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ROCK1 regulates insulin secretion from b-cells
Byung-Jun Sung 1, Sung-Bin Lim 1, Won-Mo Yang 2, Jae Hyeon Kim 1, Rohit N. Kulkarni 3, Young-Bum Kim 2,*,5,
Moon-Kyu Lee 4,5,**
ABSTRACT

Objective: The endocrine pancreatic b-cells play a pivotal role in maintaining whole-body glucose homeostasis and its dysregulation is a
consistent feature in all forms of diabetes. However, knowledge of intracellular regulators that modulate b-cell function remains incomplete. We
investigated the physiological role of ROCK1 in the regulation of insulin secretion and glucose homeostasis.
Methods: Mice lacking ROCK1 in pancreatic b-cells (RIP-Cre; ROCK1loxP/loxP, b-ROCK1�/�) were studied. Glucose and insulin tolerance tests as
well as glucose-stimulated insulin secretion (GSIS) were measured. An insulin secretion response to a direct glucose or pyruvate or pyruvate
kinase (PK) activator stimulation in isolated islets from b-ROCK1�/� mice or b-cell lines with knockdown of ROCK1 was also evaluated. A
proximity ligation assay was performed to determine the physical interactions between PK and ROCK1.
Results: Mice with a deficiency of ROCK1 in pancreatic b-cells exhibited significantly increased blood glucose levels and reduced serum insulin
without changes in body weight. Interestingly, b-ROCK1�/� mice displayed a progressive impairment of glucose tolerance while maintaining
insulin sensitivity mostly due to impaired GSIS. Consistently, GSIS markedly decreased in ROCK1-deficient islets and ROCK1 knockdown INS-1
cells. Concurrently, ROCK1 blockade led to a significant decrease in intracellular calcium and ATP levels and oxygen consumption rates in isolated
islets and INS-1 cells. Treatment of ROCK1-deficient islets or ROCK1 knockdown b-cells either with pyruvate or a PK activator rescued the
impaired GSIS. Mechanistically, we observed that glucose stimulation in b-cells greatly enhanced ROCK1 binding to PK.
Conclusions: Our findings demonstrate that b-cell ROCK1 is essential for glucose-stimulated insulin secretion and for glucose homeostasis and
that ROCK1 acts as an upstream regulator of glycolytic pyruvate kinase signaling.

� 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Diabetes is a rapidly growing health problem worldwide as evidenced
by increasing morbidity and mortality and the economic burden on
society [1,2]. Diabetes is characterized by hyperglycemia, peripheral
insulin resistance, and impaired b-cell function [3,4]. Pancreatic b-
cells directly contribute to the regulation of systemic glucose balance
by releasing insulin primarily in response to glucose, although other
nutrients such as fatty and amino acids can also enhance insulin
secretion [5,6]. Impaired glucose-stimulated insulin secretion sec-
ondary to defects in signaling pathways has been reported as a
contributing factor to the development of systemic glucose intolerance
and overt diabetes [7,8]. Therefore, identifying molecular mediators
that underlie the precise regulation of glucose-induced insulin secre-
tion is of great significance.
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Glucose is the principal stimulator of insulin secretion from b-cells
acting via the glycolytic pathway [9]. Pyruvate kinase (PK), an enzyme
involved in the terminal step of glycolysis, catalyzes the transfer of a
phosphate group and converts phosphoenolpyruvate and adenosine
diphosphate (ADP) to produce pyruvate and adenosine triphosphate
(ATP) [10]. Recent studies demonstrate that activation of PK promotes
insulin secretion during glucose stimulation in INS-1 b-cells, mouse,
and human islets [11]. Furthermore, PK activators can enhance insulin
secretion from normal, high-fat diet-fed or Zucker diabetic fatty rats
and diabetic humans [12], indicating the significance of PK in regu-
lating b-cell secretory function.
ROCK1 (Rho-kinase 1; Rho-associated coiled-coil containing kinase 1)
is involved in the pathogenesis of metabolic-related diseases,
including hypertension, arteriosclerosis, Alzheimer’s disease, and
diabetes [13e15]. Emerging evidence shows that peripheral ROCK1
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controls insulin-mediated glucose metabolism and insulin signaling,
whereas brain ROCK1 plays a dominant role in regulating feeding
behavior and body-weight homeostasis [16e24]. In the liver, ROCK1 is
necessary for the development of diet-induced insulin resistance and
hepatic steatosis in rodents and humans [25]. Although a study re-
ported that chemical inhibition of ROCK promotes glucose-stimulated
insulin secretion in primary pancreatic b-cells [26], the precise path-
ways and signaling proteins that mediate the effects are virtually un-
explored. Furthermore, a lack of ROCK isoform selectivity and
incomplete understanding of their respective specificities makes it
difficult to interpret studies with inhibitors [27e29].
In the current study, we investigated the role of ROCK1 in directly
regulating glucose metabolism by studying mice lacking ROCK1 in
pancreatic b-cells in vivo and ROCK1-deficient islets ex vivo as well as
cultured b-cell lines in vitro, with particular emphasis on glucose-
stimulated insulin secretion and whole-body glucose homeostasis.

2. MATERIALS AND METHODS

2.1. Animal care
All animal care and experimental procedures were conducted in
accordance with the National Institute of Health’s Guide for the Care
and Use of Laboratory Animals and approved by the Institutional Animal
Care and Use Committee of Samsung Medical Center (Seoul, Republic
of Korea) and Beth Israel Deaconess Medical Center (Boston, MA). Mice
were housed at 22e24 �C on a 12 h lightedark cycle and allowed ad
libitum access to standard chow (PicoLab� Rodent Diet 5053, Lab-
Diet, St. Louis, MO) and water.

2.2. Generation of RIP-Cre; ROCK1loxP/loxP mice
Mice bearing a loxP-flanked ROCK1 allele (ROCK1loxP/loxP) were
generated and maintained as previously described [22]. Mice lacking
ROCK1 in pancreatic b-cells (b-ROCK1�/�, RIP-Cre; ROCK1loxP/loxP)
were generated by breeding ROCK1loxP/loxP mice with RIP-Cre trans-
genic mice (The Jackson lab, Stock No: 003573). ROCK1loxP/loxP mice
were used as controls. All mice were maintained on a mixed genetic
background (129Sv and C57BL/6).

2.3. Metabolic parameter measurements
Mice were weighed weekly from 5 weeks of age onwards. For daily
food intake, 14-week-old males were individually housed for 1 week
prior to the start of food intake measurements. Subsequently, food
intake was measured over a 7-day period. Blood was collected via the
tail from either randomly fed or overnight-fasted mice. Blood glucose
was measured using a glucose meter (Roche, Basel, Switzerland),
serum insulin by ELISA (Mercodia, Uppsala, Sweden), and glucagon by
ELISA (R&D Systems, Minneapolis, MN, USA).

2.4. Oral glucose tolerance and insulin tolerance test
For the oral glucose tolerance test (OGTT), 8, 20, and 48-week-old
males were fasted for 6 h, and blood glucose was measured before
and 30, 60, 90, and 120 min after administrating glucose by gavage
(2 g/kg body weight). For the insulin tolerance test (ITT), 8, 20, and 48-
week-old males were fasted for 6 h, and blood glucose was measured
before and 15, 30, 60, 90, and 120 min after an intraperitoneal in-
jection of human insulin (0.75 IU/kg body weight: Humulin R, Eli Lilly).
Blood glucose was measured using a glucose meter (Roche). The area
under the curve for glucose was calculated using the trapezoidal rule
for OGTT [30].
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2.5. Measurement of b-cell numbers and islet insulin content
Pancreas sections (5 mm thick) were immunostained for insulin
(guinea pig anti-insulin pig from Abcam, 1:1000, overnight at
4 �C, secondary antibody; Alexa Fluor 647-conjugated anti-guinea
pig from Thermo Fisher Scientific, 1:500, 1 h at room temperature)
and nuclei were stained with DAPI (MilliporeSigma) in fluorescent
mounting medium (Dako). The number of insulinþ b-cells were
counted in a random manner by a single observer using a mi-
croscope (Olympus Corp.). Samples were blinded to the observer.
At least 100 cells were counted per mouse. Insulin levels in islets
were measured by ELISA (Mercodia) according to the manufac-
turer’s instructions.

2.6. Pancreatic islet isolation
Pancreases were rapidly dissected after intra-ductal injection from 9 to
10-week-old male mice and islets were isolated by digesting the
pancreas with collagenase P (Roche, Basel, Switzerland) and purified
using a Ficoll gradient (Merck Biochrom, Billerica, MA) [31]. After
isolation, the islets were cultured for 24 h at 37 �C and size-matched
islets were hand-picked using an inverted microscope under sterile
conditions. Ten or thirty size-matched islets per individual experiment
(per genotype) were used.

2.7. Perifusion analysis
The isolated islets or b-cell lines (INS-1 and MIN6 cell) were pre-
incubated in a HEPES-KRB buffer containing 3.3 mM glucose for
30 min at 37 �C and placed in a 0.2 mm syringe filter. The filter was
connected to a peristaltic pump and the flow rate was adjusted to 2 or
5 ml/min. Fractions were serially collected at 5 min intervals for
30 min, 1 min intervals for 10 min, 2 min intervals for 50 min, and
5 min intervals for 30 min. Fractions were appropriately diluted and
measured for insulin by ELISA (Mercodia).

2.8. Glucose-stimulated insulin secretion (GSIS)
The isolated islets or b-cell lines (INS-1 and MIN6 cell) were pre-
incubated with a KRB buffer containing 3.3 mM glucose at 37 �C for
120 min and incubated with either 3.3 mM or 16.7 mM glucose in a
KRB buffer at 37 �C for 60 min in the presence or absence of sodium
pyruvate (10 mM, MilliporeSigma), TEPP-46 (10 mM, MilliporeSigma),
or exendin-4 (20 nM, MilliporeSigma). Insulin levels in the media were
determined by ELISA (Mercodia).

2.9. Cell culture
The INS-1 832/13 cells (gift from C. Newgard PhD, Duke University)
were cultured in RPMI-1640 (Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher Scientific) and 1%
penicillin-streptomycin (P/S, Thermo Fisher Scientific) and HEPES. The
MIN6 mouse insulinoma cells were cultured in DMEM supplemented
with 15% FBS (Thermo Fisher Scientific) and 1% P/S. The MIN6 cells
(Addexbio) were cultured in AddexBio advanced medium (Addexbio)
supplemented with 15% FBS, 0.05 mM 2-mercaptoethanol (Thermo
Fisher Scientific), and 1% P/S. The NIT1 mouse insulinoma cells
(ATCC, American Type Culture Collection) were cultured in Ham’s F12K
(ATCC) supplemented with 10% FBS and 1% P/S. The HEK293 human
embryonic kidney cells were cultured in DMEM supplemented with
10% FBS and 1% P/S. The Chinese hamster ovary (CHO) cells were
cultured in Ham’s F-12 (Thermo Fisher Scientific) supplemented with
10% FBS and 1% P/S. All cells were cultured at 37 �C in an atmo-
sphere of 5% CO2.
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2.10. Transfection
INS-1 or MIN6 cells were transiently transfected with small interfering
RNA (siRNA) using Lipofectamine 2000 (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Cells were used for
studies 48 h after transfection. The siRNA sequence for ROCK1 (Bio-
neer, Daejeon, South Korea) was 50-UCCAAGUCACAAGCAGA-
CAAGGAUU-30 as described [20]. Scramble siRNA was used as an
experimental control (Bioneer). MIN6, HEK293, or CHO cells were
transiently transfected with pAV-CAG-ROCK1 (Vigene Biosciences,
Rockville, MD) and pEGFP-C1-PKM2 (Addgene, Watertown, MA) using
Lipofectamine 3000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. The cells were used for studies 48 h after
transfection.

2.11. Measurement of ATP and calcium levels
The isolated islets or INS-1 cells were preincubated in 3.3 mM glucose
and subsequently incubated in 16.7 mM glucose for 60 min at 37 �C.
For measuring ATP levels, islets or cells were washed with PBS and
the bioluminescence reaction was initiated by adding BacTiter-Glo�
reagent (Promega, Madison, WI) and maintained for 5 min at room
temperature. Bioluminescence was determined by a GloMax Multi
Microplate Multi Reader (Promega). For measuring calcium levels, the
freshly isolated islets or cells were preincubated with 3.3 mM glucose
for 120 min and incubated with 16.7 mM glucose treated with Fluo-4
direct calcium reagent solution containing 2.5 mM probenecid
(F10472, Invitrogen) for 60 min at 37 �C. Fluorescence was measured
at an excitation wavelength of 494 nm and emission wavelength at
516 nm by a GloMax Multi Microplate Multi Reader (Promega) [32].

2.12. Oxygen consumption rate (OCR) measurements
The isolated islets or INS-1 cells were preincubated with 3.3 mM
glucose for 120 min and incubated with 16.7 mM glucose for 60 min at
37 �C. The OCR was determined using the Seahorse Extracellular Flux
(XF-96) analyzer (Seahorse Bioscience). The OCR were calculated by
normalizing the protein content for the XF-96 measurement [33].

2.13. Pyruvate and PK measurements
The isolated islets or INS-1 cells were preincubated with 3.3 mM
glucose for 120 min and incubated with 16.7 mM glucose for 60 min.
Pyruvate levels in islets and INS-1 cells were measured by the Pyru-
vate Assay Kit (abcam, #ab65342, Cambridge, United Kingdom) ac-
cording to the manufacturer’s instructions. PK activity in INS-1 cells
was measured by the Pyruvate Kinase Assay Kit (Abcam, #ab83432)
according to the manufacturer’s instructions.

2.14. Proximity ligation assay (PLA)
INS-1, MIN6, or NIT1 cell lines were treated with or without fasudil
(10 mM) for 1 h and stimulated with high (16.7 mM) glucose for 15 min.
Cells were incubated with primary antibodies against ROCK1 (1:100,
Cat #: sc-17794, Santa Cruz Biotechnology, Dallas, TX, USA) and PK
(1:100, Cat #: ab38237, Abcam) overnight at 4 �C. PLA was performed
as described previously [34]. PLA was performed using the Duolink�
In Situ Detection Reagents Red with Duolink� In Situ PLA probe anti-
rabbit PLUS and anti-mouse MINUS (MilliporeSigma). The nuclei of
cells were stained using Duolink� In Situ Mounting Medium with DAPI
(MilliporeSigma). Images were captured by a fluorescence microscope
(Leica DMi8, Leica) and analyzed by ImageJ (NIH).

2.15. Immunoprecipitation assay
The cell lysates (100 mg) were subjected to immunoprecipitation with
1 mg HA (Cat #: 3724, Cell Signaling Technology) or normal rabbit IgG
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(Cat #: 2729, Cell Signaling Technology) coupled to Dynabead protein
A/G (Thermo Fisher Scientific) overnight at 4 �C. The immunopreci-
pitants were washed four times with lysis buffer, and then were eluted
by 1X Novex� Tris-Glycine SDS sample buffer (Thermo Fisher Sci-
entific) with 1X NuPAGE� Sample Reducing Agent (Thermo Fisher
Scientific) for 10 min at 100 �C.

2.16. Immunoblotting analysis
Tissue lysates (30 mg protein) or immunoprecipitated samples were
resolved by SDSePAGE and transferred to nitrocellulose membranes
(Bio-Rad Laboratories, Hercules, CA). The membranes were incubated
with antibodies against ROCK1 (Cat#: sc-17794, Santa Cruz Biotech-
nology), ROCK2 (Cat#: sc-5561, Santa Cruz Biotechnology), HA, or b-
actin (Cat#: sc-130065, Santa Cruz Biotechnology). The membranes
were washed and incubated with secondary antibodies (Cat#: SC-2004
or SC-2005, Santa Cruz Biotechnology). The bands were visualized
with SuperSignal Chemiluminescent Substrates (Thermo Fisher
Scientific).

2.17. Electron microscopy
Pancreases from ROCK1loxP/loxP and b-ROCK1�/� mice fed high
glucose were fixed in 2% glutaraldehyde for 12 h. An electron
microscopic analysis of docked granules was performed on the
pancreas sections and quantitated as described previously [35].

2.18. Statistical analyses
Data are presented as means � SEM and individual data points are
plotted. Unpaired Student’s ‘t’ tests were used to compare two groups.
For comparisons involving more than two groups, one-way analysis of
variance (ANOVA) was performed with post-hoc tests and Fisher’s
PLSD tests. Repeated measures two-way ANOVA was performed for
GTT, ITT, and GSIS. When intervention or interaction (intervention-by-
time) was significant by repeated measures two-way ANOVA, post hoc
analyses were performed using the SPSS program (SPSS version 18.0,
SPSS, Inc., Chicago, IL) for multiple comparisons. All reported p values
were two-sided unless otherwise described. Differences were
considered significant at P < 0.05.

3. RESULTS

3.1. Selective deletion of ROCK1 in pancreatic b-cells leads to
hyperglycemia and impaired glucose-stimulated insulin secretion
We confirmed that ROCK1 expression in pancreatic islets was
decreasedw65% in b-ROCK1�/� mice compared with ROCK1loxP/loxP

(control) mice (Control vs. b-ROCK1�/� mice; 100 � 5.9 vs.
34.9 � 2.1%, n ¼ 3), whereas its expression in hypothalamus and
peripheral tissues was not different between genotypes
(Supplementary Fig. 1). Furthermore, a lack of significant expression of
ROCK2 in the islets suggested a lack of compensation between iso-
forms (Supplementary Fig. 1). Body weight (Figure 1A) and daily food
intake and accumulated food intake (7 days) were similar between
groups (Figure 1B and C). However, b-ROCK1�/� mice displayed
hyperglycemia compared with control mice starting at 5 weeks of age,
peaked at w12 weeks, and remained high throughout the 42 week
period of the study (Figure 1D). Serum insulin levels in b-ROCK1�/�

mice significantly decreased (w54%) compared with ROCK1loxP/loxP

mice, whereas serum glucagon levels were comparable between
groups (Figure 1E and F). Importantly, the islet perifusion analysis
showed a marked decrease in both the 1st and 2nd phases of insulin
secretion in response to glucose stimulation in b-ROCK1�/� mice
(Figure 1G, Supplementary Fig. 2A). The ex vivo statically incubated
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Figure 1: Loss of ROCK1 in pancreatic b-cells leads to hyperglycemia and impaired glucose-stimulated insulin secretion. (A) Body weight (n ¼ 8), (B) daily food intake (n ¼ 8), (C)
accumulated food intake for 7 days (n ¼ 8), (D) blood glucose (n ¼ 10), (E) serum insulin (n ¼ 10), and (F) serum glucagon (n ¼ 10) were measured in male control and b-
ROCK1�/�mice. Serum parameters and fat depots were measured from overnight-fasted mice at 9e10 weeks of age. Food intake was measured at 14 weeks of age for 1 week.
(G) Perifusion analysis for glucose-stimulated insulin secretion (GSIS) was performed in isolated islets from male control and b-ROCK1�/� mice (n ¼ 3). Ten size-matched islets
per individual experiment (per genotype) were used for perifusion experiments. N represents an individual experiment. (H) GSIS, (I) insulin content, and (J) b-cell number were
measured in isolated islets from male control and b-ROCK1�/� mice (n ¼ 10). (K) Insulin vesicles associated with the plasma membrane were assessed in isolated islets from
male control and b-ROCK1�/� mice. Pancreatic sections were obtained from 3 mice per genotype (n ¼ 3) for measuring insulin vesicles. The arrows indicate membrane-docked
vesicles. The scale bar represents 1 mm. The bar graph shows the quantitation of the number of vesicles docked to the plasma membrane. All graphs represent means or individual
values � SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs control by two-sided Student’s t-test.

Brief Communication
islet experiments further confirmed these observations (see Figure 1H).
However, ROCK1 deletion in pancreatic b-cells had no significant ef-
fects on insulin content or b-cell numbers (Figure 1I and J).
The proximity of insulin granules to the cell surface of b-cells is thought
to especially impact the magnitude of the 1st phase insulin release
[36,37]. Electron microscopy analysis showed the number of secreted
4 MOLECULAR METABOLISM 66 (2022) 101625 � 2022 The Authors. Published by Elsevier GmbH. T
granules close to the cell membrane in b-cells of b-ROCK1�/� mice
reduced by 32% compared with b-cells in control mice (Figure 1K, left
and right panels), indicating that ROCK1 activation is important in the
docking process of insulin granules to the b-cell membrane. Collec-
tively, these results suggest ROCK1 activation in pancreatic b-cells is
involved in the regulation of insulin secretion in vivo.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: ROCK1 deletion from pancreatic b-cells causes glucose intolerance but not insulin resistance. (A) Oral glucose tolerance test (OGTT) at 8 weeks of age (n ¼ 4), (B) OGTT
at 20 weeks of age (n ¼ 11 for control, n ¼ 17 for b-ROCK1�/�), and (C) OGTT at 48 weeks of age (n ¼ 12 for control, n ¼ 14 for b-ROCK1�/�) were performed in male control
and b-ROCK1�/�mice. (D) Insulin tolerance test (ITT) at 8 weeks of age (n ¼ 4), (E) ITT at 20 weeks of age (n ¼ 11), and (F) ITT at 48 weeks of age (n ¼ 5) were performed in
male control and b-ROCK1�/�mice. Area under the curve (AUC) for GTT was calculated. All graphs represent means � SEM. P values (intervention) for GTT were evaluated by
repeated measures two-way ANOVA and P values for AUCs were evaluated by two-sided Student’s t-test. **p < 0.01, ***p < 0.001 vs control mice by repeated measures two-
way ANOVA.
3.2. Mice lacking ROCK1 in pancreatic b-cells are glucose
intolerant but not insulin resistant
b-ROCK1�/� mice showed impaired glucose tolerance by 8 weeks of
age, as revealed by an increased area under the glucose curve during
OGTT (Figure 2A). While the b-ROCK1�/� mice continued to exhibit
glucose intolerance as they aged, the intolerance did not worsen
(Figure 2B and C). This effect is most likely due to impaired glucose-
stimulated insulin secretion and is independent of changes in body
weight or insulin sensitivity (Figure 2DeF). Glucose tolerance
measured by ipGTT was normal among RIP-Cre, RIP-WT, and
ROCK1loxP/loxP mice at 10 weeks of age (Supplementary Fig. 3A). In
addition, at 25 weeks of age, oral glucose tolerance was not different
between RIP-Cre and ROCK1loxP/loxP mice (Supplementary Fig. 3B).
Together, these data highlight the necessity of ROCK1 in regulating b-
cell function without impacting insulin sensitivity.
MOLECULAR METABOLISM 66 (2022) 101625 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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3.3. Inhibition of ROCK1 impairs glucose-stimulated insulin
secretion in INS-1 cells and MIN6 cells
We measured GSIS in INS-1 and MIN6 cell lines transfected with
ROCK1 siRNA to further determine whether ROCK1 directly regulates
insulin secretion in cultured b-cells. We confirmed that ROCK1 siRNA
significantly reduced ROCK1 mRNA levels (Supplementary Fig. 2A).
Consistent with the in vivo results, inhibition of ROCK1 significantly
reduced both phases of insulin secretion measured during glucose
perifusion in INS-1 cells (Figure 3A, Supplementary Fig. 3B) and MIN6
cells (Supplementary Fig. 4B). GSIS markedly decreased when ROCK1
expression was suppressed (Figure 3B, Supplementary Fig. 4C),
whereas insulin content was relatively normal in the cell lines
(Figure 3C, Supplementary Fig. 4D). These data, combined with the
results of in vivo insulin secretion, demonstrate that ROCK1 activation
is necessary to regulate glucose-stimulated insulin secretion.
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Figure 3: ROCK1 inhibition impairs glucose-stimulated insulin secretion and decreases calcium level, ATP level, and oxygen consumption rate (OCR) in INS-1 b-cells. (A) Perifusion
analysis for glucose-stimulated insulin secretion (GSIS) was performed in ROCK1 knockdown INS-1 cells (n ¼ 3). (B) GSIS (n ¼ 4), (C) insulin content (n ¼ 3), (D) glucose-
stimulated intracellular calcium level (n ¼ 3), (E) glucose-stimulated ATP level (n ¼ 4), and (F) glucose-stimulated OCR (n ¼ 3) were measured in ROCK1 knockdown INS-1
cells. (G) Glucose-stimulated intracellular calcium level (n ¼ 3), (H) glucose-stimulated ATP level (n ¼ 3), and (I) glucose-stimulated OCR 3 were measured in isolated islets
from male control and b-ROCK1�/� mice (n ¼ 3). Cells or islets were incubated with 16.7 mM glucose for 60 min. Thirty size-matched islets per genotype were used. N
represents an individual experiment. All graphs represent means or individual values � SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs scrambled siRNA or control islet by two-
sided Student’s t-test.

Brief Communication
3.4. ROCK1 is involved in the process of insulin secretion
We measured intracellular Caþþ levels, ATP levels, and OCR during
glucose stimulateion (16.7 mM), which are critical events associated
with insulin secretion in INS-1 cells, to further investigate the under-
lying mechanism(s) by which ROCK1 regulates insulin secretion.
siRNA-mediated inhibition of ROCK1 resulted in a significant decrease
6 MOLECULAR METABOLISM 66 (2022) 101625 � 2022 The Authors. Published by Elsevier GmbH. T
in glucose-stimulated intracellular Caþþ levels (Figure 3D,
Supplementary Fig. 5), ATP levels (Figure 3E), as well as OCR
(Figure 3F). Similar findings were observed in islets freshly isolated
from b-ROCK1�/� mice (Figure 3GeI). These data demonstrate that
ROCK1 impacts the regulatory machinery involved in insulin secretion
in b-cells.
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3.5. Pyruvate and PK stimulate insulin secretion in the absence of
ROCK1
We further determined whether pyruvate, a key intermediate of the
glycolysis pathway, is involved in insulin secretion triggered by ROCK1.
Pyruvate levels greatly decreased in both INS-1 cell transfected siRNA
ROCK1 and islets from b-ROCK1�/� mice (Figure 4A and B). Glucose-
stimulated PK activity was reducedw15% in ROCK1 knockdown INS-
1 cells compared with control cells, while fructose-1,6-bisphosphate
(FBP)-induced PK activity was similar between groups (Figure 4C).
Pyruvate treatment enhanced the insulin secretion in response to
glucose stimulation of INS-1 b-cells transfected with scrambled siRNA.
While the insulin secretion was blunted in response to glucose stim-
ualtion in cells with ROCK1 siRNA, the insulin secretion in response to
pyruvate was maintained (Figure 4D). Similar observations were found
in freshly isolated islets from b-ROCK1�/� mice (Figure 4F). Exoge-
nous supplementaion with pyruvate increased insulin secretion 2.9-
fold in INS-1 b-cells transfected with siRNA ROCK1 and 3.3-fold in
islets from b-ROCK1�/� mice but only 1.3-fold in INS-1 b-cells
transfected with scrambled siRNA and 1.5-fold in islets from control
mice (Figure 4E and G).
Similar to the effects of exogenous pyruvate, the PK activator, TEPP-
46, also significantly increased GSIS in freshly isolated islets from
control mice (Figure 4H). The effects of the PK activator on enhancing
GSIS was evident even in the absence of ROCK1 in isolated islets
(Figure 4H). Thus, the PK activator increased insulin secretion 4.8-fold
in islets from b-ROCK1�/� mice but only 1.6-fold in islets from control
mice (Figure 4I). Interestingly, glucagon-like peptide-1 (GLP-1) action
was not involved in the regulation of ROCK1-mediated insulin secretion
(Supplementary Fig. 6A and B). Together, these data suggest the ef-
fects of pyruvate and PK are independent of ROCK1-mediated insulin
secretion in b-cells and they may play a role in regulating insulin
secretion as an upstream of ROCK1.

3.6. ROCK1 interacts with pyruvate kinase
We undertook PLA, a powerful technology to detect proteins with high
specificity and sensitivity, to further test the hypothesis that ROCK1
binds to PK in response to glucose [38]. PLA revealed that each red spot
represents a ROCK1-PK interaction complex in INS-1 b-cells. Glucose
induced a physical interaction between ROCK1 and PK in INS-1 b-cells,
as evidenced by a marked increase in the number of red spots. How-
ever, this effect was significantly impaired by treatment with the ROCK
inhibitor fasudil (Figure 5A). Quantitative analysis indicated that glucose
stimulation increased ROCK1-PK interactions by w2-fold over control,
and this effect was restored to control levels when ROCK inhibitor was
treated (Figure 5A). These results were further confirmed in MIN6 or
NIT1 b-cells (Figure 5B and C). In addition, in vitro overexpression
studies indicated that ROCK1 binds to PK in MIN6, HEK293, or CHO cells
(Figure 5D). Together, these data suggest that PK physically interacts
with ROCK1 in b-cells. The precise dynamic alterations between ROCK1
and PK in disease states warrants further investigation.

4. DISCUSSION

The ability of glucose to increase insulin secretion represents a major
feature of b-cell function and its dysregulation is a key pathogenic
feature in all forms of diabetes [3,4]. The current study was thus
designed to determine the physiological role of ROCK1 in pancreatic b-
cells in homeostatic control of insulin secretion in the context of
glucose metabolism. Our data clearly suggest that ROCK1 is necessary
for the regulation of insulin secretion in pancreatic b-cells during
glucose stimulation. This effect is likely mediated through the physical
MOLECULAR METABOLISM 66 (2022) 101625 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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interactions between ROCK1 and PK. Thus, we identify ROCK1 as an
important regulator of b-cell metabolism that may lead to new treat-
ment options for diabetes.
A major finding of this study is that deletion of ROCK1 in pancreatic b-
cells significantly decreases GSIS in vivo, which ultimately leads to
systemic glucose intolerance. Studies in freshly isolated islets ex vivo
and b-cells in vitro confirmed these data. Importantly, these effects are
observed when insulin content or b-cell numbers are normal, sug-
gesting that the marked reduction in insulin secretion due to ROCK1
deletion is directly linked to defects in the insulin secretory machinery
rather than insulin synthesis and production. This is supported by the
reduced number of insulin granules docked at the plasma membrane
in b-cells from isolated islets from b-ROCK1�/� mice, which is
associated with a decrease in the first phase of insulin release during
glucose stimulation. Consistent with this view, previous reports link
several proteins such as TRB3 [37], ABCA12 [39], and LKB1 [40] with
modulating insulin granules and plasma membrane docking dynamics
in the regulation of GSIS. The mechanism’s underlying insulin gran-
ules’ mobilization could involve in F-actin remodeling in response to
glucose stimulation [41]. Given that ROCK regulates actin cytoskeleton
reorganization [42,43], it is conceivable that ROCK1 deletion may
inhibit F-actin remodeling to limit the access of insulin granules to the
plasma membrane in b-cells.
The glycolytic pathway in pancreatic b-cells involves a cascade of
events that break down glucose into pyruvate, producing ATP and
nicotinamide adenine dinucleotide (NADH) [44]. Activation of the
glycolytic pathway could lead to a significant increase in insulin
secretion from b-cells. As expected, exogenous supplementation of b-
cells with pyruvate greatly promotes insulin release on a background of
glucose stimulation. The fact that pyruvate’s ability to increase insulin
secretion during glucose stimulation is enhanced in the absence of
ROCK1 suggests that the ROCK1-mediated insulin secretory mecha-
nism is linked to the actions of pyruvate. Given that pyruvate levels in
islets of b-ROCK1�/� mice reduced, it is likely that PK, which converts
phosphoenolpyruvate and ADP into pyruvate and ATP, is involved in
this regulation. The significance of PK activation for the induction of
insulin secretion has been recently documented [11,12]. For example,
small molecule activators of PK potently amplify GSIS by switching
mitochondria from oxidative phosphorylation to anaplerotic phospho-
enolpyruvate biosynthesis [11]. Moreover, PK activation ameliorates
GSIS in islets obtained from animals and humans, manifesting insulin
resistance and type 2 diabetes [12]. In this context, we observed that
treatment of ROCK1-deficient islets with the PK activator increased
glucose-stimulated insulin secretion. Our data point to hypersensiti-
zation of b-cells to glucose by pyruvate or PK activator treatment in the
absence of ROCK1, which leads to enhanced insulin release. Although
the precise mechanism for this phenomenon remains to be elucidated,
it is likely that ROCK1-deficient islets are pyruvate-sensitive. Taken
together, these novel findings demonstrate that glycolytic PK signaling
is linked to ROCK1 action in regulating insulin secretion.
It is useful to note that primary mouse b-cells lack the pyruvate carrier,
monocarboxylate transporters (MCTs) [45]. The rescue of impaired
insulin secretion by pyruvate supplementation in ROCK1 deficient b-
cells may not occur directly through b-cells and could be mediated via
MCTs in a-cells [46] or yet un-identified pyruvate transporters in b-
cells. Further investigation is warranted to clarify the pathways that
mediate pyruvate-induced insulin section on b-cells and whether
MCTs are involved in this event.
Since phosphoenolpyruvate (PEP), an upstream metabolite of pyruvate,
can be generated from pyruvate via PEP cycle in the mitochondria
[47,48], it is likely that pyruvate regulates PK in the context of GSIS.
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Figure 4: ROCK1 is an upstream regulator of pyruvate kinase (PK) in b-cells. Pyruvate levels were measured in (A) ROCK1 knockdown INS-1 cells (n ¼ 3) and (B) islets from
control and b-ROCK1�/� mice (n ¼ 3). Cells or islets were incubated with 16.7 mM glucose for 60 min. Thirty size-matched islets per individual experiment (per genotype) were
used. (C) PK activity was measured þ/� fructose-1,6-bisphosphate (FBP) in ROCK1 knockdown INS-1 cells. Cells were incubated with 16.7 mM glucose for 60 min. Glucose-
stimulated insulin secretion (GSIS) was measured in the absence or presence of pyruvate (10 mM) in (D) ROCK1 knockdown INS-1 cells (n ¼ 3) and (F) islets from control and b-
ROCK1�/� mice (n ¼ 3). (E, G) Fold increases for GSIS were calculated from D and E, respectively. (H) GSIS was measured in the absence or presence of TEPP-46 (10 mM) in islets
from control and b-ROCK1�/� mice (n ¼ 3). Islets were incubated with 16.7 mM glucose for 60 min. Thirty size-matched islets per individual experiment (per genotype) were
used. (I) Fold increases for GSIS were calculated from H. N represents an individual experiment. All graphs represent means or individual values � SEM. *P < 0.05, **P < 0.01,
***P < 0.001 vs scrambled siRNA or control islet, xP < 0.05, yP < 0.01, #P < 0.001 vs no treatment in same group by two-sided Student’s t-test or by repeated measures two-
way ANOVA.
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Figure 5: ROCK1 interacts with pyruvate kinase (PK) in b-cells. Proximity ligation assay (PLA) was performed in (A) INS-1, (B) MIN6, and (C) INT1 b-cells. The cells were treated
with or without fasudil (10 mM) for 1 h and stimulated with high (16.7 mM) glucose for 15 min. Each red spot represents a ROCK1-PK interaction. Image data for ROCK1-PK
interactions were quantitated by Image J (n ¼ 3). N represents an individual experiment. Nuclei were stained with DAPI (blue). The scale bar represents 25 mm. (D) MIN6,
HEK293, or CHO cells were transiently transfected with pAV-CAG-ROCK1 and pEGFP-C1-PKM2. The cells were harvested 48 h after transfections. Cell lysates were subjected to
immunoprecipitation with IgG or HA antibody followed by immunoblotting with either ROCK1 or HA antibody. (E) Role of ROCK1 in insulin secretion in b-cells. PEP: phospho-
enolpyruvate, PK: pyruvate kinase. N represents an individual experiment. All graphs represent means or individual values � SEM. **P < 0.01 vs control, group by two-sided
Student’s t-test or by repeated measures two-way ANOVA.
Thus, pyruvate supplementation is not expected to fully rescue GSIS
when ROCK1-dependent PK activation is impaired. In contrast to this
expectation, we observed that pyruvate treatment completely restored
impaired GSIS despite impaired PK activity secondary to ROCK1 inhi-
bition pointing to a PK-independent mechanism. A plausible explanation
for this observation is the involvement of a pyruvateemalate cycle that
is functionally linked to insulin secretion [49]. Malate exported from the
mitochondria to the cytosol is regenerated to pyruvate by cytosolic malic
enzyme for cycling back to the mitochondria [48,49]. Thus, in our
studies, a pyruvateemalate cycle plays a potentially dominant role over
the traditional PEP cycle in the insulin secretory regulation when py-
ruvate is provided in b-cells lacking ROCK1.
MOLECULAR METABOLISM 66 (2022) 101625 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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Our Our previous work demonstrated that global ROCK1-/mice have
elevated serum insulin in the fasted and fed states owing to systemic
insulin resistance. Increased insulin levels in global ROCK1�/� mice
were also found during the glucose excursion of a glucose tolerance
test previous work demonstrated that global ROCK1�/� mice exhibit
elevated serum insulin owing to systemic insulin resistance [18]. It is
likely the increased serum insulin in global ROCK1�/� mice is due to
b-cell compensation for ambient insulin resistance. On the other hand,
b-ROCK1�/� mice have lower serum insulin levels, which is due to
impaired insulin secretion from b-cells. Thus, the metabolic action of
ROCK1 is thought to be site- and context-dependent nature of regu-
lation [23].
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We propose that ROCK1 is a positive regulator of insulin secretion and
developing small molecule for its activation may offer unexplored
approaches to treating diabetes.
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