconeogenesis to HGP, for each model flux balance analysis (FBA) was performed
by setting HGP as objective function. The absolute contribution of glycogenolysis to HGP was computed by multiplying the rate of
glycogen breakdown predicted by FBA for the associated Lagrange multiplier (shadow price), while gluconeogenesis was obtained
by subtracting the contribution of glycogenolysis to the total HGP. The Lagrange multipliers associated to the optimization problem
solved by FBA can be interpreted as the change in the objective function by relaxing a constraint by one unit. In this context, this
represents the variation in HGP by consuming one more unit of glycogen. This method can be used also to calculate the separate
contribution of the glucose precursors to gluconeogenesis. In the EPoS-transcriptomics group, Hep-IR was estimated as HGP x in-
sulin in the subgroup of subjects that had insulin measurements available at the time of liver biopsy.

Validation of GEM-derived glucose fluxes vs. tracer-based models

GEM estimates of metabolic fluxes were doubly validated. First, we directly compared HGP estimated by GEMs and measured by
tracers in the subgroup of subjects that had both liver transcriptomics and were studied with tracer infusion (n = 12). Then, we used
GEMs parameters, derived from the ‘EpoS-transcriptomics’ group by matching the subjects according to sex, age, presence of T2D
(yes/no), weight, BMI, ALT, AST, to estimate total HGP and the contribution derived from gluconeogenesis. The matching was done
minimizing Euclidean distance between individuals belonging to different cohorts (Figure S6E). Fluxes experimentally measured by
tracers or estimated with GEMs were compared using linear regression.

Statistical analysis

Subjects were grouped according to presence of MASH vs. MASL, T2D, and degree of liver fibrosis. Comparisons among two or
more groups were performed by using Mann-Whitney’s or Kruskal-Wallis’ test, respectively. Homogeneity between EPoS-flux
and EPoS-transcriptomics group was assessed by principal component analysis (PCA). All statistical analysis was performed using
R Statistical Software (version 4.3.3). Data in tables were reported as mean + standard error. Heatmaps were created reporting data
as median within the groups of interest. Datasets were centered and scaled in the row direction to improve interpretability. Statistical
significance in the heatmap was reported after adjusting for multiple comparison, using Benjamini-Hochberg procedure.
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