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Free amino acids that accumulate in the plasma of patients
with diabetes and obesity influence lipid metabolism and
protein synthesis in the liver. The stress-inducible intracellular
protease calpain proteolyzes various substrates in vascular
endothelial cells (ECs), although its contribution to the supply
of free amino acids in the liver microenvironment remains
enigmatic. In the present study, we showed that calpains are
associated with free amino acid production in cultured ECs.
Furthermore, conditioned media derived from calpain-acti-
vated ECs facilitated the phosphorylation of ribosomal protein
S6 kinase (S6K) and de novo lipogenesis in hepatocytes, which
were abolished by the amino acid transporter inhibitor,
JPH203, and the mammalian target of rapamycin complex 1
inhibitor, rapamycin. Meanwhile, calpain-overexpressing
capillary-like ECs were observed in the livers of high-fat diet–
fed mice. Conditional KO of EC/hematopoietic Capns1, which
encodes a calpain regulatory subunit, diminished levels of
branched-chain amino acids in the hepatic microenvironment
without altering plasma amino acid levels. Concomitantly,
conditional KO of Capns1 mitigated hepatic steatosis without
normalizing body weight and the plasma lipoprotein profile in
an amino acid transporter–dependent manner. Mice with tar-
geted Capns1 KO exhibited reduced phosphorylation of S6K
and maturation of lipogenic factor sterol regulatory element–
binding protein 1 in hepatocytes. Finally, we show that bone
marrow transplantation negated the contribution of hemato-
poietic calpain systems. We conclude that overactivation of
calpain systems may be responsible for the production of free
amino acids in ECs, which may be sufficient to potentiate S6K/
sterol regulatory element–binding protein 1–induced lipo-
genesis in surrounding hepatocytes.

Nonalcoholic fatty liver disease is frequently complicated by
metabolic diseases, such as diabetes mellitus, dyslipidemia, and
obesity (1). Nonalcoholic fatty liver disease ranges from mild
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steatosis to nonalcoholic steatohepatitis and can lead to
cirrhosis and hepatocellular carcinoma; therefore, steatotic
insult to the liver may cause life-threatening diseases. Many
studies have focused on lipid handling in hepatocytes,
including fatty acid uptake, de novo lipogenesis, and fatty acid
oxidation. Mass spectrometry–based metabolomics analysis
enables the investigation of crosstalk between metabolic
organs. While symptomatic therapies, including insulin
sensitization and lipid lowering, are applicable for the treat-
ment of steatotic diseases (2), highly effective therapeutics for
severe cases are currently unavailable.

Free amino acids, particularly branched-chain amino acids
(BCAAs), accumulate in the plasma of patients with diabetes
and obesity (3) and are mainly derived from skeletal muscle
and the gut microbiome, which is associated with reduced fat-
free mass (4). BCAAs can accelerate protein synthesis and
increase in mass in skeletal muscle during exercise training
and mitigate cachexia (4) and sarcopenia (5). In addition to
their beneficial effects, BCAAs have deleterious effects in
cardiometabolic diseases, including type 2 diabetes, obesity,
and ischemic cardiovascular diseases (6). Previous studies have
shown that plasma amino acids, including BCAAs, were
elevated in patients with diabetes and positively correlated
with plasma HbA1c levels (7). Accordingly, previous obser-
vational studies monitoring circulating BCAAs and interven-
tion studies manipulating dietary BCAAs exhibited divergent
experimental results in terms of changes in body composition
and metabolism (5), likely because of their diverse metabolic
roles and complicated crosstalk between organs. It was pre-
viously reported that transduction of the amino acid trans-
porter, SNAT2, specifically led to augmented steatohepatitis
(8), suggesting that excessive accumulation of amino acids in
hepatocytes may cause hepatic steatosis. Most metabolic
studies have focused on the systemic homeostasis of BCAAs,
and the local production of amino acids in the liver micro-
environment has not been fully elucidated.

Nonessential amino acids are biochemically synthesized
during nutrient metabolism, including glycolysis and the citric
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Amino acid production by calpain
acid cycle. In addition to biogenic synthesis, amino acids can
be generated by the proteolytic degradation of intracellular
proteins via proteases. For instance, Atg7-mediated autophagy
was shown to be required for sustaining intracellular-free
amino acid levels in amino acid–starved cells (9). Protea-
some inhibition in yeast, cells, and flies led to lethal amino acid
shortage (10), suggesting that autophagy and proteasomes play
a constitutive role in maintaining free amino acid levels in
cells. In contrast to the constitutive proteolytic systems, some
species of intracellular proteases are reportedly activated in
response to extracellular stressors. We previously reported
that calpain, an intracellular Ca2+-dependent protease family,
is activated during the pathogenic regulation of blood vessels
(11–14). Among 15 species of isozymes, conventional calpains,
which comprise heterodimers of calpain-1/calpain-s1 and
calpain-2/calpain-s1, were disinhibited in vascular endothelial
(VE) cells (ECs), thereby inducing pathological angiogenesis in
retinopathy and cancer angiogenesis (15). Importantly, calpain
proteases in ECs are reportedly activated in small vessels under
diabetic conditions (16). Several enzymatic and biochemical
investigations have reported that calpain recognizes many
types of substrates, including the EC-marker VE-cadherin
(17–19). Thus, it is speculated that activation of calpain leads
to degradation of substantial amounts of proteins, producing
excessive degradation products. It was recently reported that
calpain-induced proteolysis facilitates proteasomal protein
degradation (20). Therefore, we hypothesized that over-
activation of calpain in ECs provides substantial amounts of
free amino acids to the liver microenvironment under patho-
genic conditions, which influences hepatic function.

The present study revealed that calpain proteolysis in
cultured ECs is involved in the release of sufficient amounts
of free amino acids, including BCAAs, to impact S6 kinase
(S6K)/sterol regulatory element–binding protein 1 (SREBP1)
pathway in neighboring hepatocytes, thereby inducing de
novo lipogenesis. We generated EC/hematopoietic-specific
and bone marrow–chimeric calpain-targeted mice to
examine the contribution of EC calpain systems in vivo.
Targeted inhibition of the EC calpain systems reduced BCAA
levels in fatty liver independent of plasma amino acid levels
and accompanying steatohepatitis in diet-induced obesity
mice. This is the first study to identify local proteolytic amino
acid production via stress-inducible intracellular proteases in
the liver and define its pathophysiological roles in hepatic
disorders.
Results

Effects of EC-derived amino acids on lipid handling in
hepatocytes

Amino acids are hypothesized to leak from ECs in a process
likely mediated by excessive calpain-induced proteolysis.
Increased extracellular glucose levels led to elevation of a
calpain-induced 95 kDa proteolytic fragment of VE-cadherin,
which is a known calpain substrate, in human umbilical vein
endothelial cells (HUVECs) within 15 min (Fig. 1A), indicating
activation of conventional calpains in these cells at high
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glucose concentrations. Densitometry of total protein lysate
showed that high–molecular weight proteins tended to be
preferentially degraded in response to high glucose concen-
trations, whereas low–molecular weight proteins were sus-
tained (Fig. 1B). Concomitantly, high glucose concentrations
increased the amino acid levels in the culture supernatant,
which plateaued within 15 min (Fig. 1C). Amino acid pro-
duction at high glucose concentrations was greater than that at
low glucose concentrations and was suppressed by calpeptin-
induced pharmacological inhibition of calpain (Fig. 1D).
Amino acid production is unlikely to be responsible for indi-
vidual calpain substrates since it was unchanged when
VE-cadherin was downregulated by siRNA (Fig. S1, A and B).
We examined whether amino acid production was Ca2+

dependent using the Ca2+ ionophore, ionomycin. Supple-
mentation of ionomycin to HUVECs resulted in degradation of
intact VE-cadherin (125 kDa) and increased levels of calpain-
generated 95 kDa fragments (Fig. 1E) and extracellular
amino acid (Fig. 1F). Moreover, extracellular amino acid levels
were decreased by inhibition of calpeptin-induced calpain but
not bortezomib-induced proteasomal inhibition (Fig. 1F).
Combined inhibition of calpain and proteasomes markedly
reduced amino acid levels to lower than those in unstimulated
cells. Luminometric assay revealed that treatment of HUVECs
with ionomycin potentiated both calpain and proteasomal
activity (Fig. 1, G and H). Calpain activity, but not proteasomal
activity, was suppressed by siRNA-mediated silencing of
CAPNS1, which encodes the common regulatory subunit of
conventional calpains (Fig. 1, G–I). Since ionomycin-induced
calcium influx limits protein ubiquitination in synapses (21),
ubiquitination status was further examined in ionomycin-
treated HUVECs (Fig. S1C). Consistent with previous re-
ports, ionomycin treatment reduced expression levels of
ubiquitinated protein in the cells within 30 min and was in-
dependent of pharmacological inhibition by bortezomib or
calpeptin (Fig. S1D). The calpain dependency of individual
amino acids was characterized using LC–tandem mass spec-
trometry (Fig. 1J). Levels of most amino acids, including
BCAAs, detectable in the cell culture supernatants from
ionomycin-stimulated HUVECs, were reduced by calpeptin
treatment. Calpeptin-induced depletion of amino acid pro-
duction was also observed in the murine MS1 EC line (Fig. 1J).
Treatment of these cells with ionomycin upregulated intra-
cellular BCAA levels in control cells (Fig. 1K), which was
markedly inhibited by siRNA-mediated silencing of CAPNS1.

We investigated whether the products secreted from the
calpain-activated ECs affected triglyceride homeostasis in
hepatocytes using conditioned medium experiments. Carry-
over of ionomycin into the conditioned media was minimized
by first stimulating ECs with ionomycin in the absence of
extracellular Ca2+, removing the ionomycin, and adding
extracellular Ca2+ to the EC culture in the absence of serum or
amino acids. This procedure activated calpain in ECs in the
absence of ionomycin in the culture supernatant (Fig. 2A).
Treatment of HepG2 hepatocytes cultured in vehicle-treated
conditioned media with 100 nmol/l insulin failed to induce
phosphorylation of S6K, whereas culturing HepG2 cells in



Figure 1. Calpain-induced BCAA production in cultured EC. A, high glucose–induced calpain activation in HUVECs. Proteolysis of VE-cadherin was
monitored as an index of calpain activity. Cells were stimulated with high glucose (25 mmol/l) for the indicated periods. Relative expression of proteolytic
fragment (95 kDa) versus intact VE-cadherin (125 kDa) is shown (n = 3). B, Coomassie brilliant blue staining of total protein lysate in HUVECs. Densitometric
values at 60 min were averaged, and each peak was subjected to statistical analysis (n = 3). C, high glucose–induced amino acid release in HUVECs. Amino
acid levels were quantified in the culture supernatant by biochemical assay (n = 5). D, pharmacological assessment of high glucose–induced amino acid
release in HUVECs. Cells were pretreated with calpeptin at 10 μmol/l for 30 min and then incubated in Krebs–Henseleit buffer containing 25 mmol/l glucose
in the presence of calpaptin. Amino acid levels in culture supernatant were measured (n = 3). E, ionomycin-induced calpain activation in HUVECs. Proteolysis
of VE-cadherin was monitored as an index of calpain activity. Cells were stimulated with 5 μmol/l ionomycin for the indicated periods. Relative expression
levels of proteolytic fragment (95 kDa) versus intact VE-cadherin (125 kDa) are shown (n = 3). F, pharmacological assessment of ionomycin-induced amino
acid release in HUVECs. Cells were pretreated with 10 μmol/l calpeptin or 10 μmol/l bortezomib for 30 min and then incubated with 5 μmol/l ionomycin in
the presence of inhibitor. Amino acid levels were measured in culture supernatant (n = 6). G, luminometric assay to measure calpain activity. Cells were
incubated with 5 μmol/l ionomycin for 30 min. H, luminometric assay for measuring proteasomal activity. Cells were incubated with 5 μmol/l ionomycin for
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Figure 2. EC-derived amino acid is sufficient to induce lipid accumulation in hepatocytes. A, schematic illustration of conditioned media experiments.
HUVECs were stimulated with ionomycin in Ca2+-deprived HBSS. HBSS was then replaced with the Ca2+-containing HBSS to induce Ca2+-driven amino acid
release from HUVECs in the absence of ionomycin in the extracellular environment. B, conditioned media experiments in HepG2 cells. Conditioned media
derived from ionomycin-treated HUVECs amplified insulin-induced phosphorylation of S6K in HepG2 cells (n = 5). C, pharmacological assessment of amino
acid transporter. About 50 nmol/l JPH203 was added to the HepG2 culture 30 min prior to insulin treatment (n = 4). D, pharmacological assessment of
mTOR signaling. About 10 nmol/l rapamycin was added to the HepG2 culture 30 min prior to insulin treatment (n = 4). E, pharmacological assessment of de
novo lipogenesis in HepG2 cells in response to conditioned media. About 50 nmol/l JPH203 or 10 nmol/l rapamycin were added to the HepG2 culture
30 min prior to insulin treatment. Cells were incubated with medium containing 100 nmol/l insulin and 0.05 mg/ml palmitic acid for 24 h (n = 5). Statistical
analysis was performed using one-way ANOVA with Bonferroni post hoc test (E) and two-way ANOVA with Bonferroni post hoc test (B–D). *p < 0.05 and
***p < 0.001. EC, endothelial cell; HBSS, Hank’s balanced salt saline; HUVEC, human umbilical vein endothelial cell; mTOR, mammalian target of rapamycin;
S6K, S6 kinase.

Amino acid production by calpain
ionomycin-treated conditioned media markedly upregulated
S6K phosphorylation in response to insulin (Fig. 2B). S6K
phosphorylation could be reproduced by adding leucine alone,
instead of conditioned medium (Fig. S2, A–C). We then
investigated the contribution of amino acids in the condi-
tioned media and mammalian target of rapamycin complex 1
(mTORC1) in hepatocytes to S6K phosphorylation. Treat-
ment of HepG2 hepatocytes with the L-type amino acid
transporter 1 (LAT1) inhibitor, JPH203 (Fig. 2C) (22), and
mTORC1 inhibitor, rapamycin (Fig. 2D) (23), clearly down-
regulated insulin-induced S6K phosphorylation in the
ionomycin-treated conditioned media, whereas S6K phos-
phorylation in the vehicle control groups was unaffected even
in the presence of these inhibitors. Consistently, insulin-
induced de novo lipogenesis in HepG2 hepatocytes in
ionomycin-treated conditioned media was clearly down-
regulated by JPH203 and rapamycin (Fig. 2E).
30 min. I, siRNA-mediated silencing of CAPNS1 in HUVECs. Immunoblot analy
composition in supernatants in HUVECs and murine MS1 cell culture. Cells w
10 μmol/l calpeptin. Culture supernatant was analyzed in duplicate by liquid
calpain-induced BCAA content in HUVECs. BCAA assay was performed in cell ly
Bonferroni post hoc test (A, C–F), two-way ANOVA with Bonferroni post hoc
**p < 0.01, and ***p < 0.001. BCAA, branched-chain amino acid; EC, endothe
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Targeting calpain systems in vascular ECs ameliorates hepatic
steatosis

Obesity and steatohepatitis were induced in mice fed a
high-fat diet (HFD) for 18 weeks compared with mice fed a
low-fat diet (LFD). HFD-fed mice showed weight gain
compared with LFD-fed mice (LFD: 23.3 ± 0.3 g, n = 18; HFD:
38.1 ± 1.0 g, n = 12; p < 0.001). Previous studies reported that
expression levels of CD31 in sinusoidal ECs under physio-
logical conditions were reportedly lower than those in other
EC types, including heart, lung, and kidney ECs (24), and that
CD31+ capillary-like ECs were present in HFD-induced
steatohepatitis (25). Consistently, CD31+ capillary-like ECs
were observed in murine liver after HFD feeding (Fig. S3A).
Expression levels of the capillary-like EC markers, Pecam1
and Cd34, were upregulated in HFD-fed mice compared with
LFD-fed mice (Fig. S3B). Furthermore, calpain-s1-
overexpressing cells were observed and clearly overlapped
sis was performed to examine the efficacy of siRNA (n = 3). J, amino acid
ere stimulated with 5 μmol/l ionomycin in the presence or the absence of
chromatography–tandem mass spectrometry. K, ionomycin increased the
sates (n = 5). Statistical analysis was performed using one-way ANOVA with
test (G, H, and K), and two-tailed Student’s t test (B, I, and J). *p < 0.05,
lial cell; HUVEC, branched-chain amino acid; VE, vascular endothelial.
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with CD31 (Fig. 3A), whereas CD31 and calpain-s1 expres-
sion were not seen in LFD-fed mice. Furthermore, CD31+

cells in HFD-fed mice simultaneously expressed calpain-1
(Fig. 3A). The specificity of CD31 immunostaining was
confirmed in the microvessels of pancreatic islets (Fig. S3C).
The EC fraction was isolated from the liver, and immuno-
blotting revealed that calpain-s1 was consistently upregulated
in the liver EC fraction (Fig. 3B). Quantitative real-time PCR
(qRT–PCR) analysis suggested that HFD feeding potentiates
the expression levels of Capns1 (calpain-s1 gene) in liver,
whereas Capns1 expression levels remained unchanged in
skeletal muscle and adipose tissue (Fig. 3C).

Calpain-s1 is a common regulatory subunit of conventional
calpain systems that stabilizes the catalytic subunits, calpain-1
and calpain-2. We examined the effects of targeted conditional
KO (cKO) of Capns1 to abolish conventional calpain activity in
HFD-fed mice. CD31 is reportedly expressed in several he-
matopoietic cell lineages as well as ECs (26). Accordingly,
Capns1 was targeted in ECs and hematopoietic cells using the
Tie2 promotor and Cre/loxP recombination systems, since the
Tie2 promoter is functional in these cells (27). Protein
expression levels of calpain-s1 in the liver EC fraction were
successfully eliminated by conditional recombination (Fig. 3D).
The calpain-induced proteolytic fragment of VE-cadherin,
which is an EC-specific calpain substrate (19), was consis-
tently reduced in the EC fraction by targeted KO of Capns1.
This suggests that KO of Capns1 eliminates the activity of
conventional calpains in the cells.

Steatogenic phenotypes in the liver were also explored.
Histological analysis and Oil Red O staining revealed several
lipid droplets and diffuse lipid accumulation in the liver pa-
renchyma in HFD-fed Capns1fl/fl mice, which were shrunk and
reduced by EC/hematopoietic Capns1 KO (Fig. 3E). Consistent
with this findings, hepatic triglyceride levels were substantially
reduced by Capns1 KO (Fig. 3F). EC/hematopoietic cell-
specific transgenic induction of CAST was performed to
downregulate the conventional calpain systems in cells (15)
and evaluated in terms of obesity-induced steatosis. Hepatic
triglyceride levels in CAST conditional transgenic (cTg) mice
were lower than those in the control mice (LNL–CAST Tg
mice) (Fig. 3G). Bone marrow transplantation was performed
to elucidate the contribution of hematopoietic calpains to lipid
accumulation. PCR-based genotyping of bone marrow cells
indicated successful chimerism in animals that underwent
hematopoietic cell transplant (Fig. 3H). Chimeric mice were
then subjected to HFD feeding for 18 weeks. The reduction of
triglycerides in the liver was not reproduced in chimeric CAST
cTg mice (Fig. 3I), negating the contribution of hematopoietic
calpain systems to hepatic steatosis. HPLC-based lipoprotein
profiling showed that plasma triglyceride and cholesterol levels
were comparable between HFD-fed Capns1fl/fl and EC/he-
matopoietic Capns1 cKO mice (Figs 3I and S3D). In contrast
to the lipid deposition in the liver, the fibrogenic responses in
the HFD-fed Capns1fl/fl and cKO mice were comparable
(Fig. S3, E and F), likely because of the moderate fibrogenic
responses in our experimental models. HFD-induced CD31+

ECs were detectable in liver even in Capns1 fl/fl and cKO mice
(Fig. S3G). Furthermore, there were no differences in expres-
sion levels of the capillary-like EC markers, Pecam1 and Cd34,
as well as Cdh5 (VE-cadherin gene) between Capns1 fl/fl and
cKO mice (Fig. S3H).
Hepatic lipogenic signaling and microenvironmental amino
acids are disturbed by calpain systems in vascular ECs

We characterized the composition of amino acids in liver
in HFD-fed mice. Among the 19 amino acids measured,
HPLC-based quantification of amino acids showed that
leucine, isoleucine, and glycine were reduced in HFD-fed
EC/hematopoietic Capns1 cKO mice compared with
Capns1fl/fl mice (Figs. 4A and S4A). Biochemical analyses
revealed reduced hepatic BCAA levels because of cKO of
Capns1 in HFD-mice (Fig. 4B), whereas plasma BCAA levels
were unchanged when the conventional calpain systems were
targeted (Fig. 4C). Reduced hepatic BCAA levels could be
reproduced in HFD-fed EC/hematopoietic CAST cTg mice
compared with controls (Fig. 4D). Of note, bone marrow
transplantation revealed that the hematopoietic portion of the
calpain system was not associated with changes in BCAAs
(Fig. 4E). The isolated EC fraction from murine liver was
compared with isolated bone marrow macrophages in terms
of amino acid production (Fig. 4, F and G). Treatment of
Capns1 floxed cells with high glucose concentrations resulted
in increase in amino acid levels in the cell culture superna-
tant. This was inhibited by targeted KO of EC/hematopoietic
Capns1. In contrast, high glucose concentration did not
facilitate amino acid production in isolated bone marrow–
derived macrophages, which was independent of Capns1
expression levels.

Obesity and diabetes parameters were further investigated.
Targeted depletion of calpain-s1 or transgenic overexpression
of calpastatin specifically in ECs and hematopoietic cells did
not affect body weight gain in HFD-fed mice over 18 weeks
(Fig. S5, A and B). Intraperitoneal glucose tolerance tests
showed that HFD-fed Capns1 fl/fl mice exhibited elevated
blood glucose levels in response to intraperitoneal glucose
injection (Fig. S5C). While targeted Capns knockdown slightly
interrupted the initial elevation in plasma glucose, the areas
under the curve of the Capns1 fl/fl and cKO mice were com-
parable. In contrast, Capns1 cKO ameliorated insulin resis-
tance in HFD-fed mice (Fig. S5D). Similar trends in glucose
and insulin tolerance were observed in CAST cTg and control
mice (Fig. S5, E and F). In contrast, there were no differences
in glucose and insulin tolerance between the LFD-fed Capns1
fl/fl and cKO mice (Fig. S5, G and H). It is important to note
that pancreatic insulin production was not substantially per-
turbed since plasma insulin levels in Capns1 fl/fl and cKO mice
were equivalent between fasting and fed conditions (Fig. S5I).
Bone marrow transplantation indicated that glucose (Fig. S5J),
insulin resistance (Fig. S5K), and body weight gain (Fig. S5L) in
response to HFD feeding were not influenced by hematopoi-
etic calpain targeting in chimeric mice; thus, it was concluded
that EC calpain systems were responsible for insulin
sensitization.
J. Biol. Chem. (2022) 298(6) 101953 5



Figure 3. Targeted knockdown of endothelial calpain systems ameliorates hepatic steatosis without altering plasma triglyceride levels. Mice were
fed an HFD for 18 weeks. A, localization of conventional calpains in liver from LFD- or HFD-fed mice. Immunohistochemical analysis was performed in liver
parenchyma. Arrows represent CD31+ calpain-1+ cells. B, upregulation of calpain-s1 in the EC fraction in the livers of LFD- or HFD-fed mice. The liver EC
fraction was isolated according to specific gravity and adhesiveness (n = 5). C, Capns1 expression in metabolic organs in obese mice (liver, LFD: n = 8, HFD:
n = 8; muscle, LFD: n = 7, HFD: n = 10; adipose tissue, LFD: n = 8, HFD: n = 8). D, protein expression of calpain-s1 and its substrate VE-cadherin in hepatic
endothelial fractions in HFD-fed Capns1-targeted mice. Deficiency of calpain-s1 reportedly destabilizes catalytic subunits, thereby declining proteolytic
activity. Right graph represents densitometry of immunoblot data (Capns1 fl/fl: n = 6, cKO: n = 5; VE-cadherin fl/fl: n = 5, cKO: n = 4). E, hematoxylin and eosin
(left) and Oil Red O staining (right) of fatty liver sections of HFD-fed fl/fl or Capns1-targeted mice. F, triglyceride levels in liver were decreased by endothelial/
hematopoietic-specific calpain targeting. Triglyceride content in HFD-fed mice was measured by biochemical assay and normalized to liver weight (fl/fl: n =
12; cKO: n = 13). G, overexpression of endogenous calpain inhibitor in EC/hematopoietic cells can mitigate hepatic steatosis. EC/hematopoietic cell–specific
CAST cTg mice were generated by intercrossing LNL–CAST Tg mice with Tie2–Cre Tg mice (left). LNL–CAST Tg mice were used as a control (cont). The
triglyceride content per liver weight in HFD-fed mice was measured (cont: n = 10; cTg: n = 10). H, genotype in bone marrow–chimeric mice. PCR-based
genotyping was conducted in isolated bone marrow cells (n = 3). I, conventional calpains in hematopoietic cells are dispensable for hepatic steatosis.
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Figure 4. Conventional calpains in vascular ECs influence amino acid composition in liver of HFD-fed mice. Mice were fed an HFD for 18 weeks.
A, BCAA levels in fatty liver in the HFD-fed endothelial/hematopoietic-specific Capns1-targeted mice. Amino acids were quantified by HPLC analysis (fl/fl: n =
5; cKO: n = 5). B, BCAA content in fatty liver in HFD-fed EC/hematopoietic-specific Capns1-targeted mice. BCAA was measured by biochemical assay (fl/fl: n =
6; cKO: n = 6). C, plasma BCAA levels in the HFD-fed endothelial/hematopoietic-specific Capns1-targeted mice (fl/fl: n = 12; cKO: n = 12). D, BCAA content in
liver from HFD-fed EC/hematopoietic-specific CAST tg mice (cont: n = 9; cTg: n = 10). E, BCAA content in fatty liver from the HFD-fed chimeric CAST cTg mice
(cont→WT: n = 10; cTg→WT: n = 10). F, amino acid release from isolated liver ECs. Cells were stimulated with high glucose concentrations at 25 mmol/l (fl/fl:
n = 4; cKO: n = 4). G, amino acid release from isolated liver bone marrow–derived macrophages. Cells were stimulated with high glucose concentrations of
25 mmol/l (fl/fl: n = 4; cKO: n = 4). Statistical analysis was performed using two-tailed Student’s t test (A, B, and D) and two-way ANOVA with Bonferroni post
hoc test (F). *p < 0.05, **p < 0.01. BCAA, branched-chain amino acid; cKO, conditional KO; EC, endothelial cell; HFD, high-fat diet.

Amino acid production by calpain
Next, AKT phosphorylation in metabolic organs was
examined to elucidate the causal relationship between hepatic
steatosis and insulin sensitization. In contrast to the hepatic
steatotic phenotypes, AKT phosphorylation in the liver and
skeletal muscle was equivalent between EC/hematopoietic
Capns1 fl/fl and Capns1 cKO mice (Fig. 5, A and B), whereas
AKT phosphorylation in adipose tissue was significantly
upregulated by targeted Capns1 knockdown (Fig. 5C). AKT
signaling effectors were further examined, and expression
levels of the gluconeogenesis-related effector, Foxo1, were
consistently suppressed by Capns1 KO in the adipose tissue of
obese mice (Fig. S5M). In contrast, phosphorylation of FOXO1
Control or Capns1 cTg donor mice and Ldlr–/– recipient mice (WT) were fed an
n = 10; cTg: n = 10). J, plasma lipid profile in HFD-fed hematopoietic/EC–Cap
Statistical analysis was performed using two-tailed Student’s t test (B–D, F, and
EC, endothelial cell; HFD, high-fat diet; LFD, low-fat diet; VE, vascular endothe
(Fig. S5N) and its expression levels (Fig. S5M) in liver were
comparable between EC/hematopoietic Capns1 fl/fl and
Capns1 cKO mice. On the other hand, expression levels of the
de novo lipogenesis-related effector, Srebf1 (SREBP1 gene),
were unchanged in adipose tissue but significantly down-
regulated in liver in response to targeted KO of Capns1
(Fig. S5O). SREBP1 is translated as an immature precursor and
proteolytically converted into its active mature form
(mSREBP1) (28). Immunoblotting showed that the maturation
of SREBP1 in the livers of obese mice was reduced in response
to Capns1 KO (Fig. 5D), whereas mSREBP1 levels in skeletal
muscle and adipose tissue were unaffected (Fig. 5, E and F).
HFD for 18 weeks. Triglyceride content per liver weight was measured (cont:
ns1 cKO mice. EDTA plasma was analyzed by HPLC (fl/fl: n = 8; cKO: n = 7).
G). *p < 0.05, **p < 0.01. cKO, conditional KO; cTg, conditional transgenic;
lial.
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Figure 5. Systemic AKT/SREBP signaling in HFD-fed Capns1-targeted mice. Mice were fed an HFD for 18 weeks. A, protein expression of AKT in liver in
HFD-fed mice (fl/fl: n = 8; cKO: n = 7). B, protein expression of AKT in skeletal muscle in HFD-fed mice (fl/fl: n = 5; cKO: n = 5). C, protein expression of AKT in
adipose tissue in HFD-fed mice (fl/fl: n = 6; cKO: n = 6). D, protein expression of SREBP1 in liver in HFD-fed mice (fl/fl: n = 8; cKO: n = 8). E, protein expression
of SREBP1 in skeletal muscle in HFD-fed mice (fl/fl: n = 6; cKO: n = 6). F, protein expression of SREBP1 in adipose tissue in HFD-fed mice (fl/fl: n = 5; cKO: n =
5). G, protein expression of P70 S6 kinase in liver in HFD-fed mice (fl/fl: n = 8; cKO: n = 7). H, protein expression of P70 S6 kinase in skeletal muscle in HFD-fed
mice (fl/fl: n = 6; cKO: n = 6). I, protein expression of P70 S6 kinase in adipose tissue in HFD-fed mice (fl/fl: n = 6; cKO: n = 6). J, protein expression of IRS-1 in
liver in HFD-fed mice (fl/fl: n = 7; cKO: n = 7). Two-tailed Student’s t test was used for the statistical analysis (C–F, I, and J). *p < 0.05. cKO, conditional KO;
HFD, high-fat diet; IRS-1, insulin receptor substrate 1; SREBP, sterol regulatory element–binding protein.

Amino acid production by calpain
Among AKT signaling molecules, the mTOR–S6K signaling
axis is reportedly involved in the maturation of SREBP1 (29).
Furthermore, the mTOR–S6K axis can be uncoupled from
AKT signaling pathways, as S6K negatively controls insulin
signaling via negative feedback of the insulin receptor sub-
strate (IRS)–AKT axis (30, 31). These observations are
consistent with our current data; therefore, S6K signaling was
monitored in metabolic organs. Immunoblot analysis revealed
that phosphorylation of S6K in the livers of obese mice was
markedly reduced by Capns1 cKO (Fig. 5G), whereas S6K
phosphorylation was unchanged in skeletal muscle and
8 J. Biol. Chem. (2022) 298(6) 101953
adipose tissue (Fig. 5, H and I). It was reported that S6K
downregulates IRS-1 under conditions of hyperglycemia (30,
32). Consistently, targeting EC/hematopoietic Capns1 restored
IRS-1 protein expression levels in liver (Fig. 5J).

The LAT1–4F2hc complex is a major transporter of BCAAs
(33) and is ubiquitously expressed in many nonepithelial cells,
including hepatocytes (34). We examined the effects of phar-
macological LAT1 inhibition in vivo to assess the requirement
of BCAA for calpain-mediated triglyceride accumulation in
liver. Administration of the LAT1 inhibitor, JPH203, to HFD-
fed Capns1 fl/fl mice reduced the triglyceride content of the
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liver (Fig. 6A) without altering plasma triglyceride (Fig. 6B) and
amino acid levels (Fig. 6C). Targeting EC/hematopoietic
Capns1 did not further downregulate triglyceride levels in the
liver (Fig. 6A).
Discussion

Our data clearly show that conventional calpains are asso-
ciated with the production of free amino acids in cultured ECs.
Gene targeting in mice revealed that certain amino acids in
fatty liver are dependent on EC calpain systems. Since circu-
lating amino acid levels were unaffected by targeting conven-
tional calpains, these proteases may contribute to the local
amino acid production in fatty liver. Cell-based experiments
further suggested that EC-derived amino acids are responsible
for the acceleration of the mTORC1–S6K axis and subsequent
lipogenesis in the surrounding hepatocytes (Fig. 7). The
behavior of the S6K–SREBP1c pathway was reproduced in
calpain-targeted mice. To the best of our knowledge, this is the
first study to report local amino acid production by calpain
proteolytic systems.

Our findings showed that extracellular high glucose con-
centrations as well as Ca2+ ionophores facilitated the pro-
duction of amino acids in cultured ECs in a calpain-dependent
manner. High–molecular weight proteins in cultured ECs were
preferentially degraded under high glucose conditions; thus,
those calpain substrates may be a source of the extracellular
amino acids. Since conventional calpains recognize diverse
amino acid sequences (35), they are able to proteolyze a variety
of substrates, including high–molecular weight cytoskeletal
proteins and adhesion molecules (36). These proteases usually
recognize one to several cleavage sites per target substrate and
are unable to directly convert their substrates into amino acids.
Accordingly, it was suspected that other proteolytic systems
may be involved in calpain-mediated amino acid production.
Figure 6. Effects of intervention of amino acid transporter on calpain-m
transporter inhibitor JPH203 on hepatic triglyceride accumulation in HFD-fed
(dimethyl sulfoxide [DMSO]) or JPH203 (30 mg/kg) was intraperitoneally admin
levels in liver (fl/fl + DMSO: n = 6; fl/fl + JPH: n = 6; cKO + JPH: n = 8). C, triglyce
D, amino acid levels in plasma (fl/fl + DMSO: n = 6; fl/fl + JPH: n = 6; cKO +
Bonferroni post hoc test (B). **p < 0.01. cKO, conditional KO; HFD, high-fat di
Our data suggest that Ca2+ influx potentiates the proteasomal
activity in ECs, and the combination of calpain inhibitor with
proteasomal inhibitor resulted in a substantial reduction in
amino acid production in ECs. In contrast, amino acid pro-
duction was not reduced by proteasomal inhibitor alone.
Calpain-mediated ubiquitin/proteasomal regulation was not
responsible for the amino acid production since calpain inhi-
bition did not influence proteasomal activity and protein
ubiquitination. Tomita et al. (20) reported that calpain-
induced limited proteolytic cleavage is necessary for the pro-
teasomal degradation of retinoblastoma proteins, which is a
transcriptional modulator. This suggests that calpain-induced
preprocessing of target proteins can sensitize proteasomal
protein degradation. Therefore, it appears that the calpain
systems induce limited proteolysis of substrate proteins, which
exert amino acid production coordinated with the proteasomal
systems.

Our cell-based experiments showed that calpain activity in
cultured ECs was responsible for the production of most
amino acid types. In contrast, animal experiments indicated
that certain amino acid types, including leucine, isoleucine,
and glycine, in the liver microenvironment were dependent on
EC calpain systems. This indicates that EC calpain substan-
tially contributes to the amounts of these three amino acid
types in the liver compared with their physiological levels.
Leucine potentiates protein synthesis–related elements,
including mTORC1 (37). The combination of leucine with
other amino acids, including glycine, facilitates S6K phos-
phorylation, whereas glycine alone has no effect on the
mTORC1–S6K axis (38). This is consistent with our data that
indicated that targeted knockdown of the calpain systems in
ECs accelerates leucine enrichment in the microenvironmental
amino acid pool in the liver and that leucine supplementation
in HepG2 cells exclusively upregulates insulin-induced S6K
phosphorylation. Furthermore, conditioned media derived
ediated triglyceride accumulation in liver. In vivo effects of amino acid
mice. A, schematic overview of the pharmacological study. Control vehicle
istered to HFD-fed mice for 4 weeks at an interval of 2 days. B, triglyceride
ride levels in plasma (fl/fl + DMSO: n = 6; fl/fl + JPH: n = 6; cKO + JPH: n = 8).
JPH: n = 8). Statistical analysis was performed using one-way ANOVA with
et.

J. Biol. Chem. (2022) 298(6) 101953 9



Figure 7. Schematic illustration of calpain-induced amino acid production in ECs in fatty liver. Calpain proteolytic systems, which are potentiated in
CD31+-capillary-like ECs in fatty liver, promoted amino acid production in the cells by coordinating with proteasomes. Calpain-generated environmental
amino acids induced de novo lipogenesis in adjacent hepatocytes via the S6K–SREBP1 axis independent of AKT signaling. Consistently, targeting calpain
systems specifically in ECs can reduce levels of environmental amino acids, including leucine, isoleucine, and glycine, in liver and can mitigate HFD-induced
hepatic steatosis without altering plasma lipid or amino acid composition. EC, endothelial cell; S6K, S6 kinase; SREBP1, sterol regulatory element–binding
protein 1.

Amino acid production by calpain
from EC culture potentiated S6K phosphorylation and subse-
quent de novo lipogenesis in HepG2 cells, which was reversed
by LAT1 inhibition. Consistent with this, it was reported that
pharmacological inhibition of LAT1 reduced leucine incor-
poration in isolated pancreatic islets (39). Collectively, lipo-
genesis in hepatocytes may be strongly upregulated when
EC-derived amino acids, particularly leucine, accumulate in
the cells.

The present study showed that EC/hematopoietic cell–
specific targeting of calpain systems upregulated mSREBP1c
and its expression levels in liver, whereas AKT and FOXO1
phosphorylation remained unchanged. Hence, calpain systems
in ECs facilitate the control of SREBP1c to facilitate lipogenesis
in hepatocytes, independent of AKT-mediated pathways.
While the insulin–AKT signaling axis is reportedly transduced
via IRS-1 under the physiological status, this adaptive protein
appears to be downregulated under hyperglycemic conditions
(31). Therefore, insulin signaling is uncoupled from metabolic
signaling, including glyconeogenesis and lipogenesis, leading
to insulin resistance. S6K phosphorylates IRS-1 and IRS-2 to
degrade these adaptive proteins (30, 32), suggesting that
overactivation of S6K and its feedback interference of IRS may
be a cause of uncoupling. Importantly, the mTORC1–S6K axis
can be activated by environmental factors, such as amino acids,
as well as inflammatory cytokines and high glucose concen-
trations in an AKT-independent manner, which may direct the
processing of SREBP1c and de novo lipogenesis (29). Consis-
tently, transduction of the amino acid transporter SNAT2
specifically to the liver upregulates S6K, thereby inducing
steatohepatitis (8), suggesting that excessive accumulation of
amino acids in hepatocytes may be a cause of hepatic steatosis
via S6K. Our data revealed that conditional targeting of con-
ventional calpains recovered the IRS-1 expression levels even
under hyperglycemic conditions. Since AKT phosphorylation
in liver was not reversed in mice with targeted abolition of
conventional calpains, IRS-1 upregulation alone may not be
10 J. Biol. Chem. (2022) 298(6) 101953
sufficient to normalize the hyperglycemic uncoupling of AKT
signaling. These results suggest that both EC/hematopoietic
cell–specific targeting of calpain and LAT1 inhibition
ameliorated HFD-induced fatty liver independently of plasma
triglyceride and amino acid levels. Importantly, targeted
abolition of calpain systems did not further downregulate
hepatic triglyceride levels in mice treated with an LAT1 in-
hibitor, indicating that calpain-generated environmental
amino acids are involved in the AKT-independent lipogenesis
in fatty liver. Hematopoietic calpain was not found to be
involved in lipid handling; therefore, it is reasonable to suggest
that calpain systems in ECs have a substantial impact on the
mTORC1–S6K–SREBP1c axis in hepatocytes.

In addition to hepatic steatosis, EC/hematopoietic calpain
knockdown improved insulin sensitivity in HFD-fed mice.
Conditional targeting of calpain systems did not upregulate
AKT phosphorylation in liver; thus, AKT signaling in the liver
may not contribute to insulin sensitization. Alternatively, AKT
phosphorylation and FOXO1 downregulation were detected in
adipose tissue in response to calpain knockdown. Conditional
targeting of calpain systems did not significantly modify
glucose tolerance and systemic insulin homeostasis; thus, we
concluded that EC calpain in adipose tissue is mainly associ-
ated with insulin sensitization via unknown mechanisms.
Further studies are required to elucidate the causal relation-
ship between AKT regulation by EC calpain systems and
insulin sensitization.

The findings of the present study clarify the proteolytic
production of amino acids in the liver microenvironment via
intracellular proteolytic systems in ECs and indicate that
calpain-induced amino acid production may be a cause of
hepatic steatosis. Since proteolytic amino acid production
occurs independent of systemic homeostasis, normalization of
the amino acid pool in the liver microenvironment represents
a novel approach to mediate steatotic susceptibility in the liver.
Conventional EC calpains are reportedly activated in
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atherosclerosis (19), cancer, and retinopathy (15), and under-
standing calpain-induced amino acid production in these
diseases is of interest.

Experimental procedures

Animals

All mice (C57BL/6J background) were housed in climate-
controlled (21 �C) specific pathogen-free facilities with a
12 h light–dark cycle and free access to standard laboratory
food (Picolab mouse diet 20; Laboratory Diet) and water. Diet-
induced obesity experiments were performed in 8-week-old
female mice housed in wire cages and fed an LFD (CRF-1;
Oriental Yeast Co) or HFD (F2HFD1; CRF-1 supplemented
with 16.5% fat, 1.25% cholesterol, and 0.5% sodium cholate;
Oriental Yeast Co) for 18 weeks. LNL–CAST Tg (15) and
Capns1 fl/fl (40) mice were generated as previously described.
EC/hematopoietic cell–specific Capns1 cKO mice were
generated by intercrossing Capns1 fl/fl mice with Tie2–Cre Tg
mice (Jackson Laboratory; stock no.: 008863) (41), with
Capns1 fl/fl mice used as controls. EC/hematopoietic cell–
specific CAST cTg mice were generated by intercrossing
LNL–CAST Tg with Tie2–Cre Tg mice, with LNL–CAST Tg
mice used as controls. Genotypes were confirmed using
standard PCR-based genotyping (Table S1). All samples were
obtained from animals following euthanasia via isoflurane
overdose at the end point. Animals whose condition exceeded
the humane end point set by ethical approval were excluded
prior to the experimental end point. All experimental pro-
cedures were approved by the Institutional Animal Care and
Use Committee of Showa University (ref. 09071,02067,03084)
and the Institutional Biosafety Committee of Showa University
(ref. 1806,2005) and were conducted in accordance with the
guidelines of the National Institutes of Health (NIH) Guide for
the Care and Use of Laboratory Animals of the Animal Care
and Use Committee Guideline of Showa University.

Bone marrow transplantation

Bone marrow transplantation was performed as previously
described (42, 43). Briefly, recipient wildtype mice were irra-
diated with 8 Gy of X-rays for 10 min and intravenously
injected with bone marrow cells (1 × 107 cells per animal)
derived from Capns1 fl/fl or Capns1 cKO donor mice and
suspended in Hank’s balanced salt saline (HBSS). Four weeks
after injection, the animals were fed an HFD for 18 weeks.
Successful chimerism was confirmed using PCR-based geno-
typing of bone marrow cells.

Isolation of hepatic EC fraction and isolation of bone
marrow–derived macrophages

LFD- or HFD-fed mice were anesthetized via inhalation of
isoflurane, and their circulatory systems were perfused using
PBS through the left ventricle. Samples of liver (750–1200 mg)
were minced and briefly dissociated using a gentleMACS
Dissociator (Miltenyi Biotec) with the m_liver_01.02 program.
The dissociated samples were then digested in Krebs–Ringer
buffer (154 mmol/l NaCl, 5.6 mmol/l KCl, 10 mmol/l CaCl2,
2 mmol/l MgCl2, 5.5 mmol/l glucose, 20.1 mmol/l Hepes,
25 mmol/l NaHCO3; pH 7.4) containing 500 CDU/ml colla-
genase IV (Sigma–Aldrich) and 150 U/ml DNase I (Appli-
Chem) at 37 �C for 30 min and then further dissociated using a
gentleMACS Dissociator with the m_liver_02.02 program. The
samples were then filtered using a 100 μm cell strainer and
supplemented with 10 ml of PBS containing 0.5% bovine
serum albumin (BSA) and 2 mmol/l EDTA. The filtered cell
suspension was centrifuged at 20g for 4 min at 4 �C to remove
the pelleted hepatocytes. The EC-containing supernatant was
centrifuged at 300g for 10 min at 4 �C, and the pellet was lysed
with red blood cell lysis buffer (BD Pharm Lyse; BD Phar-
mingen) to remove the erythrocytes. The EC-containing cell
fraction was seeded onto culture vessels and cultured in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) for 10 min. Unbound cells were
removed by washing with medium, and attached cells served as
hepatic ECs. Bone marrow–derived macrophages were pre-
pared by collecting murine bone marrow cells by shearing
femoral bone marrows with culture medium and incubating
the cells in RPMI1640 (Sigma) supplemented with 10% FBS,
penicillin–streptomycin–amphotericin B (Wako Pure Chem-
icals) and macrophage colony-stimulating factor (50 ng/ml) to
stimulate differentiation to macrophages. After 5 days of cul-
ture, unbound cells were removed by washing with medium,
and differentiated macrophages were then stimulated with
high glucose concentrations (25 mmol/l).

Glucose and insulin tolerance tests

Glucose tolerance was measured by fasting mice for 16 h
followed by i.p. injection with 1 g/kg glucose. Insulin tolerance
was measured by fasting mice for 4 to 6 h followed by i.p.
injection with 0.5 U/kg insulin. Blood was then collected from
the tail vein via at 15, 30, 60, and 120 min after injection. Blood
glucose levels were measured using a Glutest I (SKK) equipped
with a sensor.

Administration of JPH203

In vivo assessment of JPH203 was performed as previously
described (44). Control vehicle (dimethyl sulfoxide) or JPH203
(MCE; 30 mg/kg) was dissolved in isotonic saline and intra-
peritoneally administered to HFD-fed mice for 4 weeks from
8 weeks of age at 2-day intervals.

Histology

Tissues were fixed with 4% paraformaldehyde, embedded
into optimal cutting temperature compound (Sakura Finetek),
and cryosectioned at a thickness of 5 μm. For immunohisto-
chemistry analysis, antigen retrieval was performed using
HistoVT One (Nacalai Tesque) at 70 �C for 20 min. Specimens
were blocked with 5% BSA and then incubated with the
appropriate primary antibodies (Table S2) dissolved in PBS
containing 1% BSA. Specimens were then labeled with an
appropriate fluorescent secondary antibody. Oil Red O stain-
ing was performed to determine lipid accumulation in liver
tissues. Sirius red staining (Picro Sirius Red; ScyTek) was
J. Biol. Chem. (2022) 298(6) 101953 11
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performed to evaluate hepatic fibrosis. Images were acquired
using a fluorescent microscope (Nikon) and analyzed using
ImageJ software (NIH).

Measurement of liver triglyceride levels

Triglyceride-enriched lipids in the liver were extracted
using the procedure previously described by Folch et al. (45).
A piece of liver tissue (approximately 50 mg wet weight) was
homogenized in 500 μl of 2:1 chloroform/methanol solution.
Undissolved protein precipitates were removed by centrifu-
gation at 2000 rpm for 5 min. The samples were then sup-
plemented with 0.2 volume of water and centrifuged at
2000 rpm for 5 min to separate the upper methanol layer
from the lower chloroform layer. The chloroform layer was
then isolated and evaporated to obtain the lipid-containing
residues. The residue was dissolved in 50 μl of 3:2 hexane/
isopropanol. Triglyceride levels of the samples were deter-
mined using Lab Assay Triglyceride kits (Wako) and a Ver-
saMAX microplate reader (Molecular Devices), and the
values were normalized to the wet weights of the dissected
liver samples.

Amino acid and BCAA measurements

The amount of amino acid in the culture supernatant was
quantified using liquid chromatography–tandem mass spec-
trometry. Briefly, a triple quadrupole mass spectrometer
equipped with an electrospray ionization ion source (LCMS-
8060; Shimadzu Corporation) was used in the positive elec-
trospray ionization and multiple reaction monitoring modes.
The samples were resolved on the Discovery HS F5-3 column
(2.1 mm I.D. × 150 mm/l, 3 μm particle; Sigma–Aldrich),
using a step gradient with mobile phase A (0.1% formate) and
mobile phase B (0.1% acetonitrile) at ratios of 100:0
(0–5 min), 75:25 (5–11 min), 65:35 (11–15 min), 5:95
(15–20 min), and 100:0 (20–25 min) at a flow rate of
0.25 ml/min and column temperature of 40 �C. Quantifica-
tion of amino acids was performed by monitoring the ion
transitions as previously described (46). Amino acids were
measured in liver samples using a piece of liver tissue
(approximately 50 mg wet weight) homogenized in 150 μl of
PBS on ice. The samples were then centrifuged at 15,000g to
remove undissolved debris and hepatocytes. The superna-
tants served as liver microenvironmental samples. Total
L-amino acids in the samples were quantified using the
L-Amino Acid Quantitation Kit (Sigma–Aldrich) and
normalized to their protein concentrations. Similarly, BCAAs
were measured in the samples using a BCAA assay kit (Cell
Biolabs, Inc). Individual amino acids were quantified in liver
samples by analyzing the liver extracts by HPLC as previously
described (47, 48). Liver tissues were homogenized in 500 μl
of 0.2 mol/l perchloric acid and left to deproteinize on ice for
30 min. The samples were then centrifuged at 20,000g to
remove undissolved debris. Supernatants were purified using
0.2 μm of hydrophilic polytetrafluoroethylene filters. The
amino acids in the samples were quantified using a Waters
HPLC system (Pico-Tag free amino acid analysis column
12 J. Biol. Chem. (2022) 298(6) 101953
[3.9 mm × 300 mm], Alliance e2695 separation module, 2487
dual-wavelength UV detector, and Empower software; Wa-
ters). Intracellular BCAA levels were measured by stimu-
lating cultured ECs with 5 μmol/l ionomycin. The cells were
then harvested and lysed in a lysis buffer, and BCAAs were
measured in lysed cells using a BCAA assay kit (Cell Biolabs).
The total amino acid content was measured in the culture
supernatant by stimulating cultured ECs with 5 μmol/l ion-
omycin in the presence or the absence of calpaptin or bor-
tezomib for 30 min and quantifying the amino acid levels of
the culture supernatants using an amino acid measurement
kit (Sigma–Aldrich).

Plasma insulin

Plasma insulin levels were measured in Capns1 fl/fl and cKO
mice using Mouse Insulin ELISA kit (Morinaga Institute of
Biological Science, Inc) according to the manufacturer’s in-
structions. Samples were acquired from tail veins via venous
bleeding from mice fasted for 16 h. Plasma samples were also
obtained from the mice 2 h after refeeding.

Plasma lipid profiling

Blood samples were acquired from the tail veins of mice
fasted for 16 h and then refed for 2 h. Lipoprotein-based
plasma lipid profiles were evaluated by HPLC-based Lip-
oSEARCH (Skylight Biotech, Inc) analysis.

HepG2 culture and amino acid evaluation

The HepG2 hepatocyte cell line was obtained from the
National Institute of Biomedical Innovation (Tsukuba). The
cells were cultured in low glucose DMEM (Wako) supple-
mented with 1% (v/v) penicillin–streptomycin and 10% (v/v)
FBS and maintained in 5% CO2 at 37 �C under humidified
conditions. Individual amino acids were evaluated in confluent
HepG2 cells harvested and seeded onto a 12-well plate at a
density of 5 × 105 cells per well. Culture medium was replaced
24 h after subculture with HBSS (1.26 mmol/l CaCl2,
0.49 mmol/l MgCl2, 0.41 mmol/l MgSO4, 5.33 mmol/l KCl,
0.44 mmol/l KH2PO4, 4.17 mmol/l NaHCO3, 138 mmol/L
NaCl, 0.34 mmol/l Na2HPO4, 5.56 mmol/l D-glucose; pH 7.4)
supplemented with leucine, isoleucine, or valine. After 16 h,
cells were stimulated with 100 nmol/l insulin for 15 min and
lysed for immunoblot analysis.

EC culture and conditioned media experiments

HUVECs were purchased from Takara Bio, Inc. The cells
were cultured in endothelial growth medium (Takara Bio) and
maintained in 5% CO2 at 37 �C under humidified conditions.
The murine EC MS1 cell line was purchased from American
Type Culture Collection and cultured in DMEM supple-
mented with 10% FBS and antibiotics. Cells were exposed to
high glucose concentrations by replacing the EC culture me-
dium of culture with Krebs–Ringer buffer containing glucose
at 25 mmol/l. Krebs–Ringer buffer containing 5.5 mmol/l
glucose was used for low glucose concentrations. Inhibitor
experiments were performed by pretreating HUVECs with
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10 μmol/l calpeptin or 10 μmol/l bortezomib for 30 min fol-
lowed by treatment with ionomycin in the presence of the
inhibitor. Conditioned media were acquired by stimulating
HUVECs with 5 μmol/l ionomycin for 5 min in Ca2+-deprived
HBSS. The Ca2+-deprived HBSS was then replaced with Ca2+-
containing HBSS without ionomycin, and the cells were
incubated for 30 min in 5% CO2 at 37 �C under humidified
conditions to allow Ca2+ influx into the HUVECs in the
absence of ionomycin. The culture supernatant was harvested
as the conditioned medium. HepG2 cells were seeded into a
12-well plate at a density of 5 × 105 cells per well. At 24 h after
subculture, the medium was replaced with the conditioned
media derived from ionomycin-stimulated or control HUVEC
cultures, and the HepG2 cells were incubated for 16 h. The
cells were then stimulated with 100 nmol/l insulin for 15 min
and lysed for immunoblot analysis. Pharmacological inhibitors
of 10 nmol/l rapamycin (Cayman Chemical) or 50 nmol/l
JPH203 (MCE) were added as required to the HepG2 culture
30 min prior to insulin treatment.

Luminometric assessment of calpain and proteasomal activity

Luminescent calpain activity and proteasomal activity were
measured using the Calpain-Glo Assay Kit (Promega) and
Proteasome-Glo Assay Kit (chymotrypsin-like; Promega),
respectively, according to the manufacturer’s instructions.
HUVECs were stimulated with 5 μmol/l ionomycin for 30 min
and then lysed with 0.9% Triton X-100. Cell debris was
removed by centrifugation at 15,000 rpm, and then 75 μl of cell
lysate was mixed with an equal volume of Calpain-Glo Reagent
or Proteasome-Glo Reagent and incubated for 10 min. Lumi-
nescence was then measured by using a Mithoras LB940
luminescence plate reader (Berthold Technologies) as an index
of their activity.

Lipogenesis in cultured cells

De novo lipogenesis was measured by incubating HepG2
cells in DMEM (Wako) containing 100 nmol/l insulin,
0.05 mg/ml palmitic acid (Sigma–Aldrich), and 1% (w/v) BSA
for 24 h. Cells were then fixed with PBS containing 4% para-
formaldehyde for 30 min at 4 �C. The cells were washed three
times with PBS and then incubated for 30 min in the dark with
1 μmol/l LipiDye (Lipid Droplet Green; Funakoshi), which
specifically reacts with neutral lipids, such as triglycerides (49),
and counterstained with 40,6-diamidino-2-phenylindole. Im-
ages were acquired using a fluorescence microscope (IX-83;
Olympus). The images were analyzed using ImageJ software
(NIH).

Transfection with siRNAs

HUVECs were transfected with either 40 nmol/l stealth
siRNAs against CAPNS1 or 40 nmol/l nonsilencing control
RNA (GC medium; Ambion) using siPORT NeoFX Trans-
fection Agent (Ambion) according to the manufacturer’s in-
structions. HUVECs were used for experiments 48 h after
transfection. Details of the siRNAs are shown in Table S3.
qRT–PCR

qRT–PCR was performed as described previously (14, 15,
19). Total RNA was isolated from liver by homogenizing a
piece of liver (approximately 50 mg in wet weight) in 1 ml
TRIzol reagent (Ambion). Total RNA (3 μg per reaction) was
converted into complementary DNA using Revertra Ace
(Toyobo). qRT–PCR was performed using Power SYBR Green
Master Mix (Thermo Fisher Scientific, Inc) and a 7900HT
Real-Time PCR System (Applied Biosystems). The sequences
of the primers used for qPCR are listed in Table S4.

Immunoblot analysis

Mouse tissues or cultured cells were lysed using lysis buffer
(125 mmol/l NaCl, 20 mmol/l Tris–HCl, 0.1% SDS, 1% Triton
X-100, 1% sodium deoxycholate; pH 7.4) followed by centri-
fugation at 15,000 rpm for 5 min at 4 �C to remove undis-
solved debris. The lysates were then sonicated (Handy Sonic
UR-20 P; Tomy Seiko Co, Ltd) on ice. Protein concentra-
tions of the lysates were quantified using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of
protein were loaded onto SDS–PAGE gels, transferred to
polyvinylidene difluoride membranes (Wako), and incubated
overnight with the primary antibody of interest. Alkaline
phosphatase–conjugated secondary antibody (Cell Signaling)
and 5-bromo-4-chloro-3-indolyl-phosphate–nitro blue tetra-
zolium (Wako) were used to detect the target proteins. The
primary antibodies used for immunoblotting are listed in
Table S2. Coomassie brilliant blue staining was conducted
using Rapid CBB KANTO (KANTO Chemical Co) according
to the manufacturer’s instructions.

Statistical analysis

Data are expressed as mean ± SEM. Statistical comparisons
were made using either one-way or two-way ANOVA followed
by Bonferroni’s post hoc analysis. The significance of differ-
ences between two groups was determined using Student’s
unpaired two-tailed t test. Statistical significance was set at
p < 0.05. All analyses were performed using GraphPad Prism,
version 5.0 (GraphPad Software, Inc).

Data availability

All data generated and analyzed during this study are
available from the corresponding author on reasonable
request.
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