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Compensatory pancreatic islet hyperplasia is an adaptive response to
increased systemic insulin demand, although factors meditating this response
remain poorly understood. Here, we show that a liver-derived secreted pro-
tein, Neuregulinla, promotes compensatory proliferation of pancreatic 3 cells
in type 2 diabetes. Liver Neuregulinla expression and serum Neuregulinla
levels increase in male mice fed an obesity-inducing diet. Male mice lacking
either Neuregulinl in liver or its receptor, ErbB3, in [ cells deteriorate systemic
glucose disposal due to impaired [ cell expansion with reduced insulin
secretion when fed the obesity-inducing diet. Mechanistically, Neuregulinloa
activates ERBB2/3-ERK signaling to stimulate [ cell proliferation without
altering glucose-stimulated insulin secretion potential. In patients with meta-
bolic dysfunction-associated steatotic liver disease (MASLD) and obesity but
without type 2 diabetes serum Neuregulinla levels increase, while in patient
with MASLD and type 2 diabetes show markedly reduced levels of Neur-
egulinlo. These results suggest that Neuregulinla serves as a hepatokine that
can expand functional 3 cell mass in type 2 diabetes.

Compensatory pancreatic 3 cell hyperplasia is an adaptive
response that maintains euglycemia in insulin-resistant states,
including obesity and prediabetes, largely by stimulating the
proliferation of pre-existing 3 cells and thus increasing circulating
insulin levels"?. However, this response gradually fails to meet
increased systemic demands for insulin when insulin resistance
and/or hyperglycemia persists, leading to exhaustion of func-
tional B cells and subsequent development of overt type 2 dia-
betes (T2D). To prevent further disease progression and return to

a healthy state, successful restoration of functional  cell mass
would be a promising therapeutic strategy. Therefore, elucidating
molecular mechanisms underlying compensatory f cell hyper-
plasia is of great interest to many researchers in this field.

The liver is the body’s central glucostat®*: after meals, the liver
consumes blood glucose by converting it to glycogen or neutral lipid.
Conversely, when necessary, the liver releases glucose into the blood
by either degrading hepatic glycogen or via de novo glucose synth-
esis from gluconeogenic substrates such as lactate and alanine. The
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liver also communicates with other metabolic organs, including the
pancreas by releasing liver-derived circulating factors to regulate
systemic glucose metabolism®®. Liquid chromatography-mass spec-
trometry analysis has identified >500 proteins secreted into the
culture medium of primary murine hepatocytes, and expression of
~110 corresponding genes is known to be altered in hepatocytes
from steatotic versus normal mouse liver’. These findings support
the idea that liver-derived circulating proteins, known as hepato-
kines, serve as important regulators of systemic glucose and lipid
metabolism via inter-organ communication*®. Among these factors,
however, only a few, such as serpinBl1® and hepatocyte growth
factor®, are known to stimulate [ cell proliferation in vivo. Based on
these findings, we hypothesized that there are liver-secreted factors
that may contribute to compensatory pancreatic 3 cell hyperplasiain
insulin-resistant state.

In this work, we aimed to search for hepatokines whose
expression increases in proportion to compensatory hyperplasia
of pancreatic islets, using microarray data collected from mice
exposed to a high-fat/high-sucrose (HFHS) diet. Here, we identi-
fied type I Neuregulinl (NRG1) « as a candidate protein. Although
we have previously reported an inhibitory effect of NRGla on
hepatic gluconeogenesis in an autocrine and/or paracrine
manner'®, the endocrine role of NRGla on pancreatic B cells has
not been addressed. Using a conditional knockout strategy, here
we sought to investigate the potential of NRGla as a hepatokine
that stimulates B cell proliferation in mice.

Results

Hepatic Neuregulinl levels correlates with pancreatic islet size
To establish a model of obesity and diabetes, we subjected normal
mice to an HFHS for a 15-week period and compared them with mice
fed a normal diet (Supplementary Fig. 1a). Over time, mice fed an HFHS
diet exhibited obesity, liver steatosis, systemic glucose intolerance,
insulin resistance, and elevated hepatic gluconeogenesis, resulting in
increased serum levels of fasting blood glucose and insulin (Supple-
mentary Fig. 1b-i), all hallmarks of diet-induced obesity with T2D and
steatotic liver disease (metabolic dysfunction associated steatotic liver
disease (MASLD)). Pancreatic islets in HFHS-treated mice became
substantially enlarged over time, and islet hyperplasia was evident by
15 weeks (Supplementary Fig. 1j).

To search for liver-derived secreted factors underlying these
phenotypes, we performed microarray analysis of liver-derived from
mice fed an HFHS diet for 0, 5,10, or 15 weeks. At 15 weeks, that analysis
revealed a significant >4-fold upregulation in 118 genes and down-
regulation by >75% in 22 genes encoding putative secreted factors in
the liver of mice fed an HFHS, although few changes (<2-fold upre-
gulated or >one-half downregulated) were observed at 10 weeks
(Fig. 1a). Among factors identified, glycoprotein nonmetastatic mela-
noma protein B (Gpnmb) was the factor most highly induced in liver of
mice fed an HFHS for 15 weeks. A recent report identified GPNMB as a
hepatokine acting on white adipose tissue to stimulate lipogenesis and
adiposity". Thus, we focused on the second most abundantly upre-
gulated gene identified in the screen, Neuregulini (Fig. 1a).
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Fig. 1| Hepatic Neuregulinl expression correlates with pancreatic islet size in
obese diabetic mice. a Identification of Neuregulinl by DNA microarray analysis.
Genes encoding putative hepatic factors that either increased > 4-fold (118 genes)
or decreased by at least 75% (22 genes) after 15 weeks’ exposure to a high-fat/high-
sucrose (HFHS) diet. Overall, these genes showed little change (upregulation < 2-
fold or downregulation < one-half) after 10 weeks of treatment compared to
levels seen in mice before feeding. Expression levels of genes altered in mice fed
an HFHS for 15 weeks were calculated as a log2 ratio with reference to levels seen
mice prior to manipulation of feeding and plotted in order of increasing change in
expression. The bolded black bar at left corresponds to Neuregulinl. b, ¢ Relative
quantification of hepatic type I NeuregulinI mRNA (b) and plasma Neuregulinla
(NRGla) (c) levels in mice fed an HFHS for the indicated times. Data represent

Liver Typel Nrg1
Log?2 Fold change

mean + SEM; n=8 (OW), 6 (5W), 7 (10 W) and 6 (15 W) mice per group in (b), n=8
(OW), 5 (5W), 9 (10 W) and 6 (15 W) mice per group in (c). d-f Correlation of
hepatic type I Neuregulinl (NrgI) mRNA levels (d) or pancreatic islet size (e) with
plasma NRGla levels and pancreatic islet size (f) with type I Nrgl mRNA levels of
mice fed an HFHS for 0-15 weeks. Pearson or Spearman’s correlation analysis.
n=8 (0W),5 (5W), 8 (10 W) and 4 (15W) mice per group in (d), n=8 (OW), 5
(5W), 9 (10 W) and 4 (15 W) mice per group in (e), n=8 (O W), 5 (5W), 8 (10 W) and
2 (15 W) mice per group in f A One-way ANOVA with post hoc Dunnett’s multiple
comparison test (b) and a Kruskal-Wallis test with post hoc Dunnett’s multiple
comparison test (c) was performed, and two-tailed Spearman’s correlation
coefficient (d, e) and the two-tailed Pearson correlation coefficient (f) were
calculated.

Nature Communications | (2025)16:1950


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57167-0

a b c d
Liver pAKT | o s s s s s s s
F 50 kDa
150 Liver AKT W —— —
600 p=0.0081 o wr - 50 kDa
s p<0.0001 p=0.0022 p=0.0115 B o WT _ ® LNrg7’KO Muscle pAKT T e e e ——
S y S ® LNgKO & 10| - 50 kDa
E 400 gogs g 3
ry c 2 MUSClE AKT [ S s —— -
£ 8 N
S o=0. 2 2 50 50 kDa
5 200 o WF B © eWAT pAKT T s . —————
o NGO & O N s L 50 k0a
L L L . . 4 1 L . L L SWAT AKT | — —
0 30 60 90 120 0 30 60 30 60 9 120 50 kDa
Til i Time(min) Time (min)
ime (min) WT LNglKO WT  LNrg7KO
Ins(-) Ins(+)
e f
NC HFHS
e
SR /ﬁ L5 3
80000, p<0.0001 4 Ly 3 8 p=0.0139 o WT
wWT — o wT e RRA T 3 ® LNg1Ko
o A A 1 [e] Irg
“E 60000) ® LNrg1KO - I} ¥ '; -g
e \ ’ 2
— Nt =
& 40000 S 8
2 2
3 TS S
2 20000 4 & A \ g
\ s \ ?
LNrg1KO [¥ LNrg1KO i) Y 5
0 - \ . <
= NC HFHS
9
600 p=0.0012 o T
z o e LNg1KO
H 400
S
£ 200
z

NC HFHS

Fig. 2 | Loss of hepatic Neuregulinl impairs compensatory pancreatic islet
hyperplasia in obese diabetic mice. a, b Blood glucose (a) and plasma insulin (b)
levels during an oral glucose tolerance test in liver-specific Neuregulini knockout
(LNrgl KO) and wild-type (WT) mice exposed 15 weeks to a high-fat/high-sucrose
(HFHS) diet. Data represent mean + SEM; n =12 (blood glucose) and 11 (plasma
insulin) mice per group. ¢ Insulin tolerance test of LNrgl KO and WT mice fed an
HFHS for 15 weeks. Data represent mean + SEM; n =6 mice per group. No statisti-
cally significant differences were found between the two groups at any time point.
d Immunoblotting of total and phosphorylated forms of AKT in indicated tissues of
LNrgl KO and WT mice fed an HFHS for 15 weeks. Tissues were harvested 15 min

after insulin (0.75 IU/kg body weight) administration. This experiment was repe-
ated three times independently using 6 mice of each group. e, f Representative H&E
(e) and Ki-67 (f) staining of the pancreas of LNrgl KO and WT mice fed either normal
chow (NC) or an HFHS for 15 weeks. Islets are enclosed by dashed lines. Black
arrowheads in (f) indicate Ki-67-positive cells. Scale bar, 50 um. Quantification of
islet area (r) and Ki-67-positive cell number (f). Data represent mean + SEM; n=5
(NC) and 9 (HFHS) mice per group, respectively. g Plasma Neuregulinla (NRG1lx)
levels in LNrgl KO and WT mice fed either an NC or an HFHS for 15 weeks. Data
represent mean + SEM; n =6 (NC) and 7 (HFHS) mice per group. Unpaired Student’s
ttests (a, b, c, e, and f) and a two-tailed Mann-Whitney U test (g) were performed.

The human Neuregulinl gene encodes various isoforms of Neur-
egulinl protein exhibiting 6 different N-terminal types and two distinct
EGF-like domains (a and )", however, mouse liver predominantly
expresses the type I isoform with an a type EGF-like domain (desig-
nated Neuregulinla) (Supplementary Fig. 1k), as reported”. Quantita-
tive PCR analysis confirmed markedly increased levels of hepatic
Neuregulinla transcripts in mice fed an HFHS for 15 but not 10 weeks
(Fig. 1b). Neuregulinla protein is cleaved to release an extracellular
portion, which includes the EGF-like domain when expressed in murine
hepatocytes'. Consistently, plasma levels of Neuregulinla protein also
markedly increased with time in mice fed an HFHS diet (Fig. 1c), and
those levels were positively correlated with levels of hepatic gype /
Neuregulini transcripts (Fig. 1d). All other organs examined, including
skeletal muscle, white adipose tissue, brain, pancreas, and small
intestine, also expressed the same type of Neuregulinla, but those
levels showed minimal changes in response to an HFHS diet (Supple-
mentary Fig. 1I, m, n). In mice fed an HFHS diet, islet size, ascertained
by hematoxylin-eosin (H.E.) staining, was positively correlated with
both serum Neuregulinla levels (Fig. 1e) and hepatic type | Neuregulini
mRNA levels (Fig. 1f), although the latter correlation was not statisti-
cally significant. Collectively, these results suggest that hepatic type |
Neuregulinla could serve as a candidate hepatokine to evoke pan-
creatic islet hyperplasia in obese diabetic mice.

On the other hand, we also examined changes in the mRNA levels
of hepatokines such as Serpinbl and Hgf, that have been reported to
stimulate 3 cell proliferation and found that the mRNA levels of Hgf,
but not Serpinbl, exhibited a modest increase only at 15 weeks of HFHS
treatment (Supplementary Fig. 10).

Hepatic Neuregulinl loss impairs compensatory islet
hyperplasia

We previously established liver-specific Neuregulinl knockout
(LNrgIKO) mice and showed that Neuregulinl plays a dispensable role
in regulating systemic glucose metabolism in mice fed normal chow
(NC)™. To test effects of an HFHS diet on these mice, we subjected
LNrgiKO and WT mice to an HFHS for 15 weeks to promote obesity
with T2D (Supplementary Fig. 2a). During the 15-week HFHS feeding
period, body weight and food intake did not differ between genotypes
(Supplementary Fig. 2b, c), and liver weight/body weight and epidi-
dymal white adipose tissue weight/body weight ratios were compar-
able (Supplementary Fig. 2d). Interestingly, loss of hepatic Neuregulinl
further aggravated systemic glucose disposal and promoted increased
fasting blood glucose levels in mice fed an HFHS relative to WT mice
(Fig. 2a). Peripheral insulin sensitivity was comparably impaired in WT
and LNrgIKO mice fed an HFHS diet (Fig. 2d), as was insulin-elicited
AKT phosphorylation (Fig. 2d). Hepatic gluconeogenic activity, as
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Fig. 3 | Administration of rNRGla enhances systemic glucose disposal with
increased insulin secretion. a, b, e, f Oral glucose tolerance test (a, e) and insulin
secretion (b, f) after glucose challenge in normal (a, b) and ob/ob (e, f) mice
treated for 4 weeks with recombinant protein encompassing the Neuregulinl o
type EGF-like domain (rNRGla). Data represent mean + SEM; n =10 (PBS) and 9
(rNRGl1a) mice per group (a). n =8 mice per group (b). n =8 (PBS) and 9 (rNRGla)
mice per group (e). n=10 (PBS) and 11 (rNRGla) mice per group (f).

(o]
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PBS rNRG1a

PBS rNRG1a

¢, d, g, h Representative H&E (c, g) and Ki-67 (d, h) staining of the pancreas of
normal (¢, d) and ob/ob (g, h) mice treated for 4 weeks with rNRGla. Islets are
enclosed by dashed lines. Black arrowheads in (d) and (h) indicate Ki-67-positive
cells. Scale bar, 50 pm. (right) Quantification of islet area (c, g) and number of Ki-
67-positive cells (d, h). Data represent mean + SEM; n =6 mice per group (c, d).
n=_8 (PBS) and 9 (rNRG1a) mice per group (g, h). Unpaired Student’s ¢ tests (a-h)
were performed.

assessed by pyruvate challenge, also did not differ in WT and LNrgIKO
mice (Supplementary Fig. 2e) nor did hepatic expression levels of
Pepck and Gépase, key hepatic gluconeogenic genes (Supplementary
Fig. 2f). By contrast, glucose-induced insulin secretion was significantly
reduced in LNrgIKO relative to WT mice fed an HFHS diet (Fig. 2b),
accompanied by decreased compensatory islet hyperplasia (Fig. 2e)
and decreased {3 cell proliferation, as assessed by Ki-67 staining (Fig. 2f
and Supplementary Fig. 2g). Consistent with these findings, Ki-67-
positive cells were observed only in 3 cells, but not other pancreatic
endocrine cells including « cells and y cells, of mouse islets, and the
percentage of Ki-67-positive 3 cells was significantly reduced in
LNrgIKO relative to WT mice fed an HFHS diet (Supplementary
Fig. 2h, i). In addition, insulin/glucagon double-positive cells were not
detected in our experimental conditions. Neuregulinl deletion in the
liver also completely abolished HFHS-dependent increases in levels of
serum Neuregulinla protein (Fig. 2g), indicating that the liver is the
major source of circulating Neuregulinla in obese diabetic mice. Taken
together, these results strongly suggest that hepatic Neuregulinla is
responsible for compensatory 3 cell expansion in obese diabetic mice.

rNRGla enhances systemic glucose disposal and insulin
secretion

To confirm that Neuregulinla stimulates B cell proliferation, we
injected WT mice fed an NC diet with either recombinant protein
encompassing the Neuregulinl o type EGF-like domain (rNRGla),
which binds to and activates its receptors, or control PBS three times
a week for a 4-week period (Supplementary Fig. 3a). As our pre-
liminary experiments with low doses of rNRGla (50 ng/g body
weight) failed to show any impact on systemic glucose disposal after
glucose challenge, we injected rNRGla at 100 ng/g body weight in
subsequent experiments to evaluate its effects. Relative to controls,
rNRGla treatment enhanced insulin secretion and slightly but sig-
nificantly reduced blood glucose levels after glucose challenge
(Fig. 3a, b). Islets became enlarged, and the number of Ki-67-positive

islet cells increased in rNRGla-treated mice (Fig. 3¢, d). By contrast,
rNRGlatreatment did not alter peripheral insulin sensitivity (Sup-
plementary Fig. 3b) or hepatic gluconeogenic capacity (Supplemen-
tary Fig. 3¢, d). Consistently, we observed comparable responses in
leptin-deficient obese (ob/ob) mice, a genetic model of type 2 dia-
betes (Supplementary Fig. 3a): rINRGla treatment improved systemic
glucose disposal, increased insulin secretion, resulted in larger islet
size and enhanced [ cell proliferation relative to outcomes seen in
controls (Fig. 3e-h).

We next assessed the effects of forced hepatic expression of
Neuregulinla in mice fed an HFHS. To do so, we performed IP injection
of adeno-associated virus serotype 8 (AAV8) harboring either type /
Nrgla or control Gfp driven by the liver-specific ApoE enhancer and
hAAT promoter into mice fed an HFHS for 10 weeks followed by
another 5 weeks of HFHS (Supplementary Fig. 4a). Type | Nrgla
-injected mice showed a -40-fold increase in type I Nrgl transcript
levels relative to Gfp controls (Supplementary Fig. 4b). Consistently,
forced type I Neuregulinla expression further increased Neuregulinlo
protein levels in blood of mice when compared to Gfp controls (Sup-
plementary Fig. 4c). Relative to controls, mice expressing type I Neur-
egulinla showed enhanced systemic glucose disposal and increased
insulin secretion (Supplementary Fig. 4d, e). Accordingly, islets in type /
Neuregulinla-overexpressing mice became enlarged and exhibited
elevated numbers of Ki-67-positive cell numbers (Supplementary
Fig. 4f, g). However, hepatic type | Neuregulinla overexpression had no
effects on transcripts associated with hepatic gluconeogenesis (Sup-
plementary Fig. 4h). Collectively, these results indicate that as a
hepatokine, Neuregulinla can stimulate 3 cell proliferation in both
basal and diabetic conditions.

Neuregulinla stimulates ERBB2/3-mediated ERK signaling in

B cells

Neuregulinl exerts its biological functions on target cells by binding to
either ERBB (Receptor tyrosine-protein kinase erbB) 3 or ERBB4
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Fig. 4 | B cell-specific ErbB3 deletion impairs systemic glucose disposal and
insulin secretion in obese diabetic mice. a, b Immunoblots (a) and corresponding
quantification (b) of total and phosphorylated forms of ERBBs, AKT, and ERK in the
pancreas of normal mice injected with either PBS or recombinant protein encom-
passing the Neuregulinl o type EGF-like domain (rNRG1a). TUBULIN served as a
loading control. The average value of the ratio of phosphorylated to non-
phosphorylated proteins in the samples of the PBS-treated group, normalized by
the expression level of TUBULIN, was set to 1. Data represent mean + SEM; n=5
mice per group (b). The samples derive from the same experiment, and blots were
processed in parallel. This experiment was repeated three times independently
usingS5 mice of each group. ¢, d Immunoblots (c) and corresponding quantification
(d) of total and phosphorylated forms of ERBB3 and ERK in the pancreas of normal
mice fed a high-fat/high-sucrose (HFHS) diet for 15 weeks. B-ACTIN served as a

loading control. The average value of the ratio of phosphorylated to non-
phosphorylated proteins in the samples of normal mice fed a normal chow (NC),
normalized by the expression level of B-ACTIN, was set to 1. Data represent

mean = SEM; n =5 mice per group (d). e, f Blood glucose (e) and plasma insulin (f)
levels after oral glucose challenge in f cell-specific ErbB3 KO (BErbB3KO) and WT
mice fed an HFHS for 15 weeks. Data represent mean + SEM; n =12 (e) and 11 (f) mice
per group. g, h. Representative H&E (g) and Ki-67 (h) staining of the pancreas of
HFHS-treated WT and BErbB3KO mice. Islets were enclosed by the dashed line.
Black arrowheads in (h) indicate Ki-67-positive cells. Scale bar, 50 pm. Quantifica-
tion of islet area (g) and Ki-67-positive cell number (h). Data represent mean + SEM;
n=11(g) and 8 (h) mice per group. Unpaired Student’s ¢ tests (b, d, e-h) were
performed.

receptors'>. To determine which receptor(s) recognizes and binds
Neuregulinla in pancreatic 3 cells, we first injected rNRGla one time
into normal mice and performed western blot analysis using pan-
creatic tissue harvested 30 min later (Supplementary Fig. 5a). We
observed a marked increase in the phosphorylated form of ERBB3, but
not ERBB4, in the pancreas of rNRGla-treated mice (Fig. 4a, b), sug-
gesting selective Neuregulinla binding to the ERBB3 receptor. In
consistent with these results, we also found a significant increase in
phosphorylated ERBB3 levels in the pancreas by HFHS treatment,
although total ERBB3 levels were reduced when exposed to an HFHS
diet (Fig. 4c, d). To determine whether ERBB3 activation by ligand
mediates compensatory islet hyperplasia in obese diabetic mice, we
knocked out the ErbB3 gene in pancreatic 3 cells using a tamoxifen-
inducible conditional gene-knockout system® and fed mice an HFHS
for 15 weeks (Supplementary Fig. 5a). As noted, this system promotes
pancreas-specific deletion of ErbB3 (BErbB3KO0) in 3 cells of adult mice,
circumventing potential disruptions in pancreatic development

caused by systemic ErbB3 deletion' (Supplementary Fig. 5b). Relative
to WT controls, ErbB3 loss in pancreatic 3 cells did not alter glucose
tolerance or insulin secretion in mice fed an NC (Supplementary
Fig. 5c, d), but exposure of these mice to an HFHS aggravated systemic
glucose disposal and decreased insulin secretion after glucose chal-
lenge (Fig. 4e, f). Accordingly, islet hyperplasia and the number of
Ki67-positive cells decreased slightly but significantly in BErbB3KO
relative to WT mice (Fig. 4g, h), although serum Neuregulinla levels
were comparable in HFHS-treated mice, irrespective of pancreatic
ErbB3 gene status (Supplementary Fig. 5e). Importantly, administra-
tion of rNRGla protein to mice during the last 4 weeks of HFHS
treatment (Supplementary Fig. 5a) did not rescue phenotypes of
aggravated systemic glucose tolerance (Supplementary Fig. 5f),
impaired islet hyperplasia or decreased Ki-67-positive cell numbers in
BErbB3KO mice (Supplementary Fig. 5g, h). These findings indicate
that ERBB3 likely serves as a Neuregulinla receptor in the pancreas to
stimulate compensatory islet hyperplasia in obese diabetic conditions.
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Fig. 5| Neuregulinl promotes B cell proliferation in an ERBB2/3-ERK dependent
manner. a, b Immunoblots (a) and corresponding quantification (b) of total and
phosphorylated forms of ERBBs, AKT, and ERK in MING6 cells treated with either
PBS or indicated concentrations of recombinant protein encompassing the
Neuregulinl o type EGF-like domain (rNRG1a) for 30 min. Tubulin served as a
loading control. The average value of the ratio of phosphorylated to non-
phosphorylated protein in samples from the group treated without rNRGI, nor-
malized by the expression level of TUBULIN, was set to 1. Data represent

mean + SEM; n =5 (pERBBI/ERBBI1, pERBB4/ERBB4, pAKT/AKT, and pERK/ERK)
and 6 (pERBB2/ERBB2 and pERBB3/ERBB3) per group. The samples derive from
the same experiment, and blots were processed in parallel. This experiment was

repeated at least five times independently. ¢ Percentage of Ki-67-positive cells in
isolated mouse islets treated with control PBS or rNRGla in the absence or pre-
sence of indicated inhibitors. Inhibitors were added to the medium 30 min before
rNRGla stimulation (10 nM, 24 h). LPT; lapatinib, TX1; TX1-85-1, GEFI; gefitinib, LY;
LY294002, SCH; SCH772984. Data represent mean + SEM; n =18 (PBS), 19
(rNRGla), and 5 (rNRGla plus each inhibitor) islets per group. d Glucose-
stimulated insulin secretion. Islets were stimulated for 1 h with either low

(2.5 mM) or high (25 mM) glucose in the absence or presence of rNRGlx (10 nM).
Data represent mean + SEM; n = 4 islets per group. No statistically significant
differences were found between the two groups. An unpaired Student’s ¢ test
(b, d) and a one-way ANOVA (c) and were performed.

ERBB receptors transmit external signals by forming functional
dimers that activate two major intracellular signaling cascades: the
PI3K (Phosphoinositide 3-kinase)/AKT (AKT Serine/Threonine Kinase)
and MEK (mitogen-activated protein kinase kinase)/ERK (extracellular
signal-regulated kinase) pathways'. Therefore, we asked which path-
way mediates ERBB3 signaling associated with Neuregulinla-mediated
B cell proliferation. When we stimulated the mouse 3 cell line MIN6
with rNRGla, among ERBBs, only ERBB3 showed upregulated phos-
phorylation accompanied by increased phosphorylation of both ERK
and AKT (Fig. 5a, b). In contrast, rNRGIa injection into normal mice
promoted phosphorylation of ERBB2, but not ERBBland ERBB4, with
marked activation of ERBB3 in the pancreas (Fig. 4a, b). We also
observed substantial phosphorylation of ERK, but not AKT, in the
pancreas in response to rNRGla treatment (Fig. 4a, b) and increased
phosphorylated ERK in the pancreas of mice fed an HFHS (Fig. 4c, d)
in vivo. To assess whether ERBB2/3 heterodimers and MEK/ERK sig-
naling were important in regulating Neuregulinla-mediated 3 cell
proliferation, we stimulated mouse primary islets with rNRGla protein
in vitro and observed a marked increase in the number of Ki-67-
positive 3 cells relative to controls (Fig. 5c), responses completely
abolished by treatment of islets with lapatinib (an ERBB1/2 inhibitor) or
TX1-85-1 (a specific ERBB3 inhibitor). On the other hand, the ERBB1

inhibitor gefitinib had no effect on Neuregulinlo-stimulated pro-
liferative responses (Fig. 5c). SCH772984 (a specific ERK1/2 inhibitor)
also completely abolished Neuregulinla-mediated responses, whereas
treatment with LY294002 (an inhibitor of PI3K) minimally decreased
Neuregulinloa-mediated responses (Fig. 5c¢). By contrast, rNRGla
treatment did not alter either basal or glucose-stimulated insulin
secretion (Fig. 5d). Collectively, these results strongly suggest that
Neuregulinla stimulates pancreatic 3 cell proliferation by activating
ERBB2/3 receptors and downstream ERK kinase.

Serum Neuregulinla levels increase in MASLD patients

We next investigated the clinical relevance to humans of Neuregulinla
as a hepatokine using cultures of PXB cells, which consist of >90%
normal human hepatocytes isolated from humanized mouse liver”. We
detected Neuregulinla protein in the culture medium of PXB cells
(Fig. 6a), although its molecular weight was greater than that of mouse
Neuregulinla. Mice fed an HFHS diet exhibited obesity and fatty liver
followed by diabetes (Supplementary Fig. 1b-d), suggesting that
aberrant lipid accumulation in the liver promotes induction of hepatic
type | Neuregulinla expression. Therefore, we analyzed liver and serum
samples of patients with MASLD' to assess a potential correlation
between serum levels of Neuregulinla: protein and hepatic type /
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Fig. 6 | Serum Neuregulinla levels increase in MASLD human subjects with
obesity. a Immunoblotting of Neuregulinla in culture medium from isolated
hepatocytes. Lanes 1&2, 16, and 8 pl of 100 x concentrated culture medium from
mouse hepatocytes (3.5 x 10° cells/mL); Lanes 3&4, 16, and 8 ul of 100 x con-
centrated culture medium from human hepatocytes (7.6 x 10° cells/mL) isolated
from PXB mice. This experiment was repeated twice independently.

b, c Correlation of levels of hepatic type I Neuregulinl (NrgI) mRNA with serum
Neuregulinla protein (NRGl1a) (b), and hepatic Neuregulinla mRNA with serum
NRGla (c) from metabolic dysfunction associated steatotic liver disease (MASLD)

patients. x? tests were used for statistical analysis. n=25. d, e Levels of serum
Neuregulinla from MASLD patients. d: comparison of serum NRGla levels among
MASLD patients. The MASLD group was divided into three groups depending on
obesity. e: comparison of serum Neuregulinla levels in MASLD patients with obe-
sity and diabetes. n=36 (BMI < 25), 36 (25 <BMI <30), 42 (30 < BMI), and 38 (dia-
betes) individuals with MASLD per group. Single regression analysis (two-tailed
Spearman’s correlation coefficient) (b, c), a Kruskal-Wallis test (d), and a two-tailed
Mann-Whitney U test (e) were performed.

Neuregulinla expression. As expected, expression levels of both type /
Neuregulinl and Neuregulinla in the human liver were positively cor-
related with serum Neuregulinla protein levels (Fig. 6b, ¢, Supple-
mentary Table 3), suggesting that the human liver is a major source of
Neuregulinla released into the bloodstream.

Next, we assessed serum Neuregulinla levels in both MASLD
patients with normal weight (BMI<25) (N=35, 144.0 +40.59 pg/ml)
and healthy volunteers (N=10, 94.3 +35.11 pg/ml) and found those
levels to be highly variable: about half of the samples were below
detection limit but some samples showed levels above a few hundred
pg/ml (Fig. 6d). However, when we analyzed MASLD patients with
obesity (BMI=>30) and without diabetes, their serum Neuregulinlo
levels significantly increase (Fig. 6d, N=42, 837.8 + 315.0 pg/ml) when
compared to both normal weight (BMI<25) and overweight
(25<BMI<30, N=36, 177.5+ 61.81 pg/ml) MASLD subjects without
diabetes (Supplementary Table 4). In addition, we also found a weak,
but significant positive correlation between serum Neuregulinla levels
and BMI in MASLD patients without T2D (Supplementary Fig. 6a). By
contrast, there is no correlation between serum Neuregulinla levels
and fasting insulin levels, fasting blood glucose levels or HbAlc levels,
respectively, in MASLD patients without diabetes (Supplementary
Fig. 6b-dand Supplementary Table 4). In addition, liver stiffness also
did not correlate with serum Neuregulinla levels, although patients
with liver fibrosis showed a trend towards lower serum Neuregulinla
levels when compared to those without liver fibrosis (Supplementary
Fig. 6e, fand Supplementary Table 5, 6). Interestingly, when we ana-
lyzed T2D patients with MASLD and compared to MASLD patients with

obesity and without diabetes, their serum Neuregulinla levels were
unexpectedly low, whether they exhibited obesity or not (Fig. 6e and
Supplementary Table 4, N=38, 150.6 + 79.45 pg/ml), suggesting that
Neuregulinla may inhibit development of T2D in MASLD patients.

Discussion

Compensatory [ cell proliferation accompanies insulin resistance to
meet increased systemic insulin demand and thus serves to prevent
T2D by enhancing insulin secretion. Circulating factors released from
peripheral cells and organs are implicated in this compensatory
response in diverse states of insulin-resistance’”?, and the liver is
known to be a major source of these factors, among them, serpinBl
and hepatocyte growth factor®*?. However, whether other liver-
derived secretory proteins contribute to compensatory 3 cell pro-
liferation has not been fully investigated. In this study, we searched for
other such candidate(s) by analyzing changes in hepatic gene
expression and islet size over time in mice fed an HFHS. That analysis
identified type I Neuregulinla as a hepatokine that promotes {3 cell
proliferation.

We and others previously reported that Neuregulinl enhances
systemic glucose disposal, in part by suppressing hepatic
gluconeogenesis'®**?**, This is in contrast to our present findings
showing that Neuregulinla increases insulin secretion by stimulating 3
cell proliferation in an endocrine manner. At present, we cannot
explain why we did not observe changes in hepatic gluconeogenic
activity or expression of the gluconeogenic gens in mice fed an HFHS
for 15 weeks after Neuregulinia deletion or overexpression in the liver.
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However, given that chronic exposure to NeuregulinlB attenuates
insulin secretion likely due to improved systemic glucose tolerance in
diabetic mice”*, these differences could be attributable to isoform-
specific functions of Neuregulinl on pancreatic {3 cells, suggesting the
functional importance of Neuregulinlo. domain products for islet
hyperplasia. This idea is supported by findings reported here that
administration of rNRGla protein stimulated [ cell expansion without
altering hepatic gluconeogenic gene expression in normal or diabetic
mice. In addition, our present results showing a positive correlation
between serum Neuregulinla levels and islet size in mice fed an HFHS
diet further support the importance of Neuregulinla as an endogen-
ous activator of pancreatic 3 cell proliferation, although a substantial
increase in serum Neuregulinla levels for at least a few weeks is likely
to be a prerequisite for exerting its effects on pancreatic {3 cells. Acti-
vation of intra-pancreatic Neuregulinl-ERBB signaling reportedly eli-
cits 3 cell regeneration in the severely damaged pancreas of Aridla-
deficient mice?. However, as Neuregulinl expression was only altered
in the liver by exposure to an HFHS, and increased serum Neuregulinla
levels were completely abolished in liver-specific Neuregulini-deficient
diabetic mice, we propose that the liver is the main source of circu-
lating Neuregulinla, thereby creating communication between liver
and pancreas to drive compensatory [3 cell expansion in diabetic
conditions. Although further investigation is needed to define mole-
cular mechanisms conferring selectivity of Neuregulinla targeting to
pancreatic 3 cells and to examine the effects of disease conditions on
the cleavage and secretion of hepatic Neuregulinla, these results
indicate the significance of Neuregulinla as a liver-derived endogen-
ous humoral factor that stimulates [3 cell proliferation and prevents
T2D disease progression.

Neuregulinl binds to either ERBB3 or ERBB4 and forms either
homo or heterodimers with other ERBBs on target cells*’. Global £ErbB3
deletion impairs normal (8 cell development in mice", and genome-
wide association studies have identified a strong association between
ERBB3 and type 1 diabetes?*, indicating the importance of ERBB3 in
pancreatic [ cell biology. Although ERBB3 and ERBB4 are reportedly
expressed to varying degrees in human and mouse adult pancreas®*?,
Neuregulinla activates ERBB3 preferentially to stimulate (3 cell pro-
liferation, and the selective ERBB3 inhibitor TX1-85-1 completely
abolishes Neuregulinla-mediated 3 cell proliferation in vitro. Accord-
ingly, we found that ErbB3 loss in adult pancreas abrogated compen-
satory islet hyperplasia in diabetic mice, a response not rescued by
treatment with rNRGla protein, indicating the crucial role of
Neuregulinl-ERBB3 signaling in regulating compensatory 3 cell
expansion. Since ERBB3 lacks intrinsic kinase activity*, other ERBBs
are likely required to form dimers that activate Neuregulinla-mediated
downstream signaling. Treatment with lapatinib, a selective inhibitor
of both ERBBI and ERBB2, but not gefitinib, which is a specific ERBB1
inhibitor, completely abrogated Neuregulinla-mediated 3 cell pro-
liferation in isolated mouse islets. In agreement with these results,
Neuregulinla reportedly shows the highest affinity for ERBB2/3 com-
plexes among sets of dimeric ERBB combinations®, and, in our study,
both ERBB2 and ERBB3 in mouse pancreas were phosphorylated in
response to rNRGlq, suggesting that ERBB2/3 receptors are required
for Neuregulinla-mediated (3 cell proliferation.

We also showed that treatment of primary mouse islets with the
specific ERK1/2 inhibitor SCH772984 significantly blunted Neuregulinla-
mediated B cell proliferation, while treatment with the PI3K inhibitor
LY294002 did not. These results suggest that Neuregulinlo selectively
activates MEK/ERK signaling to promote 3 cell proliferation without
altering glucose-stimulated insulin secretion, although ERBB2/3 com-
plexes can activate both PI3K/AKT and MEK/ERK signaling involved in
regulating 3 cell mass and insulin secretion®’. Here, we cannot rule out
the potential involvement of PI3K/AKT signaling in regulating of
Neuregulinla-mediated compensatory (3 cell proliferation in vivo.
However, considering that the insulin receptor signaling cascade,

including PI3K/AKT, is attenuated in diabetic islets*>*, selective activa-
tion of MEK/ERK by Neuregulinloc would provide an alternative
strategy to expand even insulin-resistant 3 cells. Accordingly, pancreatic
MEK/ERK activity is reportedly preserved and can induce compensatory
islet hyperplasia in diet-induced obese mice*******2, Qverall, our present
data indicate that the Neuregulinla-ERBB3-ERK signaling pathway plays
crucial roles in compensatory islet hyperplasia in obese, diabetic
conditions.

The clinical relevance of circulating Neuregulinl to both
cardiovascular disease and schizophrenia has been extensively
investigated**’, whereas information relevant to Neuregulinla activ-
ity is limited. Although circulating Neuregulinla levels are much lower
than those of Neuregulin1f, we found serum Neuregulinla levels to be
positively correlated with hepatic type I Neuregulinla expression in
MASLD patients, suggesting that, as in mouse, human liver is a major
organ that releases Neuregulinla into the blood, where it serves as a
hepatokine. Accordingly, we show that isolated human hepatocytes
secrete the Neuregulinla extracellular domain into the culture
medium.

In this study, we were unable to match age, gender, or body mass
index among patients and healthy volunteers when assessing serum
Neuregulinla levels due to limited sample sizes. However, our data
suggests that higher serum Neuregulinla levels in MASLD subjects
mirror obesity and support the idea that peripheral insulin resistance
evokes compensatory islet hyperplasia, in part, by increasing circu-
lating Neuregulinla levels. Of note, we found that T2D patients with
MASLD show markedly reduced serum Neuregulinla levels relative to
MASLD patients with a BMI > 30. These findings may indicate exhaus-
tion of the liver’'s capacity to respond to T2D progression and that
decreased circulating Neuregulinla levels may trigger T2D onset by
impairing compensatory islet hyperplasia. Another explanation can
also account for the decreased circulating Neuregulinla levels in T2D
patients with MASLD: a sustained elevation of serum Neuregulinla in
response to sustained metabolic stress may accelerate the onset and
progression of T2D by stimulating [3 cell proliferation over an extended
period, thereby promoting pancreatic 3 cell exhaustion. On the other
hand, as higher concentrations of circulating Neuregulinla were
positively associated with islet hyperplasia in obese diabetic mice,
Neuregulinla may serve as a biomarker of functional 3 cell mass and be
useful in distinguishing between compensated and decompensated
cell failure in diabetes. Further studies are needed to determine whe-
ther Neuregulinla stimulates human f cell proliferation and whether
circulating Neuregulinla levels correlate positively with functional 3
cell mass.

In conclusion, we identified Neuregulinlac as a liver-derived
secretory protein that promotes [ cell proliferation via activating
ERBB3-ERK signaling and stimulating systemic glucose disposal with
increased insulin secretion. Our study deepens our knowledge of how
liver functions as a central organ to regulate systemic glucose meta-
bolism via the secretory protein, Neuregulinl, and may pave the way
for developing therapeutic strategies to target Neuregulinlat and
restore functional 3 cell mass in T2D.

Methods

All experiments were conducted in accordance with Waseda University
Animal Welfare Guidelines and approved by the Animal Experimenta-
tion Committee of the Waseda University (2020-A063, A2021-A039,
A22-047, A23-059, A24-070).

Animal studies

C57BL/6 mice and ob/ob mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Alb-Cre:Nrgl™/"* mice (hereafter
referred to as LNrgIKO mice) were generated by crossing Nrgl™x/fiox
mutant mice and Alb-Cre transgenic mice. Pdx1-CreERT::ErbB31ox/ox
mice were produced by breeding ErbB3"¥"* mice purchased from
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Mutant Mouse Resource and Research Centers at UNC with Pdx-
1CreERT transgenic mice, kindly provided by Prof. Guogiang Gu
(Vanderbilt University School of Medicine)®. Pancreatic [ cell-specific
deletion of ErbB3 was induced by IP injection of 2mg tamoxifen
(#128654, Fujifilm Wako Pure Chemical, Osaka, Japan) into Pdxl-
CreERT::ErbB3""* mice (hereafter referred to as BErbB3KO mice,
5 weeks of age) for 3 consecutive days. Pdx1-CreERT::ErbB3"¥x mice
treated with corn oil (#032-17016, Fujifilm Wako Pure Chemical)
instead of tamoxifen served as controls. All male mice used in our
experiments were maintained in the animal facility at TWIns of Waseda
University with a 12 h light cycle and free access to water and chow
(Labo MR stock, #644352, Nosan, Yokohama, Japan). The ambient
conditions of the animal facilities were set at 22 °C and 45% humidity.
Feeding with a high-fat, high-sucrose diet (HFHS diet, consisting of
20.7% lard, 46.5% sucrose, 17.1% milk casein, 4.78% crystalline cellulose,
4.56% corn starch, 1.54% a-corn starch, 0.24% L-cystine, 0.24% choline
bitartrate, 0.0041% tertiary butylhydroquinone, 3.35% AIN-93M, 0.96%
AIN-93, blended by CLEA Japan, Tokyo, Japan) was started at either
5 weeks (C57BL/6, LNrgIKO, and respective control mice) or 1 week
after the last tamoxifen injection (6 weeks of age; BErbB3KO and
respective control mice) for 15 weeks (Supplementary Figs. 1a, 2a, 4a,
5a and Supplementary Table 1). Mouse blood and tissues were col-
lected from overnight-fasted mice and immediately frozen in liquid
nitrogen for further measurements, unless otherwise noted. Only male
mice were used in experiments.

Genotyping

All transgenic mice were genotyped using PCR-based assays of tail DNA
as following. The PCR protocol used to genotype Alb-Cre:Nrgl®o/iox
mice and Pdx1-CreERT::ErbB3""* mice was as follows: 97 °C, 3 min, 30
cycles (95°C, 30s; 60°C, 30s; 72°C, 60s), and 4°C hold for Alb-
Cre:NrgI™/ ™ mice; and 97 °C, 3 min, 30 cycles (95°C, 30's; 58 °C, 30's;
72°C, 40's), and 4 °C hold for Pdx1-CreERT::ErbB3"¥"* mice. Primers
used are listed in Supplementary Table 2.

OGTT, PTT and ITT

Oral glucose tolerance tests (OGTT, 2mg/g body weight, by oral
gavage), pyruvate tolerance tests (PTT, 2 mg/g body weight, IP), and
insulin tolerance tests (ITT, 0.75 IU/kg body weight, IP) were per-
formed in mice fasted for 16, 24, and 6 h, respectively. Blood was
collected form the tail vein at O, 15, 30, 60, 90, and 120 min after
administration of either glucose, pyruvate, or insulin (Humulin® R, #87
2492, Eli Lilly Japan, Kobe, Japan) and blood glucose was determined
using an Accu-chek ST meter (Roche DC Japan, Tokyo, Japan). Blood
collected at 0, 15, 30, and 60 min during OGTT was also used to
measure serum insulin using an ultra-sensitive mouse insulin ELISA kit
(#M1104, Morinaga Institute of Biological Science, Yokohama, Japan).
Detail information about treatments, mouse strains/genotypes, and
age and a number of mice were listed in Supplementary Table 1.

ELISA

Serum insulin and plasma NRGla were determined using an ultra-
sensitive mouse insulin ELISA kit (#M1104, Morinaga Institute of Bio-
logical Science) and human NRGIl-alpha/HRGI-alpha ELISA (#ELH-
NRGla-1, Raybiotech Life, Peachtree Corners, GA), respectively. Blood
was collected from the heart at the sacrifice of overnight-fasted mice
and from the median mesothelial vein of humans after overnight
fasting.

Tissue sampling

To confirminsulin resistance evoked by feeding an HFHS diet, the liver,
quadriceps skeletal muscle, and epididymal adipose tissues of mice fed
an HFHS diet for 15 weeks were collected 15 min after insulin admin-
istration (0.75 IU/kg body weight, IP) (Supplementary Table 1).

Preparation of a recombinant NRGlx protein and animal
treatment

A partially purified recombinant protein fragment (rNRGlax) encom-
passing His171 to Arg242 of the mouse NRGla protein (rNRGlx) was
prepared using pCold I vector (#3361, Takara Bio, Kusatsu, Japan), a
HisTALON Gravity Column Purification Kit (#635654, Takara Bio), and
a High Capacity Endotoxin Removal Spin Column (#88276, Thermo
Fisher Scientific, Waltham, MA)'°. Recombinant mouse NRGla protein
(rNRGla, 100 ng/g body weight) was injected IP into mice (C57BL/6
mice fed an NC) one time 30 min before sampling (Fig. 4a, b and
Supplementary Table 1) or 3 times a week for last 4 or 5 weeks before
sampling (C57BL/6 mice and ob/ob mice fed an NC in Fig. 3 and Sup-
plementary Fig. 3, and BErbB3KO mice fed an HFHS in Supplementary
Fig. 5a, e-hand Supplementary Table 1).

Adeno-associated virus (AAV) preparation and animal
treatment

HEK293T cells (ATCC, CRL-3216) were transfected with a mixture of
pSE18-VD2/8-AAV capsid 8 plasmid (provided from Penn Vector Core),
AAV helper plasmid XX6-80 (from UNC-Chapel Hill) and pAAV2-LSP1
EGFP (from Children’s Medical Research Institute, New South Wales,
Australia) or pAAV2-LSP1 Type I neuregulinla (at a ratio of 1:1:2) using
polyethylenimine. Forty-eight hours later, cells were lysed by 4 freeze-
thaw cycles to extract AAV particles. Adeno-associated virus serotype 8
(AAVS, 1x10" vg/kg body weight), driven by the ApoE enhancer and
hAAT promoter, was administered IP one time to mice that had already
been fed an HFHS for 10 weeks and were then subjected to another
5 weeks of HFHS (Supplementary Fig. 4aand Supplementary Table 1).

RNA isolation, Quantitative PCR analysis and DNA microarray
analyses

Total RNA was isolated from frozen mouse and human tissues using
RNAiso Plus (#9109, Takara Bio). cDNA was synthesized from total RNA
using a ReverTra Ace (#TRT-101, TOYOBO, Osaka, Japan). Conven-
tional PCR was performed using specific primer sets (Supplementary
Table 2) to identify Nrgla isoforms expressed in mouse liver. Tran-
script levels were measured with GoTaq qPCR Master Mix (#A6001,
Promega, Madison, WI) using primer sets and comparisons with target
genes listed in Supplementary Table 2. As an internal control gene,
expression levels were normalized to 18S rRNA in mouse experiments.
In human studies, S-actin served as an internal control. Equal amounts
of total RNA isolated from livers of 4 mice each fed an HFHS diet for O,
5, 10, or 15 weeks were mixed and subjected to analysis with a 8x60K
Agilent Whole Mouse Genome 44 K Oligo Microarray (Agilent Tech-
nology, Santa Clara, CA) to determine relative gene expression levels.

Cell culture and treatments

MIN6 cells (ATCC, CRL-11506) were maintained in DMEM (#043-
30085, Fujifilm Wako Pure Chemical) with 12.5% fetal bovine serum
(Biosera, Cholet, France), 20 mM HEPES, 5.5 uM 2-mecraptoethanol
(#131-14572, Fujifilm Wako Pure Chemical), 100 units/mL penicillin,
and 0.1 mg/mL streptomycin (#15070-063, Thermo Fisher Scientific)
in humidified 5% CO, at 37 °C. After being incubated in fetal bovine
serum-free medium overnight, cells were stimulated 30 min with 1 or
10 nM rNRGla (Supplementary Table 1) and subjected to immuno-
blotting analysis. Primary mouse hepatocytes (3.5x10° cells/mL)
were isolated and cultured in William’s medium E (#12551032,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum
(Biosera) at 37 °C in 5% CO,. PXB-cells (7.6 x 10° cells/mL, Cat #: PPC-
T25), which are primary human normal hepatocytes, were purchased
from PhoenixBio Co., Ltd (Hiroshima, Japan). Hepatocytes were
cultured for 48h in serum-free DMEM. Conditioned medium was
then collected and analyzed for NRGla protein (Supplementary
Table 1).
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Islet studies

Collagenase solution (2 mg/ml dissolved in HBSS, #032-22364, Fujifilm
Wako Pure Chemical) was administered from the common bile duct
into the mouse pancreas, after which the pancreas was excised and was
further digested for 15-20 min at 37 °C. Islets were washed twice with
HBSS (#084-08345, Fujifilm Wako Pure Chemical) and then separated
by Percoll (#17-0891-01, Cytiva, Tokyo, Japan) density gradient cen-
trifugation. Islets were manually picked and maintained in RPMI 1640
medium (#1060122, Fujifilm Wako Pure Chemical) containing 10% FBS
(Biosera), 100 units/mL penicillin, and 0.1 mg/mL streptomycin
(Thermo Fisher Scientific) for further experiments. For proliferation
analysis, islets were stimulated with 10 nM rNRGla every 12 h for 24 h
after pre-incubation with serum-free RPMI1640 medium and then
immunostained with anti-Ki-67 antibody (Supplementary Table 1). In
some experiments, an inhibitor (LPT, 1uM lapatinib (#SML2259,
Sigma-Aldrich, St. Louis, MO); TX1, 2 pM TX1-85-1 (#HY-10084, Med-
ChemExpres, Monmouth Junction, NJ); GEFI, 1M gefitinib (#078-
06561, Fujiflm Wako Pure Chemical); LY, 50 uM LY294002 (#129-
04861, Fujifilm Wako Pure Chemical); or SCH, 3 uM SCH772984 (#HY-
5084, MedChemExpres)) was added to the medium 30 min before
rNRGla stimulation (Supplementary Table 1). For glucose-stimulated
insulin secretion analysis, islets were incubated 1h with either 2.5 or
20 mM glucose-containing RPMI 1640 medium, with or without 10 nM
NRGla (Supplementary Table 1). Islets were extracted with 75% acid
ethanol, and insulin concentrations were measured using an ultra-
sensitive mouse insulin ELISA kit (#M1104, Morinaga Institute of Bio-
logical Science). To determine the deletion efficiency of the £rbB3 gene
in tamoxifen-treated Pdx1-CreERT::ErbB3"¥"°* mice, genomic PCR was
performed on genomic DNA extracted from isolated islets using
Wizard® Genomic DNA Purification Kit (#A1120, Promega). PCR pro-
tocol and primers were as follows: 94 °C, 2 min, 30 cycles (98 °C, 10s;
63°C, 30s; 68°C, 305s), 68°C, 5min, and 4 °C hold, and forward pri-
mer; 5-TGTGCTAGCCCAAAGAGATG-¥, and reverse primer; 5-ACA-
TAACCCTGGTTACAGGACC-3".

Western blot analyses

To prepare total lysates, tissues and cells frozen in liquid nitrogen
were homogenized in lysis buffer containing 20 mM HEPES (pH 7.9),
0.5% deoxycholate, 1% NP-40, 0.1% SDS, 20% glycerol, 150 mM NaCl,
1mM MgCl,, 5mM NaF, 1mM sodium orthovanadate, 1mM DTT,
0.5mM EDTA, 0.ImM EGTA, and a protease inhibitor cocktail
(#P8340, Sigma-Aldrich, St. Louis, MO). Hundred-fold concentrated
samples of conditioned medium were prepared by centrifugal
ultrafiltration (vivaspin 6, # 28932296, Cytiva). Western blotting of
50-100 pg protein from total lysates was performed using a specific
antibody against each target protein listed below. Signals were
detected by using Immobilon Western Chemiluminescent HRP Sub-
strate (#WBKLS, Millipore-Sigma, Burlington, MA).

Antibodies and reagents

Primary antibodies to AKT (#4691, 1:1000), phospho-AKT (ser473)
(#4060, 1:1000), p44/42 MAPK (ERK1/2) (#4695, 1:1000), phospho-
p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (#4370, 1:1000), EGFR
(#4267, 1:1000), phospho-EGFR (Tyrl068) (#3777, 1:1000), HER2/
ERBB2 (#4290, 1:1000), phospho-HER2/ERBB2 (Tyr1221/1222) (#2243,
1:1000), HER3/ERBB3 (#12708, 1:1000), phospho-HER3/ERBB3
(Tyr1289) (#2842, 1:1000), HER4/ERBB4 (#4795, 1:1000), phospho-
HER4/ERBB4 (Tyr1284/1173) (#4757, 1:1000), Ki-67 (for immunohisto-
chemical analysis, #12202, 1:400 and for immunofluorescence analy-
sis, #9129, 1:400) were purchased from Cell Signaling Technology
(Beverly, MA); INSULIN (#12018, 1:1000), GLUCAGON (for immuno-
histochemical analysis, #G2654, 1:1000), a-TUBULIN (#T79026, 1:1000)
were from Sigma-Aldrich; GLUCAGON (for immunofluorescence ana-
lysis, #10505, 1:500) and Pancreatic Polypeptide (for immuno-
fluorescence analysis, #10501, 1:200) were from IBL (Gunma, Japan);

NRGI-0/HRGI-a (#AF-296-NA, 1:1000) was from R&D Systems (Min-
neapolis, MN), B-ACTIN conjugated with HRP (sc-47778HRP,
1:100,000) was from Santa Cruz (Dalla, TX). Donkey anti Rabbit IgG,
HRP-linked F(ab’)2 fragment (NA9340, 1:10000, Cytiva), Horse anti-
mouse IgG, HRP-linked antibody (#7076, Cell Signaling Technology,
1:3000), and Rabbit HRP-conjugated anti Goat IgG(H+L) Ab
(SA00001-4, 1:10000, Proteintech Japan, Tokyo) were used as sec-
ondary antibodies for Western blot analysis. Goat Anti-Rabbit IgG
Antibody (H+L), Biotinylated (BA-1000-15, 1:200) and M.O.M.®
(Mouse on Mouse) Biotinylated Anti-Mouse IgG Reagent (MKB-2225-.1,
1:250) were purchased from Vector Laboratories (Newark, CA) and
used as secondary antibodies for immunohistochemical analysis. Goat
anti-Mouse IgG (H + L) Superclonal Secondary Ab, Alexa Fluor 488 (#
A28175,1:200), Goat anti-Rabbit IgG (H + L) Cross-Absorbed Secondary
Ab, Alexa Fluor 555 (#A-21428, 1:200), and Goat anti-Rat IgG (H +L)
Cross-Absorbed Secondary Ab, Alexa Fluor 647 (#A-21247,1:200) were
purchase from Thermo Fisher Scientific and used as secondary anti-
bodies for immunofluorescence analysis. All other biochemical
reagents were purchased from Fujifilm Wako Pure Chemical or Sigma-
Aldrich unless otherwise noted.

Histology, immunohistochemistry, and immunofluorescence

Mouse tissues (pancreas and liver) and primary cultured mouse islets
were fixed overnight in 4% paraformaldehyde in phosphate buffer and
paraffin-embedded. Five-micrometer-thick sections were then stained
with H.E. to measure islet size. In immunohistochemical analyses, serial
sections from mice treated with either an HFHS diet, INRGla, or Nrgla
AAVS8 were immunostained with anti Ki-67, anti insulin, or anti gluca-
gon antibodies. Using 5-6 serial sections of the mouse pancreas cut
every 50 pm, the islet size (of at least 500 islets) in each mouse was
measured using Photoshop. For immunofluorescence analyses, sec-
tions were stained with anti Ki-67, anti-insulin, and anti-glucagon
antibodies or Ki-67, anti-pancreatic polypeptide, and anti-glucagon
antibodies, simultaneously. Images were captured using cellSens
(Olympus, Tokyo, Japan, for H.E. staining and immunohistochemical
analyses) or FV3000 (Olympus, for immunofluorescence analyses).
Counting of Ki-67-positive B cells (defined as proliferating) was
manually carried out or performed using ImageJ in a blinded fashion.

Human studies

This study was conducted in keeping Helsinki Declaration and with the
approval of ethics committees for clinical research at Osaka City Uni-
versity (Number:3641). Written informed consent was provided from
all participants. Participants included both males and females over the
age of 18 years. Patients who had previously received recombinant
insulin therapy were excluded. A total of 257 subjects consisted of
MASLD patients who consume small amounts of alcohol per week
(-140 g/wk and ~ 210 g/wk form females and males, respectively) and
have at least 1 of 5 cardiometabolic factors™® visiting the hepato-biliary-
pancreatic disease section of the Internal Medicine Department of
Osaka City University as well as healthy volunteers (Supplementary
Table 3-6). Liver steatosis was diagnosed via abdominal ultra-
sonography using a Toshiba Aplio 500 Ultrasound Machine (Canon
Medical Systems Corporation, Tochigi, Japan). Abdominal ultra-
sonography was performed by experienced sonographers who were
registered with the Japan Society of Ultrasonics in Medicine. Liver
steatosis was semi-quantified according to the criteria described by
Hamaguchi et al., which are based on the presence of hepatorenal echo
contrast, a bright liver, deep attenuation, and vessel blurring®.
Vibration-Controlled Transient Elastography (VCTE) was carried out
using a Fibroscan (EchoSens, Paris, France), and liver fibrosis was
diagnosed in patients with a cut-off liver stiffness measurement (LSM)
of 8.6 kPa or greater*® or by histological analysis of the liver biopsy
samples. Study participants were analyzed in fasting conditions. Serum
NRG1 levels were measured using a Human NRG1-alpha/HRGl1-alpha
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ELISA kit, as described above. We also correlated serum NRGla and
hepatic type I Nrgla expression and other serum parameters, including
fasting glucose, fasting insulin, and HbAlc.

Statistical analysis

Results are shown as means + SEM. Statistical analyses were performed
using GraphPad Prism8 software (La Jolla, CA). Statistical comparisons
between groups were analyzed for significance using an unpaired two-
tailed Student’s ¢ test and a one-way analysis of variance (ANOVA) with
post-hoc Tukey tests as a parametric test, or a Kruskal-Wallis test as a
nonparametric test. To correlate hepatic type I Nrgla mRNA levels,
plasma NRGla levels and pancreatic islet size of mice and hepatic type /
Nrgla mRNA levels and plasma NRGla levels in humans, we carried out
single regression analysis with Spearman’s correlation coefficient.
Statistically significant differences are indicated as *P < 0.05, **P < 0.01.

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

Data availability

Microarray data that support the findings of this study have been
deposited in GEO with accession number GSE282007. All data sup-
porting the findings of this study are available within the paper and its
Supplementary Information. Source data are provided in this paper.
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