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In brief

AMPK is a bioenergetic sensor
modulating metabolism/inflammation,
with reduced activity in metabolic
diseases. PXL770 is a direct AMPK
activator investigated for non-alcoholic
steatohepatitis and
adrenoleukodystrophy. In this clinical
study, Fouqueray and colleagues
demonstrate that PXL70 inhibits hepatic
lipogenesis and improves glucose
metabolism and insulin sensitivity in non-
alcoholic fatty liver disease patients.
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SUMMARY

AMPK is an energy sensor modulating metabolism, inflammation, and a target for metabolic disorders. Meta-
bolic dysfunction results in lower AMPK activity. PXL770 is a direct AMPK activator, inhibiting de novo lipo-
genesis (DNL) and producing efficacy in preclinical models. We aimed to assess pharmacokinetics, safety,
and pharmacodynamics of PXL770 in humans with metabolic syndrome-associated fatty liver disease. In
a randomized, double-blind four-week trial, 12 overweight/obese patients with non-alcoholic fatty liver dis-
ease (NAFLD) and insulin resistance received PXL770 500 mg QD; 4 subjects received matching placebo.
Endpoints included pharmacokinetics, hepatic fractional DNL, oral glucose tolerance testing, additional
pharmacodynamic parameters, and safety. PK parameters show adequate plasma exposure in NAFLD pa-
tients for daily oral dosing. PXL770 decreases DNL—both peak and AUC are reduced versus baseline—
and improves glycemic parameters and indices of insulin sensitivity versus baseline. Assessment of specific
lipids reveals decrease in diacyglycerols/triacylglycerols. Safety/tolerability are similar to placebo. These re-
sults unveil initial human translation of AMPK activation and support this therapeutic strategy for metabolic

disorders.

INTRODUCTION

AMP activated protein kinase (AMPK) is a major regulator of
cellular energy metabolism with orthologs that have been identi-
fied in all eukaryotic species. In mammals, AMPK is a heterotri-
meric enzyme complex consisting of distinct subunits (o, B, v);
it is primarily activated by upstream kinases in response to anin-
crease AMP/ADP relative to ATP."? In general, AMPK inhibits
selected biosynthetic pathways while activating catabolism to
sustain energy availability in the face of decreased energy intake
or increased expenditure.2 Therefore, AMPK is activated in
response to physiological stimuli including fasting and exercise.

AMPK activation modulates pleiotropic metabolic pathways
that lead to stimulation of lipid consumption (fatty acid oxida-
tion), increased glucose uptake, and enhanced aerobic meta-
bolism through mitochondria biogenesis."? It also has a major
role to inhibit de novo lipogenesis (DNL) via direct phosphoryla-
tion of acetyl CoA carboxylase (ACC). A potential effect to sup-
press lipolysis in adipocytes has also been described; however,
this finding remains somewhat controversial.>* Additional
studies have implicated a role for AMPK activation in enhancing
insulin sensitivity per se.>®

Gheck for
Updates

Beyond effects on metabolic pathways, AMPK activation has
also been shown to inhibit multiple pro-inflammatory pathways
and to activate the secretion of anti-inflammatory cytokines.”
In the context of experiments focusing on the pathophysiology
of non-alcoholic steatohepatitis (NASH), AMPK activation has
anti-fibrotic effects including inhibition of hepatic stellate cell
activation and the production of extracellular matrix;® an addi-
tional important effect to attenuate disease-related hepatocellu-
lar apoptosis was also described.®

Given the aforementioned effects of AMPK activation, which
have been demonstrated in a variety of cell-based and in vivo
preclinical studies, this approach has been proposed as a ther-
apeutic option to target numerous diseases across a broad
spectrum of metabolic disorders such as type 2 diabetes
(T2D), NASH, obesity, metabolic syndrome, and diabetic kidney
disease'® as well as rare diseases characterized by defective
lipid metabolism such as adrenoleukodystrophy'" and other
orphan indications including autosomal dominant polycystic
kidney disease.'” Other instances where AMPK has been
commonly implicated as a therapeutic strategy are neurodegen-
eration and certain forms of cancer, in particular, hepatocellular
carcinoma.'?
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Figure 1. Study design and patient disposi-
tion
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Non-alcoholic fatty liver disease (NAFLD) and its more se-
vere form, NASH, have been frequently emphasized as
preferred therapeutic targets for AMPK.'® Around one-fourth
of the worldwide adult population suffers from NAFLD'* and
its progression ultimately results in cirrhosis, hepatocellular
carcinoma, and other adverse sequelae. Furthermore, no
approved pharmacologic treatments for NAFLD-NASH are
available today.'*'® Of particular note, increased hepatic
DNL is a substantial contributor to steatosis and has been esti-
mated to account for up to 38% of excess liver fat content in
obese NAFLD patients.’® Importantly, the onset and progres-
sion of NAFLD-NASH are coupled with insulin resistance
through several overlapping pathways involving tissue lipid
accumulation, inflammation, cellular stress, and mitochondrial
dysfunction.’” Thus, therapies that augment insulin sensitivity
have been proposed as approaches to NAFLD-NASH.'*'®
Accordingly, T2D is also the most important co-morbidity in
patients with NAFLD or NASH, where over 45% of NAFLD-
NASH patients also suffer from T2D."%?° The close association
between metabolic dysfunction and NAFLD pathophysiology
has led experts to propose a change in nomenclature:
metabolic dysfunction-associated fatty liver disease, or
MAFLD.?"-?2

The ability to activate AMPK with pharmacologic agents
was enabled by the recent discovery of several small molecule
allosteric activators; these compounds appear to bind to a
common pocket at the o and B subunit interface known as
the allosteric drug and metabolism (ADaM) site which also in-
volves the B subunit carbohydrate binding module (CBM)."°
Despite significant efforts, no previously published reports
have shown the effects of other direct AMPK activators in
humans.

2 Cell Reports Medicine 2, 100474, December 21, 2021

NAFLD and insulin resistance for

4 weeks. This randomized, double-blind

parallel design trial met its primary end-

points, allowing for full characterization

of the pharmacokinetic profile in this
population. Preliminary safety was evaluated and early signals
of efficacy including target engagement in the liver were
observed in this study.

RESULTS

Subject demographics and disposition

The study design is presented in Figure 1A; the study was
registered with ClinicalTrials.gov: NCT03950882. Subjects
were screened between August 1, 2019, and March 12,
2020. Of the 65 subjects screened, 17 were considered eligible
and were randomly assigned to receive 500 mg PXL770 qd (n =
13) or placebo (n = 4, Figure 1B). The most common reason for
screen failure was not meeting inclusion criteria for hepatic
steatosis or for ALT. The small number of placebo subjects
were included in the study for safety evaluation purposes
and as a control for possible study effects. All patients
received study drug and completed the study, except one
who was lost to follow up. Further details regarding trial design,
inclusion criteria, and implementation are described in
StarMethods.

The baseline characteristics of the subjects are presented in
Table S1. Most patients were female (64.7%), white (76.5%),
and not Hispanic or Latino (58.8%). The mean age was 47.5
years. All patients were overweight or obese, and the me an
BMI was 37.7 kg/m?2. Mean baseline CAP score measured by
transient elastography (Fibroscan) was 350 dB/m, indicating a
substantial degree of hepatic steatosis.”* Mean baseline fasting
plasma glucose (FPG) was 110.4 mg/dL; mean baseline HOMA-
IR (homeostatic model of insulin resistance) values were greater
than 8.5; values of < 2.6 are generally considered to be in the
normal range.”®
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Figure 2. Mean plasma levels of PXL770
Steady-state plasma samples were obtained from
subjects (n = 12 patients) receiving daily oral doses
of 500 mg PXL770 on two occasions during the
study, day 14 and day 26 (Figure 1), under fasted
and fed conditions, respectively. Samples were
analyzed to determine drug concentrations using
a validated liquid chromatography with tandem
mass spectrometry (LC-MS/MS) method.

on comparisons of baseline measure-

ments to the end of the treatment period

in the PXL770 treated subjects.
Fractional hepatic DNL was measured

— at baseline (day —1) and on day 28,

using well-established and validated

0 - . . : . . : i methods,?® by first exposing subjects to
0 4 8 12 16 20 24 D,O followed by maximal DNL stimula-
time (h) tion via oral ingestion of excess fructose

Pharmacokinetics

Pharmacokinetic measurements were performed on two occa-
sions: days 14 (fasted) and 26 (fed where test article dosing
occurred 15 min before a standardized breakfast). In both the
fasted and fed states, PXL770 was rapidly absorbed and distrib-
uted. The maximal plasma concentration of PXL770 was
reached at a median of 2.25 and 2.75 h post-dose in the fasted
and fed state, respectively (Figure 2). Concentrations of
PXL770 then declined in a biphasic manner with a rapid first dis-
tribution-elimination phase followed by a long terminal elimina-
tion phase, with a geometric mean t%, %, %, of 18.7 h in the
fed state. Mean plasma concentrations were also moderately
lower when measured in the fed state compared with fasting
values. The geomean C,.x was 37% lower (16.1 png/mL) under
fed versus fasted (25.5 ng/mL) conditions; similarly, the geo-
mean AUCq_o4 n, was 29% lower (130.8 ng.h/mL) in the fed versus
fasted (183.1 pg.h/mL) state. Geomean trough plasma levels
were approximately 10%-15% of geomean C,,ax values (Fig-
ure 2). Thus, a significant negative food effect was evident
from these data when PXL770 was administered as a capsule
formulation. The PK profile observed in these NAFLD patients
was comparable to the one observed previously in healthy volun-
teers including the negative food effect (data not shown). Impor-
tantly, the average exposure (AUC) achieved under fed condi-
tions (conditions of drug intake throughout the 28 day study,
with the exception of OGTT or DNL test days, was within or
modestly above plasma exposure levels that were associated
with efficacious doses (NASH or T2D models) in mice (approxi-
mately 80-100 pg.h/mL; data not shown).

Pharmacodynamics (PD)

Several parameters designed to assess target engagement and
potential efficacy signals were assessed. Since only four pla-
cebo-treated subjects were included in the study (primarily for
safety comparison purposes), PD analyses were mainly focused

after an overnight fast. The time course
of DNL in PXL770 and placebo groups
are shown in Figure 3A. The mean AUC (during the 10 h test
period) showed a trend for DNL to decrease from baseline to
week 4 by 17.45%*h in PXL770 subjects (Figure 3B, p = 0.074)
in the mITT analysis. This difference was significant (—1.32%
*h, p = 0.031) in an additional analysis of the PPS population
where two subjects were not included (one was treated for
19 days relating to a COVID issue; a second subject developed
elevated FPG levels after screening). Peak DNL was significantly
decreased by 4.57%*h (—20% relative change to baseline) after
4 weeks of treatment in the PXL770 subjects (Figure 3B, p =
0.0045). There was no difference in DNL AUC or peak levels be-
tween baseline and week 4 in the placebo group (Figure 3A).
These results indicate a significant effect of PXL770 to suppress
DNL and are consistent with the known effects of AMPK to
decrease DNL via phosphorylation of acetyl CoA carboxylase
(ACC)."®
Standard glucose tolerance tests (OGTT) were performed at
baseline (day —2) and on day 27. Relative to measurements ob-
tained at baseline, mean total AUC (Table 1) and incremental
(IAUC, Figure 3C) glucose excursions were significantly reduced
after 4 weeks of daily treatment with PXL770 (p = 0.023 and p =
0.031). FPG was also significantly reduced (p = 0.0014, Table 1).
However, there was no evidence of potential changes in the total
AUC and iAUC for insulin, C-peptide, and free fatty acids (FFA)
(Table 1). The potential effects on FPG or glucose tolerance
with PXL770 were not significant when compared to placebo;
there also was a similar (but not significant) trend toward im-
provements in FPG and AUC glucose during the OGTT in pla-
cebo subjects. HOMA-IR,?® an index predominantly of hepatic
insulin sensitivity based on fasting glucose and insulin, was
improved in PXL770-treated subjects versus baseline but not
versus placebo (Table 1). Calculated indices of insulin sensitivity
that were derived from the OGTT data, Matsuda®’ and OGIS,?®
were significantly improved (Figure 3D and Table 1; p = 0.014
and p = 0.012, respectively, versus baseline). The effect on
OGIS was also significant versus placebo (p = 0.028). Within
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Figure 3. PXL770 inhibits de novo lipogen-
esis (DNL) and improves glucose meta-
bolism and insulin sensitivity

DNL was measured as described in StarMethods
by labeling of body water via D,0 enrichment
during the day prior to testing followed by oral
fructose loading during the test days —1 and 28
(Figure 1). Fractional DNL (% of triglyceride-
palmitate) was calculated based on measure-
ments obtained at the indicated time points. Oral
glucose tolerance tests were performed after an
overnight fast at baseline and on day 27 during
treatment.

(A) Time course of mean (+SEM) DNL values for
PXL770 (left panel; n = 12, p = 0.0045 for peak
DNL, defined as average of last 3 time points) or
placebo (right panel; n = 4, NS) treated subjects at
baseline (dashed line) versus end of treatment on
day 28 (solid line).

(B) Individual patient results for DNL tests per-
formed at baseline versus after 28 days of daily
exposure to PXL770 (n = 12 patients).

(C) Mean and individual values for incremental
glucose AUC during the oral glucose tolerance
test, OGTT (n = 4 placebo, n = 12 PXL770), and for
the Matsuda insulin sensitivity index, data derived
from the OGTT (n = 4 placebo, n = 10 PXL770), in
subjects treated with placebo or PXL770 at
baseline versus day 27. Matsuda values were
calculated based on data obtained during OGTT
tests as described in StarMethods. *p = 0.031;
*p =0.014.

observed (Table 1). In addition, there
were no significant effects on fasting total
triglycerides (TG), LDL and HDL choles-
terol values, or apolipoprotein B levels
(Table 1). Finally, no significant changes
in adiponectin levels or selected bio-
markers of inflammation, C-reactive pro-
tein (hsCRP) and monocyte chemoattrac-
tant protein-1 (MCP-1), were observed
(Table 1); mean baseline levels for these
inflammation markers were also not
elevated at baseline.

Given the appearance of substantial

the placebo group, there were no changes from baseline in insu-
lin sensitivity indices.

Importantly, there was no evidence of changes in body weight
(Table S2); this suggests that the potential changes in glycemia
(OGTT) and insulin sensitivity indices are not attributable to
weight loss. There were also no changes in ALT or AST levels
in treated subjects (Table 1), where mean baseline values were
close to the upper limit of normal reference ranges: ALT £ 33
IU/L for females and £ 41 for males, AST £ 32 for females and
£ 40 for males (Table 1); however, a reduction in y—glutamyl
transferase (GGT) versus baseline (and versus placebo) was

4 Cell Reports Medicine 2, 100474, December 21, 2021

variability in the DNL response to
PXL770 treatment (Figure 3B), we also
conducted a post hoc analysis of DNL re-
sults in an attempt to assess potential correlations with better
responsiveness. Subjects treated with PXL770 were readily
separated into two dichotomous and equally sized groups based
on peak DNL suppression of greater or lesser than 20% (Table 2).
Importantly, no significant differences in PK (Cn,ax and AUC)
were apparent to explain the differences in DNL response be-
tween these two groups. Of interest, better DNL responders
had statistically greater degrees of glucose intolerance and insu-
lin resistance at baseline along with trends toward higher plasma
fasting glucose, insulin, and TG levels (Table 2). These findings
are potentially consistent with available literature showing that
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Table 1. Additional pharmacodynamic measurements in subjects exposed to PXL770 for 4 weeks

Parameter PXL770 (n =12) Placebo (n = 4)

FPG (mg/dL)

Baseline mean 115.0 94.5

Change from baseline LS mean -11.0 -8.4
SE of LS mean 2.7 4.7
p value versus baseline 0.0014 0.10
p value versus placebo 0.64

AUC glucose (mg/dL*h)

Baseline mean 523.5 462.2

Change from baseline LS mean —45.5 -51.8
SE of LS mean 17.4 30.4
p value versus baseline 0.023 0.11
p value versus placebo 0.86

AUC C-peptide (ng*h/mL)

Baseline Mean 40.9 451

Change from baseline LS mean -2.0 -3.9
SE of LS mean 25 4.3
p value versus baseline 0.44 0.38
p value versus placebo 0.71

iIAUC C-peptide (ng*h/mL)

Baseline Mean 252 30.2

Change from baseline LS mean -1.7 -3.4
SE of LS mean 2.4 4.2
p value versus baseline 0.50 0.44
p value versus placebo 0.73

AUC insulin (nU*h/mL)

Baseline Mean 674.1* 841.3

Change from baseline LS mean —24.7 —57.6
SE of LS mean 82.7 138.2
p value versus baseline 0.77 0.68
p value versus placebo 0.84

iAUC insulin (uU*h/mL)

Baseline Mean 548.7* 735.4

Change from baseline LS mean -18.8 —62.2
SE of LS mean 82.7 138.8
p value versus baseline 0.82 0.66
p value versus placebo 0.80

AUC FFA (mmol*h/L)

Baseline mean 0.73 0.53

Change from baseline LS mean 0.04 —0.05
SE of LS mean 0.07 0.12
p value versus baseline 0.55 0.68
p value versus placebo 0.52

Matsuda

Baseline mean 0.97¢ 0.87

Change from baseline LS mean 0.37 0.10
SE of LS mean 0.12 0.19
p value versus baseline 0.014 0.62
p value versus placebo 0.27

(Continued on next page)
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Table 1. Continued

Parameter PXL770 (n=12) Placebo (n = 4)
OGIS
Baseline mean 224.3* 252.7
Change from baseline LS mean 37.6 -21.8
SE of LS mean 12.3 19.4
p value versus baseline 0.012 0.29
p value versus placebo 0.028
HOMA-IR
Baseline mean 15.4 8.8
Change from baseline LS mean —43 -2.2
SE of LS mean 1.5 2.6
p value versus baseline 0.013 0.42
p value versus placebo 0.50
TG (mg/dL)
Baseline mean 151.2 179.5
Change from baseline LS mean 2.9 9.5
SE of LS mean 11.9 20.9
p value versus baseline 0.81 0.66
p value versus placebo 0.79
VLDL cholesterol (mg/dL)
Baseline mean 30.3 35.8
Change from baseline LS mean 0.6 1.8
SE of LS mean 24 4.2
p value versus baseline 0.82 0.68
p value versus placebo 0.81
Apolipoprotein B (mg/dL)
Baseline mean 102.0 95.5
Change from baseline LS mean 3.2 —43
SE of LS mean 41 71
p value versus baseline 0.45 0.55
p value versus placebo 0.38
HDL-cholesterol (mg/dL)
Baseline mean 43.8 40.3
Change from baseline LS mean -2.0 -1.7
SE of LS mean 1.2 2.1
p value versus baseline 0.11 0.42
p value versus placebo 0.91
LDL-cholesterol (mg/dL)
Baseline mean 118.9 102.0
Change from baseline LS mean 0.2 —6.1
SE of LS mean 5.3 9.3
p value versus baseline 0.97 0.53
p value versus placebo 0.58
ALT (U/L)
Baseline mean 31.2 44.8
Change from baseline LS mean 0.1 -5.1
SE of LS mean 1.2 2.2
p value versus baseline 0.93 0.037
p value versus placebo 0.062
(Continued on next page)
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Table 1. Continued

Parameter PXL770 (n = 12) Placebo (n = 4)
AST (U/L)
Baseline mean 251 27.8
Change from baseline LS mean -0.3 -1.2
SE of LS mean 1.1 1.9
p value versus baseline 0.81 0.53
p value versus placebo 0.67
GGT (U/L)
Baseline mean 34.3 58.8
Change from baseline LS mean -10.2 1.0
SE of LS mean 21 3.8
p value versus baseline 0.0005 0.80
p value versus placebo 0.029
hsCRP (mg/L) (n=11)
mean 7.7 3.4
LS mean -1.0 0.5
SE of LS mean 1.4 2.5
p value versus baseline 0.50 0.85
p value versus placebo 0.64
MCP-1 (pg/mL)
mean 300.4 228.0
LS mean 7.9 -31.9
SE of LS mean 12.7 22.8
p value versus baseline 0.55 0.19
p value versus placebo 0.16

The indicated test results were obtained at baseline and following four weeks of treatment with PXL770. Values for 4 placebo subjects and 12 PXL770
treated subjects are shown except where noted (*n = 10-11 due to incomplete availability of samples from the OGTT). The total AUC or incremental
AUC’s (IAUC) for glucose, C-peptide, insulin, and free fatty acids (FFA) were calculated based on results obtained during oral glucose tolerance tests
(OGTT). Indices of insulin sensitivity (HOMA-IR, Matsuda, OGIS) were calculated as described in StarMethods. Other results were based on baseline or
pre-dose samples obtained under fasting conditions (hsCRP, highly sensitive C-reactive protein; MCP-1, monocyte chemoattractant protein; TG, total
triglycerides; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, y—glutamyl transferase).

tissue levels of endogenous AMPK activity are suppressed by
greater degrees of metabolic dysfunction.?®

Additional plasma lipid assessments

Although standard laboratory measurements of fasting lipids
were not significantly affected by exposure to PXL770, we pur-
sued a broader investigation of selected lipid classes including
circulating diacylglycerols (DG), triacylglycerols (TG), ceramides,
and sphingomyelins. For this purpose, liquid chromatography
and mass spectrometry was used to analyze plasma samples
that were obtained from study subjects at three time points:
baseline (fasting day —2); pre-dose on day 14 (fasting); and 2 h
post-dose on day 14 (fasting). This latter time point coincides
with Cpax for PXL770 exposure. Overall, there were no changes
in selected lipids when baseline samples were compared to pre-
dose day 14 samples. In contrast, a significant decrease in total
DG and TG (—14.4%, p = 0.01, and —16.6%, p = 0.01, respec-
tively) was evident when an assessment of samples from day
14 pre- versus post-dose was made (Figure 4A). Changes from
day 14 pre- versus post-dose were then compared between
PXL770- and placebo-treated subjects. Although this reduction

in total DG and TG induced by PXL770 dosing did not reach sig-
nificance when compared to placebo (p = 0.09 and p = 0.08,
respectively), significant differences in several individual DG
and TG species versus placebo were observed; specifically 4
DGs of 15 analyzed and 19 TGs of 88 analyzed achieved signif-
icance (Figures 4B, 4C, and 4D and Table S2). PXL770 treatment
did not appear to change post-dose total ceramides and sphin-
gomyelins (versus pre-dose or versus placebo; Table S2).

Safety

All adverse events (AE) reported upon initiation of PXL770 or pla-
cebo were mild in severity, with the exception of one moderate
AE (diarrhea in the PXL770 group). No serious AE, death, or se-
vere AE occurred. The most commonly observed AE were events
of diarrhea reported by 6 patients (46%) in the PXL770 group and
4 patients (100%) in the placebo group and occurring mainly on
the days of DNL testing with a similar occurrence at baseline and
at the end of treatment (Table 3). This is consistent with the
administration of high and repeated amounts of fructose.*° Since
AMPK activation has the potential to reduce protein synthesis, it
may be relevant to note that serum albumin and total protein
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Table 2. Analysis of De Novo lipogenesis responders versus low responders

Responders (N = 6)

Low responders (N = 6)

Mean SE. Median Mean SE. Median p value
Peak DNL Inhibition, % —-37 3.2 —38 -3 6.9 -8 0.0039°
Female n (%) 5 (83.3%) 3 (50%) 0.221
Age, years 442 5.9 445 53.4 4.7 515 0.3367
BMI, kg/m? 39.3 2.7 39.0 37.6 3.3 36.0 0.6310
FPG, mg/dL® 133.2% 19.6 123 96.8 4.0 96 0.0782¢°
Insulin, pU/mL* 68.2 21.4 57.6 28.8 5.3 23.2 0.0782¢
AUC glucose, mg*h/dL® 624 87 566 424 19 416 0.0065°
Matsuda index® 0.55 0.08 0.48 1.41 0.18 1.33 0.0090°¢
OGIS index® 174.3 17.3 183.3 274.7 37.2 254.7 0.0283°
AdipolR, mEg/L x pmol/L 213 74 177 83 16 64 0.1093
Adiponectin, ug/mL 3.1 0.5 2.9 4.5 0.5 4.7 0.1488
FFA, mmol/L 0.43 0.05 0.44 0.42 0.02 0.43 1.0000
TG, mg/de 179.8 24.0 176.5 122.5 20.1 102 0.0547¢
ALT, U/L 34.5 7.6 37 28 25 27 0.4217
PXL770 plasma Cmax”, ng/mL 25.8 2.6 26.7 21.3 5.0 171 NS
PXL770 plasma AUCq_12 n°, ng.h/mL 124.9 7.8 123.0 94.7 15.6 71.4 NS

Post-hoc analysis of PXL770 treated de novo lipogenesis (DNL) responders versus low responders. Subjects who achieved® 20% suppression of peak
fructose-stimulated DNL at day 28 versus baseline (day 1) were considered to be responders. Comparison of mean and median (+SE) baseline values
for the indicated parameters from responder versus low responder groups is reported. AUC glucose is based on results from oral glucose tolerance

tests.

#0ne subject was found to have fasting glucose in the diabetic range at randomization.

PPK parameters were assessed on day 28 during the DNL assessment.
CStatistically significant differences (p < 0.05).
9Additional trends of potential interest are italicized.

concentrations were not meaningfully affected (Table S4). In
addition, no clinical pathology effects attributed to reduced he-
patic protein synthesis were evident in chronic preclinical toxi-
cology studies (data not shown).

DISCUSSION

In the present study, we endeavored to assess the effects of
direct AMPK activation in humans with features of the metabolic
syndrome: specifically, in subjects with insulin resistance
and NAFLD with increased BMI. For this purpose, we used
PXL770, a well-characterized orally bioavailable thienopyridone
small molecule that functions as a potent and selective allosteric
activator of multiple recombinant human AMPK complexes.
PXL770 has also been shown to activate AMPK in several rodent
and human-derived cell types and to ameliorate core aspects of
disease in animal models of T2D and NASH.**

The primary endpoint of the study was to examine the PK pro-
file in this patient population; other endpoints were considered
exploratory. Steady state PK measurements revealed that
PXL770 was well absorbed and displayed a long terminal half-
life that supports once-daily oral dosing. The 500 mg daily
dose was chosen based on prior phase 1 studies in healthy vol-
unteers where this dose was well tolerated and exposure levels
had reached a plateau; in addition, appropriate preclinical toxi-
cology results supported this dosing level and the treatment
duration of in the present trial (data not shown). The plasma con-
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centration-time curve in NAFLD patients was also similar to the
profile observed in prior Phase 1 trials. A negative food effect
was evident when comparing fed versus fasted PK parameters
after PXL770 administration as capsule formulation (Figure 2).
Mean plasma exposure in the fed state observed in this study
was still within the range associated with efficacy in rodent effi-
cacy studies (data not shown).

PD measurements revealed effects that are indicative of target
engagement and were potentially suggestive of the potential for
longer term efficacy in metabolic disease. Fructose-stimulated
DNL was significantly suppressed by PXL770. This represents
a classical effect of AMPK activation as ACC is a direct substrate
for the enzyme where phosphorylation results in inhibition lead-
ing to reduced lipogenesis.®' Importantly, both pharmacologic
and genetic AMPK activation have been consistently reported
to reduce DNL and hepatic steatosis in preclinical models;** ¢
in previous experiments, we have also demonstrated that
PXL770 reduces steatosis in rodents and inhibits DNL with equal
potency in isolated human versus mouse hepatocytes. The
reduction in DNL may also be predictive of the potential for
longer term decreases in liver steatosis because NAFLD and
NASH are characterized by substantial increases in DNL.""7 |t
would also be of interest to assess fractional DNL in response
to typical meal intake rather than only in response to fructose.
Increased FFA flux from adipose tissue also represents an
additional major contributor to hepatic lipid deposition;'® how-
ever, the extent to which AMPK can directly inhibit lipolysis
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Table 3. Adverse events

PXL770 500 mg (QD) Placebo (QD)
Number of patients 13 4
Any TEAE 7 (53.8%) 4 (100%)
Any related TEAE 2 (15.4%) 1(25.0%)
Any SAE 0 0
TEAE leading to 0 0
discontinuation
TEAE leading to death 0 0
Any TEAEs
Diarrhea 6 (46.2%) 4 (100%)
Nausea 1(7.7%) 0
Dizziness 1(7.7%) 0
Headache 1(7.7%) 0
Thrombophebitis superficial 0 1(25.0%)
Any related TEAEs
Diarrhea® 1(7.7%) 1(25.0%)
Dizziness 1(7.7%) 0

®Most episodes of diarrhea were coincident with the administration of
oral fructose during the DNL test as discussed in Results.

is uncertain.” Although we did not detect decreases in FFA con-
centrations in response to PXL770, we cannot exclude a poten-
tial effect on lipolysis, because absolute FFA levels were normal
and lipolysis was not directly measured.

Given variability seen in the DNL response to PXL770 (Figure 3),
we were motivated to assess potential differences in the pheno-
type of subjects with greater versus lesser evidence of target
engagement. This comparison revealed that “responder” subjects
were more glucose intolerant and insulin resistant and tended to
also have higher fasting glucose and TG levels at baseline. These
findings are consistent with prior literature showing that greater
degrees of metabolic dysfunction (or inflammation) are associated
with lower levels of endogenous AMPK activity.”® For example,
high glucose suppresses AMPK activity in human cells and in vivo
in rat tissues.®®*° Moreover, adipose tissue AMPK activity is
reduced in obese insulin-resistant humans*'“? and exercise-stim-
ulated skeletal muscle AMPK activity is attenuated in obese pa-
tients with T2D.*® Although it was not feasible to measure AMPK
activity in tissues from subjects enrolled in our study, we speculate
that greater responses to pharmacologic AMPK activation might
be predicted to occur in individuals with lower endogeous AMPK
“tone.” Future studies will help confirm this hypothesis.

Potential improvements in FPG and glucose levels during the
OGTT were noted in subjects treated with PXL770 relative to
baseline measurements, although these effects were not signif-
icant when compared to placebo. Several indices of insulin
sensitivity appeared to be improved in PXL770-treated subjects.

Cell Reports Medicine

However, it should be noted that there was a substantial imbal-
ance between mean baseline values of HOMA-IR in the PXL770
group versus placebo (Table S1). As HOMA-IR is based on fast-
ing parameters, this difference suggests a greater degree of he-
patic insulin resistance in the PXL770 group; in contrast, no
obvious baseline differences in other indices (Matsuda and
OGIS), which are more likely to be measures of peripheral insulin
sensitivity, were noted. Improved insulin sensitivity in response
to PXL770 treatment may be consistent with predictions based
on several lines of preclinical evidence and suggest the potential
for longer term therapeutic utility in diabetes as well as in the
context of NAFLD-NASH'®'® or other disorders such as polycy-
stic ovary syndrome® in which insulin resistance is a central
component of pathophysiology. Prior studies with a variety of
pharmacologic AMPK activators, both direct and indirect, have
yielded consistent effects to ameliorate hyperglycemia in both
rodent***” and non-human primate models.*” Effects in other
preclinical model systems have suggested the potential for
AMPK activation to enhance insulin sensitivity; this includes
the effects of AMPK to enhance insulin signaling® and GLUT4
glucose transporter-mediated glucose uptake;*® the latter effect
of AMPK has also been implicated as a major mechanism for
increased muscle glucose uptake and metabolism during exer-
cise.'® Of note, PXL770 was recently shown to produce substan-
tial improvements in whole body insulin sensitivity (via hyperinsu-
linemic clamp) in high-fat-diet-induced obese insulin-resistant
mice.”® Further studies involving clamp experiments will be
required to confirm that direct AMPK activation has a bona fide
effect on insulin sensitivity in humans.

Variable effects of AMPK activation on circulating total choles-
terol and TG have been reported in studies of direct AMPK activa-
tors in animal models.'®*° In the current study, no effects of
PXL770 were noted when fasting lipids were assessed (in associ-
ation with low trough drug levels). However, when selected lipid
classes were examined using samples obtained at or near the
time of Cmax drug exposure, a potential acute effect to lower
certain DG and TG species was evident. These findings may be
important given that elevated plasma levels of these classes are
associated with NAFLD-NASH"%*? and have been suggested to
be potential biomarkers of steatosis severity and disease progres-
sion.*%® Several of the DG and TG species affected by PXL770
(DG 32:2, DG 34:2, DG 36:1, DG 36:2, TG 50:4, and TG 48:4)
have also been associated with increased lobular inflammation,
ballooning, steatosis, insulin resistance, HbA1c, and visceral adi-
pose tissue.®' Changes in DG are of potentially broad importance
given that this lipid class has been implicated as “lipotoxic” in the
pathophysiology of a range of metabolic diseases.>*>°

We did not detect significant effects on several parameters that
have been previously suggested as linked to AMPK activation.'®
This includes a lack of effect to reduce markers of inflammation:
hsCRP or MCP-1. ALT and AST levels were also unaffected

Figure 4. PXL770 acutely decreases diacylglycerides and triacylglycerols

Plasma samples were assayed using liquid chromatography coupled to mass spectrometry to detect and quantitate a range of selected circulating lipids. Day 14
samples were collected from both placebo and PXL770 treated subjects at pre-dose (trough) and 2 h post-dose (Cmax) time points; both under fasted conditions.
Plasma total DG and TG are expressed as relative intensity (sum of the normalized peak areas of all detected DG and TG species) pre-dose and 2 h post-dose at
day 14 for placebo (n = 4 patients) and PXL770 (n = 12 patients); mean + SD, *p < 0.05 versus day 14 pre-dose (A). Change from pre-dose to 2 h post-dose on day
14 for total (B) and specific DG (C) and TG (D); mean + SD, *p < 0.05 versus placebo.
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although GGT levels were reduced; this suggests the potential for
a liver benefit given that GGT levels are frequently elevated (and
may confer a higher risk of progression) in the context of
NAFLD.® It should be noted that the aforementioned parameters
were generally within normal reference ranges at baseline.

To our knowledge, no other direct AMPK activator has been
previously studied in human patients with metabolic disease.
Single doses of one such molecule®® (PF-06409577) were
administered to healthy subjects (ClinicalTrials.gov identifier
NCT02286882); however, no results have been reported to
date. Attempts to discover and develop direct allosteric AMPK
activators have also been hindered by multiple challenges,
including very low oral bioavailability as seen with A-769662*°
or the finding of untoward safety findings in preclinical species
as reported with MK-8722.%"

Steneberg et al. reported effects of a molecule referred to as
08304 in both diet-induced obese mice and in a small number of
patients with T2D.*” Importantly, 0304 does not directly activate
AMPK; it appears to augment AMPK activation exclusively via a
mechanism involving inhibition of dephosphorylation; thus, its ef-
fectsin vivo might reflect actions that are also AMPK independent.
Several commonly prescribed drugs, most notably metformin but
also thiazolidinediones such as pioglitazone, have been reported
to enhance AMPK activity through indirect (upstream) path-
ways.’®* Importantly, these examples suggest that prolonged
AMPK activation, at least at low levels, is likely to be safe. How-
ever, these therapies also clearly operate through additional
non-AMPK related pathways, including the inhibition of mitochon-
drial glycerophosphate dehydrogenase® and PPARy activation
plus unrelated non-genomic pathways,®"* respectively.

Safety was carefully monitored in this study. No individual
serious adverse events were attributed to PXL770 and there
was no evidence of any safety signals that exceeded effects
seen in the placebo group nor any evidence of laboratory or
ECG-related abnormalities of concern. This safety and tolera-
bility profile was also consonant with results obtained in phase
| with healthy subjects (data not shown).

AMPK activation has been proposed as a therapeutic target
for a broad range of diseases.'” The experimental medicine
study described herein demonstrates that this approach, via
leveraging a small molecule allosteric activator, could achieve
systemic measurable levels of target engagement. Effects on
selected metabolic efficacy signals suggest the potential for
translation from animals to humans. However, in light of the lim-
itations of this study, noted below, effects on these exploratory
pharmacodynamic endpoints should be interpreted with
caution. Our findings also indicate that AMPK activation is well
tolerated and associated with adequate safety to allow for longer
term future studies.

Limitations of the study

This was a Phase 1B study with a limited number of subjects
where the primary outcome was to determine PK parameters
of PXL770. Other measured parameters were exploratory. The
inclusion of a very small (n = 4) number of placebo-treated sub-
jects did not allow for an appropriate control group with which to
accurately compare potential effects of PXL770 on pharmacody-
namic parameters; there was also a potential study effect on
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selected parameters (e.g., FPG and glucose AUC) evidenced
by potential changes in the placebo group. In addition, statistical
analyses of exploratory endpoints did not include adjustments
for multiplicity and should therefore be interpreted with caution.
Plasma exposure levels were also substantially affected by food
intake; this is likely to have significantly limited the extent of po-
tential effects on efficacy-related parameters such as fasting
glucose and lipid values. Efforts to address this issue in order
to optimize plasma exposure levels of PXL770 should be consid-
ered to potentially allow for better exposure and assessment of
the effects of direct AMPK activation in humans with this mole-
cule. The short time frame (28 days) of this study was also a lim-
itation and may have precluded the ability to detect additional
metabolic efficacy-related signals such as weight loss and de-
creases in lipids or inflammation parameters.

STAR*x METHODS

Detailed methods are provided in the online version of this paper
and include the following:

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

O Lead contact

O Materials availability

O Data and code availability

EXPERIMENTAL MODEL AND SUBJECT DETAILS
METHOD DETAILS

O Study design

Pharmacokinetics

De novo lipogenesis (DNL)

Oral glucose tolerance testing (OGTT)
Additional pharmacodynamic measurements
Additional lipid assessments

Safety assessments

QUANTIFICATION AND STATISTICAL ANALYSIS
e ADDITIONAL RESOURCES

O OO0OO0OO0O0

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/].
xcrm.2021.100474.

ACKNOWLEDGMENTS

The study was funded by the sponsor, Poxel SA, a biotechnology company,
and was registered in ClinicalTrials.gov: NCT03950882.

AUTHOR CONTRIBUTIONS

Conceptualization, C.C., J.D., P.F., S.B., S.H.-B., J.M.G., and K.C.; methodol-
ogy and data interpretation, C.C., F.M., J.D., P.F., S.B., D.E.M. P.G.-D, P.T.,
J.M.G., and K.C.; writing-original draft, D.E.M. and J.D.; writing-review and ed-
iting, all authors; supervision, P.F., S.B., and S.H.-B.

DECLARATION OF INTERESTS
C.C,,D.EM.,F.M,J.D.,P.G.-D., P.F.,P.T., S.B., and S.H.-B. are employees of
Poxel SA and have received stock options as a condition of employment. K.C.

has served as a consultant for Allergan, Altimmune, Arrowhead, AstraZeneca,
BMS, Boehringer Ingelheim, Coherus, Eli Lilly, Fractyl, Hanmi, Genentech,

Cell Reports Medicine 2, 100474, December 21, 2021 11



http://ClinicalTrials.gov
https://doi.org/10.1016/j.xcrm.2021.100474
https://doi.org/10.1016/j.xcrm.2021.100474
http://ClinicalTrials.gov

¢? CellPress

OPEN ACCESS

Gilead, Intercept, Janssen, Pfizer, Poxel, Prosciento, Madrigal, and Novo Nor-
disk. The study was funded and designed by the sponsor (Poxel SA) with the
support of expert consultants in the NASH field. The corresponding author, all
co-authors, and the sponsor had full responsibility for the decision to submit
for publication.

Patents WO2011080277A1 and WO2020099678A1, owned by Poxel SA, are
related to this work.

Received: May 31, 2021
Revised: October 14, 2021
Accepted: November 19, 2021
Published: December 21, 2021

REFERENCES

1. Carling, D. (2017). AMPK signalling in health and disease. Curr. Opin. Cell
Biol. 45, 31-37.

2. Lin, S.C., and Hardie, D.G. (2018). AMPK: Sensing glucose as well as
cellular energy status. Cell Metab. 27, 299-313.

3. Kim, S.J., Tang, T., Abbott, M., Viscarra, J.A., Wang, Y., and Sul, H.S.
(2016). AMPK phosphorylates desnutrin/ATGL and hormone-sensitive
lipase to regulate lipolysis and fatty acid oxidation within adipose tissue.
Mol. Cell. Biol. 36, 1961-1976.

4. Kopietz, F., Berggreen, C., Larsson, S., Séll, J., Ekelund, M., Sakamoto,
K., Degerman, E., Holm, C., and Géransson, O. (2018). AMPK activation
by A-769662 and 991 does not affect catecholamine-induced lipolysis in
human adipocytes. Am. J. Physiol. Endocrinol. Metab. 375, E1075-E1085.

5. Liong, S., and Lappas, M. (2015). Activation of AMPK improves inflamma-
tion and insulin resistance in adipose tissue and skeletal muscle from
pregnant women. J. Physiol. Biochem. 77, 703-717.

6. Chopra, I., Li, H.F., Wang, H., and Webster, K.A. (2012). Phosphorylation
of the insulin receptor by AMP-activated protein kinase (AMPK) promotes
ligand-independent activation of the insulin signalling pathway in rodent
muscle. Diabetologia 55, 783-794.

7. Salt, I.P., and Palmer, T.M. (2012). Exploiting the anti-inflammatory effects
of AMP-activated protein kinase activation. Expert Opin. Investig. Drugs
21,1155-1167.

8. Liang, Z., Li, T., Jiang, S., Xu, J., Di, W., Yang, Z., Hu, W., and Yang, Y.
(2017). AMPK: a novel target for treating hepatic fibrosis. Oncotarget 8,
62780-62792.

9. Zhao, P., Sun, X., Chaggan, C., Liao, Z., In Wong, K., He, F., Singh, S.,
Loomba, R., Karin, M., Witztum, J.L., and Saltiel, A.R. (2020). An AMPK-
caspase-6 axis controls liver damage in nonalcoholic steatohepatitis. Sci-
ence 367, 652-660.

10. Steinberg, G.R., and Carling, D. (2019). AMP-activated protein kinase: the
current landscape for drug development. Nat. Rev. Drug Discov. 18,
527-551.

11. Weidling, I., and Swerdlow, R.H. (2016). The ABCD’s of 5¢-adenosine
monophosphate-activated protein kinase and adrenoleukodystrophy.
J. Neurochem. 738, 10-13.

12. Song, X., Tsakiridis, E., Steinberg, G.R., and Pei, Y. (2020). Targeting
AMP-activated protein kinase (AMPK) for treatment of autosomal domi-
nant polycystic kidney disease. Cell. Signal. 73, 109704.

13. Smith, B.K., Marcinko, K., Desjardins, E.M., Lally, J.S., Ford, R.J., and
Steinberg, G.R. (2016). Treatment of nonalcoholic fatty liver disease: role
of AMPK. Am. J. Physiol. Endocrinol. Metab. 371, E730-E740.

14. Cotter, T.G., and Rinella, M. (2020). Nonalcoholic fatty liver disease 2020:
the state of the disease. Gastroenterology 758, 1851-1864.

15. Cusi, K. (2012). Role of obesity and lipotoxicity in the development of
nonalcoholic steatohepatitis: pathophysiology and clinical implications.
Gastroenterology 742, 711-725.e6.

16. Smith, G.l., Shankaran, M., Yoshino, M., Schweitzer, G.G., Chondronikola,
M., Beals, J.W., Okunade, A.L., Patterson, B.W., Nyangau, E., Field, T.,

12 Cell Reports Medicine 2, 100474, December 21, 2021

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Cell Reports Medicine

et al. (2020). Insulin resistance drives hepatic de novo lipogenesis in nonal-
coholic fatty liver disease. J. Clin. Invest. 130, 1453-1460.

Kitade, H., Chen, G., Ni, Y., and Ota, T. (2017). Nonalcoholic fatty liver dis-
ease and insulin resistance: new insights and potential new treatments.
Nutrients 9, 387.

Khan, R.S., Bril, F., Cusi, K., and Newsome, P.N. (2019). Modulation of insu-
lin resistance in nonalcoholic fatty liver disease. Hepatology 70, 711-724.

Cusi, K. (2020). Time to include nonalcoholic steatohepatitis in the man-
agement of patients with Type 2 diabetes. Diabetes Care 43, 275-279.

Gastaldelli, A., and Cusi, K. (2019). From NASH to diabetes and from dia-
betes to NASH: Mechanisms and treatment options. JHEP Rep 7, 312-328.

Eslam, M., Newsome, P.N., Sarin, S.K., Anstee, Q.M., Targher, G.,
Romero-Gomez, M., Zelber-Sagi, S., Wai-Sun Wong, V., Dufour, J.F.,
Schattenberg, J.M., et al. (2020). A new definition for metabolic dysfunc-
tion-associated fatty liver disease: An international expert consensus
statement. J. Hepatol. 73, 202-209.

Eslam, M., Sanyal, A.J., and George, J.; International Consensus Panel
(2020). International Consensus P. MAFLD: A consensus-driven proposed
nomenclature for metabolic associated fatty liver disease. Gastroenter-
ology 158, 1999-2014.e1.

Gluais-Dagorn, P., Foretz, M., Steinberg, G.R., et al. (2021). Direct AMPK
activation corrects NASH in rodents through metabolic effects and direct
action on inflammation and fibrogenesis (Hepatol Commun). https://doi.
org/10.1002/hep4.1799.

Park, C.C., Nguyen, P., Hernandez, C., Bettencourt, R., Ramirez, K., Fort-
ney, L., Hooker, J., Sy, E., Savides, M.T., Alquiraish, M.H., et al. (2017).
Magnetic resonance elastography vs transient elastography in detection
of fibrosis and noninvasive measurement of steatosis in patients with bi-
opsy-proven nonalcoholic fatty liver disease. Gastroenterology 152,
598-607.e2.

Qu, H.Q., Li, Q., Rentfro, A.R., Fisher-Hoch, S.P., and McCormick, J.B.
(2011). The definition of insulin resistance using HOMA-IR for Americans
of Mexican descent using machine learning. PLoS ONE 6, e21041.

Paglialunga, S., and Dehn, C.A. (2016). Clinical assessment of hepatic
de novo lipogenesis in non-alcoholic fatty liver disease. Lipids Health
Dis. 15, 159.

Matsuda, M., and DeFronzo, R.A. (1999). Insulin sensitivity indices ob-
tained from oral glucose tolerance testing: comparison with the euglyce-
mic insulin clamp. Diabetes Care 22, 1462-1470.

Mari, A., Pacini, G., Murphy, E., Ludvik, B., and Nolan, J.J. (2001). A
model-based method for assessing insulin sensitivity from the oral glucose
tolerance test. Diabetes Care 24, 539-548.

Viollet, B., Horman, S., Leclerc, J., Lantier, L., Foretz, M., Billaud, M., Giri,
S., and Andreelli, F. (2010). AMPK inhibition in health and disease. Crit.
Rev. Biochem. Mol. Biol. 45, 276-295.

Stiede, K., Miao, W., Blanchette, H.S., Beysen, C., Harriman, G., Harwood,
H.J., Jr., Kelley, H., Kapeller, R., Schmalbach, T., and Westlin, W.F. (2017).
Acetyl-coenzyme A carboxylase inhibition reduces de novo lipogenesis in
overweight male subjects: A randomized, double-blind, crossover study.
Hepatology 66, 324-334.

Fullerton, M.D., Galic, S., Marcinko, K., Sikkema, S., Pulinilkunnil, T., Chen,
Z.P., O'Neill, H.M., Ford, R.J., Palanivel, R., O’'Brien, M., et al. (2013). Single
phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis and the
insulin-sensitizing effects of metformin. Nat. Med. 79, 1649-1654.
Boudaba, N., Marion, A., Huet, C., Pierre, R., Viollet, B., and Foretz, M.
(2018). AMPK re-activation suppresses hepatic steatosis but its downre-
gulation does not promote fatty liver development. EBioMedicine 28,
194-209.

Woods, A., Williams, J.R., Muckett, P.J., Mayer, F.V., Liljevald, M., Bohlo-
oly-Y, M., and Carling, D. (2017). Liver-specific activation of AMPK pre-
vents steatosis on a high-fructose diet. Cell Rep. 18, 3043-3051.

Garcia, D., Hellberg, K., Chaix, A., Wallace, M., Herzig, S., Badur, M.G.,
Lin, T., Shokhirev, M.N., Pinto, A.F.M., Ross, D.S., et al. (2019). Genetic


http://refhub.elsevier.com/S2666-3791(21)00346-3/sref1
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref1
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref2
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref2
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref3
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref3
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref3
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref3
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref4
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref4
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref4
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref4
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref5
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref5
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref5
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref6
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref6
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref6
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref6
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref7
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref7
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref7
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref8
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref8
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref8
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref9
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref9
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref9
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref9
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref10
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref10
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref10
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref11
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref11
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref11
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref12
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref12
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref12
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref13
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref13
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref13
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref14
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref14
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref15
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref15
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref15
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref16
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref16
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref16
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref16
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref17
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref17
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref17
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref18
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref18
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref19
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref19
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref20
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref20
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref21
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref21
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref21
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref21
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref21
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref22
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref22
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref22
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref22
https://doi.org/10.1002/hep4.1799
https://doi.org/10.1002/hep4.1799
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref24
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref24
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref24
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref24
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref24
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref24
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref25
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref25
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref25
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref26
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref26
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref26
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref27
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref27
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref27
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref28
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref28
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref28
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref29
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref29
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref29
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref30
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref30
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref30
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref30
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref30
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref31
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref31
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref31
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref31
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref32
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref32
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref32
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref32
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref33
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref33
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref33
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref34
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref34

Cell Reports Medicine

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45.

46.

47.

48.

liver-specific AMPK activation protects against diet-induced obesity and
NAFLD. Cell Rep. 26, 192-208.€6.

Gomez-Galeno, J.E., Dang, Q., Nguyen, T.H., Boyer, S.H., Grote, M.P.,
Sun, Z., Chen, M., Craigo, W.A., van Poelje, P.D., MacKenna, D.A., et al.
(2010). A potent and selective AMPK activator that inhibits de novo lipo-
genesis. ACS Med. Chem. Lett. 1, 478-482.

Zhao, P., and Saltiel, A.R. (2020). From overnutrition to liver injury: AMP-
activated protein kinase in nonalcoholic fatty liver diseases. J. Biol.
Chem. 295, 12279-12289.

Lambert, J.E., Ramos-Roman, M.A., Browning, J.D., and Parks, E.J.
(2014). Increased de novo lipogenesis is a distinct characteristic of individ-
uals with nonalcoholic fatty liver disease. Gastroenterology 746, 726-735.

Weikel, K.A., Cacicedo, J.M., Ruderman, N.B., and Ido, Y. (2015). Glucose
and palmitate uncouple AMPK from autophagy in human aortic endothelial
cells. Am. J. Physiol. Cell Physiol. 308, C249-C263.

Kraegen, E.W., Saha, A.K,, Preston, E., Wilks, D., Hoy, A.J., Cooney, G.J.,
and Ruderman, N.B. (2006). Increased malonyl-CoA and diacylglycerol
content and reduced AMPK activity accompany insulin resistance induced
by glucose infusion in muscle and liver of rats. Am. J. Physiol. Endocrinol.
Metab. 290, E471-E479.

Lee, M.J., Feliers, D., Mariappan, M.M., Sataranatarajan, K., Mahimaina-
than, L., Musi, N., Foretz, M., Viollet, B., Weinberg, J.M., Choudhury,
G.G., and Kasinath, B.S. (2007). A role for AMP-activated protein kinase
in diabetes-induced renal hypertrophy. Am. J. Physiol. Renal Physiol.
292, F617-F627.

Gauthier, M.S., O’Brien, E.L., Bigornia, S., Mott, M., Cacicedo, J.M., Xu,
X.J., Gokce, N., Apovian, C., and Ruderman, N. (2011). Decreased
AMP-activated protein kinase activity is associated with increased inflam-
mation in visceral adipose tissue and with whole-body insulin resistance
in morbidly obese humans. Biochem. Biophys. Res. Commun. 404,
382-387.

Xu, X.J., Gauthier, M.S., Hess, D.T., Apovian, C.M., Cacicedo, J.M.,
Gokce, N., Farb, M., Valentine, R.J., and Ruderman, N.B. (2012). Insulin
sensitive and resistant obesity in humans: AMPK activity, oxidative stress,
and depot-specific changes in gene expression in adipose tissue. J. Lipid
Res. 53, 792-801.

Sriwijitkamol, A., Coletta, D.K., Wajcberg, E., Balbontin, G.B., Reyna,
S.M., Barrientes, J., Eagan, P.A., Jenkinson, C.P., Cersosimo, E., De-
Fronzo, R.A,, et al. (2007). Effect of acute exercise on AMPK signaling in
skeletal muscle of subjects with type 2 diabetes: a time-course and
dose-response study. Diabetes 56, 836-848.

Diamanti-Kandarakis, E., and Dunaif, A. (2012). Insulin resistance and the
polycystic ovary syndrome revisited: an update on mechanisms and impli-
cations. Endocr. Rev. 33, 981-1030.

Cool, B., Zinker, B., Chiou, W., Kifle, L., Cao, N., Perham, M., Dickinson,
R., Adler, A., Gagne, G., lyengar, R., et al. (2006). |dentification and char-
acterization of a small molecule AMPK activator that treats key compo-
nents of type 2 diabetes and the metabolic syndrome. Cell Metab. 3,
403-416.

Cokorinos, E.C., Delmore, J., Reyes, A.R., Albuguerque, B., Kjgbsted, R.,
Jorgensen, N.O., Tran, J.L., Jatkar, A., Cialdea, K., Esquejo, R.M., et al.
(2017). Activation of skeletal muscle AMPK promotes glucose disposal
and glucose lowering in non-human primates and mice. Cell Metab. 25,
1147-1159.e10.

Myers, R.W., Guan, H.P., Ehrhart, J., Petrov, A., Prahalada, S., Tozzo, E.,
Yang, X., Kurtz, M.M., Trujillo, M., Gonzalez Trotter, D., et al. (2017). Sys-
temic pan-AMPK activator MK-8722 improves glucose homeostasis but
induces cardiac hypertrophy. Science 357, 507-511.

Kurth-Kraczek, E.J., Hirshman, M.F., Goodyear, L.J., and Winder, W.W.
(1999). 5¢ AMP-activated protein kinase activation causes GLUT4 translo-
cation in skeletal muscle. Diabetes 48, 1667-1671.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61

62.

63.

64.

65.

¢? CellPress

OPEN ACCESS

Esquejo, R.M., Salatto, C.T., Delmore, J., Albuguerque, B., Reyes, A., Shi,
Y., Moccia, R., Cokorinos, E., Peloquin, M., Monetti, M., et al. (2018). Acti-
vation of liver AMPK with PF-06409577 corrects NAFLD and lowers
cholesterol in rodent and primate preclinical models. EBioMedicine 37,
122-132.

Ooi, G.J., Meikle, P.J., Huynh, K., Earnest, A., Roberts, S.K., Kemp, W.,
Parker, B.L., Brown, W., Burton, P., and Watt, M.J. (2021). Hepatic lipido-
mic remodeling in severe obesity manifests with steatosis and does not
evolve with non-alcoholic steatohepatitis. J. Hepatol. 75, 524-535.

Jung, Y., Lee, M.K., Puri, P., Koo, B.K,, Joo, S.K., Jang, S.Y., Lee, D.H.,
Jung, Y.J., Kim, B.G., Lee, K.L., et al. (2020). Circulating lipidomic alter-
ations in obese and non-obese subjects with non-alcoholic fatty liver dis-
ease. Aliment. Pharmacol. Ther. 52, 1603-1614.

Puri, P., Wiest, M.M., Cheung, O., Mirshahi, F., Sargeant, C., Min, H.K,,
Contos, M.J., Sterling, R.K., Fuchs, M., Zhou, H., et al. (2009). The plasma
lipidomic signature of nonalcoholic steatohepatitis. Hepatology 50, 1827-
1838.

Gorden, D.L., Myers, D.S., Ivanova, P.T., Fahy, E., Maurya, M.R., Gupta,
S., Min, J., Spann, N.J., McDonald, J.G., Kelly, S.L., et al. (2015). Bio-
markers of NAFLD progression: a lipidomics approach to an epidemic.
J. Lipid Res. 56, 722-736.

Boden, G. (2011). Obesity, insulin resistance and free fatty acids. Curr.
Opin. Endocrinol. Diabetes Obes. 78, 139-143.

Carlier, A., Phan, F., Szpigel, A., Hajduch, E., Salem, J.E., Gautheron, J.,
Le Goff, W., Guérin, M., Lachkar, F., Ratziu, V., et al. (2020). Dihydrocera-
mides in triglyceride-enriched VLDL are associated with nonalcoholic fatty
liver disease severity in Type 2 diabetes. Cell Rep Med 7, 100154.

Fujii, H., Doi, H., Ko, T., Fukuma, T., Kadono, T., Asaeda, K., Kobayashi, R.,
Nakano, T., Doi, T., Nakatsugawa, Y., et al. (2020). Frequently abnormal
serum gamma-glutamyl transferase activity is associated with future
development of fatty liver: a retrospective cohort study. BMC Gastroen-
terol. 20, 217.

Steneberg, P., Lindahl, E., Dahl, U., Lidh, E., Straseviciene, J., Backlund,
F., Kjellkvist, E., Berggren, E., Lundberg, |., Bergqvist, |., et al. (2018).
PAN-AMPK activator O304 improves glucose homeostasis and microvas-
cular perfusion in mice and type 2 diabetes patients. JCI Insight 3, 3.
Zhou, G., Myers, R., Li, Y., Chen, Y., Shen, X., Fenyk-Melody, J., Wu, M.,
Ventre, J., Doebber, T., Fujii, N., et al. (2001). Role of AMP-activated pro-
tein kinase in mechanism of metformin action. J. Clin. Invest. 7108, 1167-
1174.

Kim, J., Yang, G., Kim, Y., Kim, J., and Ha, J. (2016). AMPK activators:
mechanisms of action and physiological activities. Exp. Mol. Med. 48,
e224.

LaMoia, T.E., and Shulman, G.I. (2021). Cellular and molecular mecha-
nisms of metformin action. Endocr. Rev. 42, 77-96.

. Cariou, B., Charbonnel, B., and Staels, B. (2012). Thiazolidinediones and

PPARY agonists: time for a reassessment. Trends Endocrinol. Metab.
23, 205-215.

Jacques, V., Bolze, S., Hallakou-Bozec, S., et al. (2021). Deuterium-stabi-
lized (R)-pioglitazone (PXL065) is responsible for pioglitazone efficacy in
NASH yet exhibits little to no PPARYy activity (Hepatology Communica-
tions).

Strawford, A., Antelo, F., Christiansen, M., and Hellerstein, M.K. (2004).
Adipose tissue triglyceride turnover, de novo lipogenesis, and cell prolifer-
ation in humans measured with 2H20. Am. J. Physiol. Endocrinol. Metab.
286, E577-E588.

Murphy, R.C., Fiedler, J., and Hevko, J. (2001). Analysis of nonvolatile
lipids by mass spectrometry. Chem. Rev. 101, 479-526.
Martinez-Arranz, |., Mayo, R., Pérez-Cormenzana, M., Mincholé, 1., Sala-
zar, L., Alonso, C., and Mato, J.M. (2015). Enhancing metabolomics
research through data mining. J. Proteomics 127 (Pt B), 275-288.

Cell Reports Medicine 2, 100474, December 21, 2021 13



http://refhub.elsevier.com/S2666-3791(21)00346-3/sref34
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref34
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref35
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref35
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref35
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref35
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref36
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref36
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref36
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref37
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref37
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref37
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref38
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref38
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref38
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref39
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref39
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref39
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref39
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref39
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref40
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref40
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref40
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref40
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref40
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref41
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref41
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref41
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref41
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref41
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref41
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref42
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref42
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref42
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref42
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref42
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref43
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref43
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref43
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref43
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref43
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref44
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref44
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref44
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref45
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref45
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref45
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref45
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref45
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref46
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref46
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref46
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref46
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref46
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref47
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref47
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref47
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref47
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref48
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref48
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref48
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref49
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref49
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref49
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref49
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref49
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref50
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref50
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref50
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref50
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref51
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref51
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref51
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref51
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref52
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref52
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref52
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref52
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref53
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref53
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref53
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref53
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref54
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref54
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref55
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref55
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref55
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref55
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref56
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref56
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref56
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref56
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref56
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref57
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref57
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref57
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref57
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref58
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref58
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref58
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref58
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref59
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref59
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref59
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref60
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref60
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref61
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref61
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref61
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref62
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref62
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref62
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref62
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref62
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref62
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref63
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref63
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref63
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref63
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref64
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref64
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref65
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref65
http://refhub.elsevier.com/S2666-3791(21)00346-3/sref65

¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

STARx METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Subjects recruitment and sample collection High Point Clinical Trials Center NA
https://highpointctc.com/
Texas Liver Institute
https://txliver.com/

Chemicals, peptides, and recombinant proteins

Deuterated water (D20, 70% + 5 %) Cambridge Isotope Laboratories NA
https://www.isotope.com/

Fructose Archer Daniels Midland Product Code: 010034
https://www.adm.com/

PXL770 Poxel SA NA

https://www.poxelpharma.com

Critical commercial assays

Biochemistry/Safety analysis including glucose, insulin, C-peptide, Cerba Research NA
lipids, inflammatory biomarker and liver enzymes https://www.cerbaresearch.com/
Lipidomic analysis One Way Liver, S.L NA

https://www.owlmetabolomics.com/
liver-disease-diagnosis.aspx

Pharmacokinetic samples analysis Charles River Laboratories NA
https://www.criver.com/

De novo lipogenesis Metabolic Solutions NA
https://www.metsol.com/

Software and algorithms

Phoenix® WinNonlin® Certara Version 8.1
https://www.certara.com

TargetLynx application manager/MassLynx Waters Corp Version 4.1
https://www.waters.com
SAS SAS Institute Version 9.4

https://www.sas.com

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the Lead Contact, Pierre Theurey (pierre.theurey@
poxelpharma.com). Limited quantities of PXL770 may be available under a Material Transfer Agreement.

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
The clinical data reported in this study cannot be deposited in a public repository because of privacy and ethical reasons. To request
access, contact the lead contact at pierre.theurey@poxelpharma.com.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This was an exploratory Phase 1b, double-blind, placebo-controlled, randomized 4-week study conducted at 2 sites in USA. After
screening, eligible subjects were randomized in a 3:1 ratio (PXL770: placebo) to receive either PXL770 500 mg QD or matched
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placebo orally. Subjects were given 2 hard gelatin capsules QD (2 x PXL770, 250 mg QD or placebo). The placebo capsules were
identical in size and appearance to the active drug capsules.

Adults (18-75 years) with NAFLD based on a CAP score > 300 dB/m by transient elastography (Fibroscan™) as a validated pre-
dictor of hepatic steatosis®, and HOMA-IR > 2.5°° but without evidence of diabetes (fasting plasma glucose < 126 mg/dL) and
elevated ALT concentrations (> 20 U/l in women and > 30 U/L in men) were enrolled. This ALT eligibility criterion was secondarily
removed following a protocol amendment on Nov 07, 2019 when it was deemed to be too restrictive.

Patients were excluded if they: had evidence of advanced fibrosis as assessed by liver stiffness measurement (Fibroscan) ® 14 kPa,
evidence of hepatic impairment, AST/ALT > 200 U/L, clinically significant acute or chronic liver disease unrelated to non-alcoholic
steatohepatitis; any cardiovascular event or evidence of active cardiovascular disease within 6 months of screening.

METHOD DETAILS

Study design

The study protocol was approved by local ethics committees before trial initiation. The study was conducted in compliance with In-
ternational Conference on Harmonization, E6 Good Clinical Practice (GCP) guidelines. Written informed consent was obtained from
all patients before beginning any study-related activities. Patients were allocated to treatment groups via an interactive web response
system. Investigators, staff, patients, and the funder remained masked throughout the study period. After a screening period, study
treatment was administered for 4 weeks. Subjects were then followed up for 1 additional week. Subjects were confined at the study
site for single day periods of time to accommodate testing that included PK measurements, OGTT tests and fructose-stimulated DNL
measurements (Figure 1A).

Pharmacokinetics

Blood samples for PK analysis of PXL770 were collected from each subject predose on Days 14 (fasting conditions) and 26 (fed con-
ditions — standardized breakfast) at 30 min, 45 min, and 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 16, and 24 h postdose, and on Day 28 during the
DNL assessment at the same time points as employed in the DNL procedure. Plasma concentrations of PXL770 were analyzed using
validated protein precipitation and high-performance liquid chromatography tandem mass spectroscopy (HPLC-MS/MS) methods.
Pharmacokinetic samples collected from subjects who received placebo were not analyzed for PXL770. The analytical phase was
carried out in accordance with GCP guidelines. The lower limit of quantification for PXL770 plasma concentrations was 10 ng/mL.
Pharmacokinetic data were analyzed using validated PK analysis software (Phoenix® WinNonlin® version 8.1, Certara, Princeton,
NJ). All PK analyses were performed, saved, and audit trailed in a 21 Code of Federal Regulations Part 11 compliant Oracle database
(Phoenix® Knowledgebase Server Online). All plasma PK parameters were calculated using actual time points relative to the time of
study drug administration. If actual time was missing, nominal time was used.

De novo lipogenesis (DNL)

Fractional hepatic DNL was assessed at baseline and following the administration of PXL770 or placebo for 4 weeks. The DNL
assessment was performed after a period of 48 h of restricted diet and physical activity. A fructose-loading procedure was employed
to induce a DNL signal, using D,O as a tracer to measure the fractional contribution of hepatic DNL to triglyceride-palmitate®® . The
night prior to the DNL procedure, subjects consumed 200 mL of 70% D,O divided into 4 doses, each separated by a minimum of 1.5
h, under the supervision of the clinical study site staff. Other than D,O administration, subjects were fasted overnight. Following the
overnight fast, subjects then received small volumes of a chilled oral fructose solution (50-75mL, 0.25 g/kg body weight) every 30 min
for a total of 18 doses. Blood samples were collected every h for the assessment of fructose stimulated DNL for up to 10 h. Body
water enrichment was measured from blood samples collected at select time points during the DO labeling periods and during
the fructose feeding. Fructose-induced fractional DNL was determined by calculating the change from fasting baseline DNL at
each post-dose time point by subtracting individual baseline values from time-matched active values for each subject. In addition,
fractional DNL area under the effect curve was determined. Peak DNL, as defined by the average of the 3 last time points (8, 9and 10
h), was also assessed.

Oral glucose tolerance testing (OGTT)

OGTT tests were conducted at baseline and following the administration of PXL770 or placebo for 4 weeks. The OGTT was per-
formed after an overnight fast and after at last 48 h of an unrestricted diet and physical activity. Subjects received their PXL770 or
placebo capsule 2 h before ingesting 75 g of anhydrous glucose dissolved in 200 mL of water. Blood samples were collected for
glucose, insulin, C-peptide and FFA measurements at 30, 60, 90, 120, 150 and 180 min. The total and incremental AUC for glucose
was calculated using the trapezoidal rule for the evaluation of the total blood glucose response versus time during OGTT. OGTT
derived insulin sensitivity indices were also calculated as previously described: HOMA-IR?®, Matsuda index,”” and OGIS?®.

Additional pharmacodynamic measurements

Additional secondary efficacy parameters including lipids, inflammatory biomarker and liver enzymes were analyzed at baseline and
after 4 weeks of treatment.
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Additional lipid assessments

Plasma samples were collected under fasted conditions: at baseline, day 14 pre-dose and day 14, 2 h post dose in NAFLD patients.
Samples were immediately frozen and later analyzed by ultraperformance liquid chromatography coupled to mass spectrometry
(UHPLC-MS). The analysis focused on determination of glycerolipids (15 different diacylglycerols and 94 different triacylglycerols).
Briefly, proteins were precipitated by adding chloroform:methanol (2:1) containing internal standards. Homogenization of the result-
ing mixture was performed using a Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) at 6500 rpm for
45 s x 1 round. Homogenized samples were incubated at —20°C for 1 h and after vortexing, a 500 pL aliquot was collected. The su-
pernatants were mixed with ammonium hydroxide in H,O (pH 9) and incubated for 1 h at —20°C. After centrifugation, the organic
phase was collected and dried under vacuum. Dried extracts were reconstituted in acetonitrile / isopropanol (1:1) for LC-MS analysis
using standard methods®. All data were processed using the TargetLynx application manager for MassLynx 4.1 software (Waters
Corp., Milford, USA). Intra- and inter-batch normalization was performed by inclusion of multiple internal standards for each metab-
olite and pool calibration response correction, as previously described °°.

Safety assessments

Safety was evaluated by assessment of clinical laboratory tests (hematology, coagulation, chemistry, urinalysis, virus serology, urine
drug screen and pregnancy test), physical examinations, vital sign measurements (1 heart rate measurement and 3 blood pressure
measurements after at least 5 min of rest), ECG and documentation of adverse events. Laboratory tests were performed at day —3,
day 14 and end of study visit. Vital signs were performed at screening, days —3, —2; —1, 1, 14, 27, 28 and at end of study visit. Trip-
licate 12-lead ECG (conducted 5 min apart) were performed pre-dose and 2 h post dose on day, day 14 and at the end of study visit.
All safety data were collected from the time of the informed consent signature to the end of the study.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using SAS 9.4. Continuous variables were summarized using descriptive statistics and categor-
ical variables were summarized using counts and percentages. Efficacy endpoints were all exploratory and therefore no adjustment
for multiplicity was made. The mean change from baseline within group were assessed with paired t tests and 95% confidence in-
tervals. Two populations were used for statistical analyses of efficacy endpoints: the modified ITT (mITT) including all subjects with a
baseline value and at least one post-baseline efficacy assessment; the Per Protocol Set (PPS) including all subjects who completed
at least 90% of the 4-week treatment regimen, had overall compliance ® 90%, had at least 1 measured study drug concentration and
who did not have any major protocol deviations. Unless otherwise noted, all data and corresponding statistics were based on mITT.

For lipidomic measurements obtained using UHPLC-MS, no specific hypothesis was considered; post hoc analyses were per-
formed on bio-banked samples as an exploratory assessment. Data are expressed as mean + SD. Both individual lipid species
and relative abundances of all detected species within a given class (e.g., DG) were determined; in the latter case, as the sum of
all normalized peak areas which was expressed in relative intensity units. Differences in total DG or total TG between D14 2 h
post-dose versus D14 pre-dose were determined using paired Student’s t test. The differences between placebo and PXL770 group
were assessed using unpaired Student’s -test. A p value of < 0.05 (versus placebo) was chosen to represent significance.

ADDITIONAL RESOURCES

Study was registered in ClinicalTrials.gov as NCT03950882.
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