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Ranolazine recruits muscle microvasculature and enhances
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Key points

• Ranolazine, an anti-anginal compound, improves glycaemic control in clinical trials and
increases myocardial perfusion via a direct vasodilatatory effect on coronary arteries.

• Skeletal muscle microvasculature controls the delivery of nutrient and hormones into muscle
and their exchanges between plasma and muscle interstitium by providing microvascular
exchange surface area.

• In this study we examined whether ranolazine improves glycaemic control via exerting vaso-
dilatatory action on the pre-capillary arterioles to recruit muscle microvasculature.

• We demonstrate that ranolazine potently recruits muscle microvasculature, which expands
microvascular endothelial surface area in muscle and results in increased muscle delivery and
action of insulin.

• The results help us better understand the physiological mechanism by which ranolazine
improves glycaemic control and its potential as an insulin-sensitizing agent.

Abstract Ranolazine, an anti-anginal compound, has been shown to significantly improve
glycaemic control in large-scale clinical trials, and short-term ranolazine treatment is associated
with an improvement in myocardial blood flow. As microvascular perfusion plays critical roles
in insulin delivery and action, we aimed to determine if ranolazine could improve muscle micro-
vascular blood flow, thereby increasing muscle insulin delivery and glucose use. Overnight-fasted,
anaesthetized Sprague-Dawley rats were used to determine the effects of ranolazine on micro-
vascular recruitment using contrast-enhanced ultrasound, insulin action with euglycaemic
hyperinsulinaemic clamp, and muscle insulin uptake using 125I-insulin. Ranolazine’s effects on
endothelial nitric oxide synthase (eNOS) phosphorylation, cAMP generation and endothelial
insulin uptake were determined in cultured endothelial cells. Ranolazine-induced myo-
graphical changes in tension were determined in isolated distal saphenous artery. Ranolazine
at therapeutically effective dose significantly recruited muscle microvasculature by increasing
muscle microvascular blood volume (∼2-fold, P < 0.05) and increased insulin-mediated whole
body glucose disposal (∼30%, P = 0.02). These were associated with an increased insulin
delivery into the muscle (P < 0.04). In cultured endothelial cells, ranolazine increased eNOS
phosphorylation and cAMP production without affecting endothelial insulin uptake. In ex vivo
studies, ranolazine exerted a potent vasodilatatory effect on phenylephrine pre-constricted arterial
rings, which was partially abolished by endothelium denudement. In conclusion, ranolazine
treatment vasodilatates pre-capillary arterioles and increases microvascular perfusion, which are
partially mediated by endothelium, leading to expanded microvascular endothelial surface area
available for nutrient and hormone exchanges and resulting in increased muscle delivery and
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action of insulin. Whether these actions contribute to improved glycaemic control in patients
with insulin resistance warrants further investigation.
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Abbreviations A-V, arterial–venous; BAECs, bovine aortic endothelial cells; CEU, contrast-enhanced ultrasound;
eNOS, endothelial nitric oxide synthase; FBF, femoral blood flow; GIRs, glucose infusion rates; GLP-1, glucagon-like
peptide 1; HbA1c, glycated haemoglobin; HBB, Hepes-binding buffer; HGO, hepatic glucose output; MAP, mean
arterial blood pressure; MBF, microvascular blood flow; MBV, microvascular blood volume; MFV, microvascular flow
velocity; T2DM, type 2 diabetes mellitus; PSS, physiological salt solution.

Introduction

Type 2 diabetes mellitus (T2DM) is associated with
endothelial dysfunction and insulin resistance, two key
factors that contribute to the accelerated cardiovascular
complications seen in this patient population. Ranolazine
([(+)N-(2,6-dimethylphenyl)-4(2-hydroxy-3-(2-metho-
xyphenoxy)-propyl)-1-piperazine acetamide dihydro-
chloride]) is an active piperazine derivative that has an
anti-ischaemic/anti-anginal property in patients with
chronic angina (Clarke et al. 1993; Bagger et al. 1997;
Chaitman, 2002, 2004). It reduces angina frequency and
improves exercise performance (Chaitman et al. 2004b;
Stone et al. 2006) and significantly improves exercise
duration in patients with chronic angina (Chaitman et al.
2004a). The underlying mechanism was initially thought
to be primarily through partial inhibition of fatty acid
oxidation (McCormack et al. 1998; Zacharowski et al.
2001; Chaitman et al. 2004b). More recent evidence
suggests that it reduces calcium overload in the ischaemic
myocyte by inhibiting late sodium current (Song et al.
2004; Makielski & Valdivia, 2006). It is also likely that
ranolazine exerts an anti-anginal effect via its well-known,
direct vasodilatatory effect. In vivo studies have shown that
short-term ranolazine treatment improves myocardial
perfusion (Venkataraman et al. 2009) and injection
of ranolazine into coronary or femoral arteries causes
regional vasodilatation (Nieminen et al. 2011). Ex vivo
study using isolated intrarenal arteries has demonstrated
a direct vasodilatatory action as well (Deng et al. 2012).

Recently, two placebo-controlled, randomized clinical
trials showed that ranolazine treatment was associated
with a significant decrease in glycated haemoglobin
(HbA1c) levels in both diabetic and non-diabetic subjects
(Timmis et al. 2006; Morrow et al. 2009; Chisholm et al.
2010). After receiving 4 months of ranolazine treatment
(1000 mg orally twice daily), subjects with HbA1c of
6–8% had a 0.28% reduction in HbA1c and 0.59%
reduction for those subjects with HbA1c of 8–10%. The
underlying mechanisms remain unknown. Although data
from streptozotocin-induced diabetic mice indicated that
ranolazine improves glucose homeostasis by promoting
β-cell survival and increasing glucose-induced insulin

secretion (Ning et al. 2011), it is unlikely that the β-cell
protective effect played a major role in the observed
decrease in HbA1c in the above-mentioned clinical trials
as patients with T2DM were already hyperinsulinaemic
and the effect of ranolazine on HbA1c was also apparent
in non-diabetic subjects who had normal β-cell function
(Morrow et al. 2009).

The microvasculature controls the delivery of nutrient
and hormones into skeletal muscle and their exchanges
between plasma and muscle interstitium. We and
others have recently demonstrated that microvascular
recruitment induced by exercise (Inyard et al. 2007, 2009),
insulin (Coggins et al. 2001), mixed meal (Keske et al.
2009), angiotensin II receptor blocker (Chai et al. 2010)
and glucagon-like peptide 1 (GLP-1) (Chai et al. 2012),
by way of increasing microvascular exchange surface area,
leads to increased insulin delivery to and its action in
skeletal muscle (Clark, 2008; Barrett et al. 2009). Whether
ranolazine improves glycaemic control via exerting vaso-
dilatatory action on the pre-capillary arterioles to recruit
microvasculature is unknown.

In the current study, we examined the effect of
ranolazine on muscle microvascular recruitment, and
insulin delivery to and its action in muscle. Our results
indicate that ranolazine potently vasodilatates muscle
microvasculature, which contributes to its glycaemic
action.

Methods

Ethical approval

The study conforms to the Guide for the Care and
Use of Laboratory Animals published by the National
Institutes of Health (publication No. 85-23, revised 1996).
The study protocols were approved by the Animal Care
and Use Committee of the University of Virginia, which
conforms to the principles of UK regulations, as described
in Drummond (2009).

Animal preparations and experimental protocols

Overnight-fasted adult male Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA, USA) weighing
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250–380 g were used in the study. Prior to the study rats
were fed standard lab chow and water ad libitum and
housed at 22 ± 2◦C, on a 12 h light/dark cycle. Rats were
anaesthetized with pentobarbital sodium (50 mg kg−1 I.P.;
Abbott Laboratories, North Chicago, IL, USA), placed in
a supine position on a heating pad to ensure euthermia
and intubated to maintain a patent airway. The carotid
artery and the jugular vein were cannulated with poly-
ethylene tubing (PE-50; Fisher Scientific, Newark, DE,
USA) for arterial blood pressure monitoring, arterial
blood sampling and various infusions. After a 30 min base-
line period to ensure haemodynamic stability and a stable
level of anaesthesia, rats were studied under one of the
following four protocols (Fig. 1). At the end of each study,
rats were killed via a pentobarbital sodium overdose.

Protocol 1. Two groups of rats were studied under
this protocol (five in each group). Baseline micro-
vascular parameters, including microvascular blood
volume (MBV), microvascular flow velocity (MFV)
and microvascular blood flow (MBF), on the proximal
adductor muscle group (adductor magnus and semi-
membranosus) of the right hindlimb were obtained
using contrast-enhanced ultrasound (CEU) as previously
described (Inyard et al. 2007, 2009). Rats then received
a primed (10 mg kg−1) continuous (9.6 mg kg−1 h−1) I.V.
infusion of ranolazine (Zacharowski et al. 2001; Dhalla
et al. 2009) or the same volume of saline for 120 min.
Microvascular parameters were again determined at 30, 60
and 120 min. Plasma samples were collected at −30, 0, 30,
60, 90 and 120 min and stored at −80◦C for determination
of plasma insulin concentrations using a rat insulin
enzyme-linked immunosorbent assay kit (Mercodia AB,

Uppsala, Sweden). At the end of study, rats were killed and
gastrocnemius muscle and heart were freeze-clamped in
liquid nitrogen for later measurement of Akt and ERK1/2
phosphorylation using Western blotting.

Protocol 2. Six groups of rats were studied under this
protocol (five in each group). Each rat received a primed
(10 mg kg−1) continuous (9.6 mg kg−1 h−1) infusion of
ranolazine (Zacharowski et al. 2001; Dhalla et al. 2009) or
the same volume of saline for 150 min (−30 to 120 min)
with a systemic infusion of insulin (3 mU kg−1 min−1)
superimposed from 0 to 120 min. Arterial blood glucose
was determined every 10 min using an Accu-Chek
Advantage glucometer (Roche Diagnostics, Indianapolis,
IN, USA), and 30% dextrose (30% w/v) was infused at
a variable rate to maintain blood glucose within 10% of
basal. In protocol 2A, two groups of rats were included.
Microvascular parameters including MBV, MFV and MBF
were determined at −30, 0, 30, 60 and 120 min using CEU
as in protocol 1. In protocol 2B, two groups of rats were
included. Femoral artery blood flow (FBF) was measured
at −30, −29, −25, −20, −10, 0, 30, 60 and 90 min using a
flow probe (VB series 0.5 mm, Transonic Systems, Ithaca,
NY, USA), as described previously (Vincent et al. 2004;
Inyard et al. 2007, 2009). In protocol 2C, two groups of rats
were included. Arterial–venous (A-V) glucose difference
was determined at −30, 0, 30, 60 and 90 min as described
previously (Rattigan et al. 1997).

Protocol 3. Two groups of rats were studied under this
protocol (five in each group). Each rat received a primed
(10 mg kg−1) continuous (9.6 mg kg−1 h−1) infusion of
ranolazine (Zacharowski et al. 2001; Dhalla et al. 2009)

Figure 1. Experimental protocols
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or the same volume of saline for 25 min. Rats then
received a bolus I.V. injection of 1.5 μCi 125I-insulin at time
25 min. Rats were killed 5 min afterwards and blood and
gastrocnemius were obtained for determination of muscle
insulin uptake.

Protocol 4. Two groups of rats were studied under this
protocol (three in each group). Each rat received a
primed (8 μCi) continuous infusion of D-[3–3H] glucose
(0.11 μCi min−1; Amersham, Arlington Heights, IL, USA)
from −120 to 60 min. A primed (10 mg kg−1) continuous
(9.6 mg kg−1 h−1) infusion of ranolazine (Zacharowski
et al. 2001; Dhalla et al. 2009) or the same volume of saline
was initiated at −30 min. At time 0 min, each rat began to
receive a systemic infusion of insulin (3 mU kg−1 min−1)
which lasted for 60 min. Plasma glucose-specific activity
was measured every 30 min. Blood glucose was monitored
every 10 min during insulin infusion. Blood samples
were collected every 30 min for determination of hepatic
glucose output (HGO).

Throughout the study, mean arterial blood pressure
(MAP) was monitored via a sensor connected to the
carotid arterial catheter (Harvard Apparatus, Holliston,

MA, USA and ADInstruments, Inc., Colorado Springs,
CO, USA). Pentobarbital sodium was infused at a variable
rate to maintain steady levels of anaesthesia and blood
pressure throughout the study.

Muscle 125I-insulin clearance/uptake

125I-insulin was used as a tracer to track muscle clearance
and uptake of native insulin, as descried previously
(Inyard et al. 2007; Chai et al. 2011, 2012). In brief,
protein-bound 125I in blood and muscle samples
collected from protocol 3 was precipitated with 30%
trichloroacetic acid, and radioactivity was measured using
a gamma-counter. Muscle clearance rates of 125I-insulin
were expressed as muscle 125I-insulin (d.p.m. g dry
weight−1)/blood 125I-insulin (d.p.m. ml−1)/5 min.
Muscle 125I-insulin uptake was expressed as
125I-insulin (d.p.m.)/muscle dry weight (g)/5 min.

Determination of hindleg glucose uptake

Carotid arterial and femoral venous blood glucose
concentrations were determined using an Accu-Chek

Figure 2. Effects of ranolazine on skeletal muscle microvascular recruitment
Each rat received a primed (10 mg kg−1) continuous (9.6 mg kg−1 h−1) I.V. infusion of ranolazine or the same
volume of saline for 120 min. CEU measurements were made before and at 30, 60 and 120 min after the initiation
of ranolazine infusion. A, MBV; B, MFV; C, MBF; D, MAP. n = 5 each. ∗P < 0.05 vs. control.
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Table 1. Plasma insulin concentrations

Time
(min)

Control (pM,
mean ± SE)

Ranolazine (pM,
mean ± SE)

−30 145.1 ± 6.7 150.6 ± 12.4
0 159.0 ± 6.1 135.1 ± 14.7
30 153.0 ± 8.9 136.7 ± 24.8
60 168.7 ± 10.0 156.7 ± 21.3
90 169.0 ± 8.5 154.0 ± 6.3
120 150.6 ± 15.7 165.8 ± 11.6

Advantage blood glucometer (Roche Diagnostics). Hind-
leg glucose uptake was calculated as the A-V glucose
difference multiplied by average FBF.

Determination of HGO

At each time point, 50 μl plasma was collected and
deproteinized with 30 μl 10% trichloroacetic acid
solution. Forty microlitres of supernatant was dried

at room temperature to eliminate tritiated water and
then reconstituted with 100 μl distilled water. Radio-
activity was counted in a liquid scintillation system.
The glucose production (Ra) and HGO were calculated
using the following formula: Ra = infusion rate of
D-[3–3H]glucose (d.p.m. min−1)/plasma glucose-specific
activity (d.p.m. mg glucose−1)/kg body weight; and
HGO = Ra – Ri, where Ri represents the exogenous
glucose infusion rate (Liu et al. 1993).

Culture of endothelial cells and determination of
endothelial insulin uptake

Endothelial cell insulin uptake was assessed using
125I-insulin as previously reported (Dernovsek & Bar,
1985; Hachiya et al. 1987, 1988; Bertelsen et al. 2001).
Briefly, bovine aortic endothelial cells (BAECs) in primary
culture were purchased from Lonza (Walkersville, MD,
USA). Cells between passages 3 and 8 were cultured
in six-well plates until 80% confluence, serum starved
for 18–22 h and then incubated with pre-warmed Hepes

Figure 3. Ranolazine augments insulin-stimulated whole body glucose disposal
Each rat received a primed (10 mg kg−1) continuous (9.6 mg kg−1 h−1) I.V. infusion of ranolazine or the same
volume of saline for 150 min. A euglycaemic insulin clamp (3 mU kg−1 min−1) was started 30 min after each rat
began receiving ranolazine or saline (0 min) and continued for 120 min. A, time course of glucose infusion rate
(GIR) during insulin clamp; B, area under the curve of GIR during insulin clamp; C, blood glucose concentrations;
D, MAP. n = 5 each. ∗P < 0.05 vs. control.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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binding buffer (HBB) (0.1 M Hepes, 0.12 M NaCl, 5 mM

KCl, 1.2 mM MgSO4, 8 mM glucose and 1% bovine serum
albumin; pH 7.8) containing 200 pM 125I-insulin in the
presence or absence of unlabelled regular insulin (2 μM)
or 3 μM of ranolazine at 37◦C for 15 min. The reaction was
stopped by transferring the culture plates onto ice. Cells
were washed once with ice-cold HBB, then twice with
ice-cold acid solution (0.5 M NaCl, 0.2 M acetic acid, pH
3.0) to remove surface-bound 125I-insulin, and then lysed
with 0.5 ml 1 M NaOH on ice for 1 h. Aliquots of cell lysate
were used for protein content determination and radio-
activity quantification using a gamma counter. Endothelial
insulin uptake (c.p.m. μg protein−1) was calculated after
subtracting the non-specific binding and expressed as
percentage of control.

Determination of intracellular cAMP contents in
cultured endothelial cells

After 18–22 h starvation, BAECs with 80% confluence
were treated with 100 nM insulin or various concentrations
of ranolazine (1, 3 and 10 μM) in serum-free endothelial

basic media for 15 min. Cells were lysed with 0.1 M HCl
and intracellular cAMP contents were determined using a
cAMP EIA kit (Cayman Chemical, Ann Arbor, MI, USA),
as previously described (Fu et al. 2010).

Determination of protein phosphorylation

Phosphorylation of endothelial nitric oxide synthase
(eNOS) in BAECs, and Akt and ERK1/2 in harvested
muscle and heart samples from the animal studies
were determined by Western blotting as described
previously (Li et al. 2005, 2007; Chai et al. 2011).
Primary antibodies against phospho-eNOS (Ser635),
phospho-eNOS (Ser1177), total eNOS, phospho-Akt
(Ser473), total Akt1, phospho-ERK (Thr202/Tyr204) and
total ERK1/2 were obtained from Cell Signaling
Technology (Beverly, MA, USA). All blots were
developed using enhanced chemiluminescence (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ, USA).
Autoradiographic films were scanned densitometrically
and quantified using ImageQuant 3.3 software. Both the
total and the phosphospecific densities were quantified

Figure 4. Effects of ranolazine on skeletal muscle microvascular recruitment and femoral blood flow
during insulin clamp
Each rat received a primed (10 mg kg−1) continuous (9.6 mg kg−1 h−1) I.V. infusion of ranolazine or the same
volume of saline. A, MBV; B,MFV; C, MBF; D,FBF. n = 5 each. ∗P < 0.05 vs. baseline (−30 min). #P < 0.05 vs.
insulin.
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and the ratios of phosphospecific to total density were
calculated.

Determination of ranolazine’s vasorelaxant effect on
pre-constricted small artery

Rat distal saphenous artery (≤250 μm) was dissected from
six rats killed via CO2 overdose and each artery was cleaned
of adhering connective tissues and cut into segments of
∼2 mm in length. Each segment was mounted in a Multi
Myograph System (Danish Myo Technology, Aarhus,
Denmark). The organ chamber was filled with 6 ml
physiological salt solution (PSS) buffer (NaCl 130 mM,
KCl 4.7 mM, CaCl2 1.6 mM, MgSO4 1.17 mM, KH2PO4

1.18 mM, NaHCO3 14.9 mM; EDTA 0.026 mM, glucose
5.5 mM; pH, 7.4), which was constantly bubbled with
95% O2–5% CO2 and maintained at 37◦C. Each ring
was stretched initially to 5 mN, an optimal tension,
and then allowed to stabilize at baseline tone. In some
arteries, the endothelium was mechanically removed by
rubbing the luminal surface of the ring with human hair.
Functional removal of the endothelium was verified by
the lack of relaxation response to acetylcholine. After
pre-constriction of the arterial ring with either 60 mM

potassium or 2 μM phenylephrine, 3 mM ranolazine
in 6 μl PSS buffer was added to the chamber (final
concentration 3 μM) and changes in arterial tone were
recorded.

Statistical analysis

All data are presented as mean ± standard error of the
mean (SEM). Statistical analyses were performed with
SigmaStat 11.0 software (Systat Software, Inc., Chicago, IL,
USA), using either Student’s t test or analysis of variance
(ANOVA) with post-hoc analysis as appropriate. A P-value
of < 0.05 was considered statistically significant.

Results

Ranolazine increases skeletal muscle microvascular
recruitment

We and others have previously reported that microvascular
recruitment is associated with increased muscle delivery
of insulin and glucose use (Inyard et al. 2007, 2009; Chai
et al. 2011, 2012) due to increased microvascular surface
area. As ranolazine has been shown clinically to improve
glycaemic control, we thus first examined whether
ranolazine could also vasodilatate the pre-capillary and
recruit microvasculature in muscle. Using CEU, we
measured three important indices of microcirculation
(MBV, MFV and MBF) before and after a primed
continuous ranolazine infusion. As shown in Fig. 2,
ranolazine potently and acutely increased muscle micro-

vascular recruitment by increasing MBV within the first
30 min and this effect lasted for the entire 120 min infusion
period (ANOVA, P < 0.05; Fig. 2A). MFV did not change
(Fig. 2B). This led to an ∼2-fold increase in muscle MBF
(ANOVA, P < 0.05; Fig. 2C). By contrast, these parameters
did not change in control animals. Ranolazine priming
induced an acute decrease in MAP (ANOVA, P < 0.05;
Fig. 2D), which promptly returned to baseline. Ranolazine
infusion did not alter the plasma insulin concentration
(Table 1).

Ranolazine enhances insulin action in muscle

Knowing that ranolazine could indeed recruit muscle
microvasculature, we next examined whether ranolazine
could modulate insulin’s action in muscle. Administration
of ranolazine increased insulin-mediated whole body
glucose disposal, as evidenced by a 30–60% increase
in the glucose infusion rates (GIRs) during the first
hour of insulin infusion (ANOVA, P < 0.005; Fig. 3A).
Although the GIRs in the ranolazine group remained

Figure 5. Effects of ranolazine on hepatic glucose output
(HGO) and hindleg glucose uptake
Each rat received a primed (10 mg kg−1) continuous
(9.6 mg kg−1 h−1) I.V. infusion of ranolazine or the same volume of
saline. HGO and hindleg glucose uptake were determined every
30 min. A, HGO (n = 3 each); B, hindleg glucose uptake (n = 5
each). ∗P < 0.05 vs. insulin.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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higher than the control group during the second hour
of insulin infusion, the difference was not statistically
significant. The overall GIR (area under the curve of
GIR during insulin clamp) was ∼30% higher in the
ranolazine group (Student’s t test, P = 0.02; Fig. 3B).
Blood glucose levels were comparable between the two
groups during the insulin clamp (Fig. 3C). Similar to the
protocol 1 CEU study, ranolazine priming again induced
a prompt but transient decrease in arterial blood pressure
(Fig. 3D).

The significant increase in GIR during the first
hour prompted us to examine whether ranolazine and
insulin have an additive effect on muscle microvascular
recruitment. As shown in Fig. 4, insulin alone recruited
muscle microvasculature and the effect lasted for 2 h.
As ranolazine was given 30 min before insulin clamp,
muscle MBV and MBF were significantly higher at 0
and 30 min in the ranolazine plus insulin group than the
insulin alone group (ANOVA, P < 0.05). However, there
was no difference at 60 and 120 min between the two
groups. Although ranolazine increased FBF acutely, this

effect was transient and FBF promptly returned back to
baseline (within 15 min) and remained stable afterwards
(Fig. 4D).

As skeletal muscle glucose use accounts for 70–80% of
the whole body glucose disposal during insulin infusion
(DeFronzo et al. 1981), we examined the effect of
ranolazine on HGO and hindleg muscle glucose uptake
to ensure the increase in GIR indeed represents increased
muscle glucose uptake. As shown in Fig. 5A, insulin
similarly suppressed HGO in both groups and the hind-
leg A-V glucose differences were significantly higher
in the ranolazine vs. saline group at 30 and 60 min.
We also examined the phosphorylation status of Akt
and ERK1/2, two intermediate molecules in the insulin
signalling pathways, in gastrocnemius and heart samples
(Fig. 6). Insulin infusion significantly increased the
phosphorylation of both Akt and ERK1/2 in skeletal and
cardiac muscle in the control group (ANOVA, P < 0.05).
Administration of ranolazine did not change either basal
or insulin-induced muscle or heart Akt and ERK1/2
phosphorylation.

Figure 6. Effect of ranolazine on insulin-mediated Akt and ERK1/2 phosphorylation
A, skeletal muscle Akt phosphorylation; B; heart muscle Akt phosphorylation; C, skeletal muscle ERK1/2
phosphorylation; D, heart muscle ERK1/2 phosphorylation. n = 4 each. ∗P < 0.05 vs. control.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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Ranolazine increases muscle uptake of insulin

The increase in insulin-mediated GIRs in rats receiving
ranolazine suggests an increased insulin action in the
muscle. Previous studies have shown that an increase in
muscle microvascular surface area increases muscle insulin
delivery (Barrett et al. 2009, 2011) and interstitial insulin
concentrations correlate better with insulin action (Chiu
et al. 2008). To study whether ranolazine-induced micro-
vascular recruitment is associated with increased muscle
delivery of insulin, we used 125I-insulin to trace native
insulin movement in vivo to determine muscle insulin
uptake. As shown in Fig. 7, 25 min of ranolazine infusion
significantly increased muscle clearance of insulin from
blood (Fig. 7A, Student’s t test, P = 0.005) and uptake
of insulin (Fig. 7B, Student’s t test, P = 0.03). These
changes were not secondary to differential degradation of
125I-insulin as both the control and the ranolazine group

showed similar degradation rates of 125I-insulin in blood
and muscle (Fig. 7C).

Ranolazine induces relaxation on rat distal saphenous
artery

Ranolazine has been shown to potently vasodilatate the
intrarenal arteries (Deng et al. 2012). Given that it potently
recruited muscle microvasculature, suggesting a vaso-
dilatatory effect on the pre-capillary arterioles, we tested
ranolazine’s effect on isolated distal saphenous artery. We
found that ranolazine at 3 μM, which is in the lower
therapeutic dose range (2–8 μM), significantly dilatated
phenylephrine pre-constricted arterial rings (by ∼40%,
P < 0.01). Endothelium denudement partially abolished
this vasodilatatory effect (ANOVA, P = 0.014; Fig. 8A and
B). However, ranolazine at the same concentration had

Figure 7. Effect of ranolazine on skeletal muscle insulin uptake
Each rat received a primed (10 mg kg−1) continuous (9.6 mg kg−1 h−1) infusion of ranolazine or the same amount
of saline for 25 min, and a bolus I.V. injection of 125I-insulin (1.5 μCi) at 25 min. Blood and skeletal muscle were
collected 5 min afterwards. Total and intact 125I-insulin was determined after TCA (30%) precipitation in both
blood and muscle. A, muscle clearance of plasma insulin; B, muscle insulin uptake; C, fraction of intact 125I-insulin
in blood and muscle. n = 5 each. ∗P < 0.05 vs. control.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society
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little effect on 60 mM potassium pre-constricted arterial
rings (Fig. 8C and D).

Effects of ranolazine on eNOS phosphorylation,
intracellular cAMP content and insulin uptake in
cultured BAECs

As endothelium denudement partially abolished
ranolazine’s vasodilatatory effect and eNOS has been
shown to play a pivotal role in the microvascular
recruitment induced by several factors such as insulin,
GLP-1 and losartan (Chai et al. 2011, 2012), we finally
tested whether ranolazine could directly affect endothelial
cells. Treatment of cultured BAECs with clinically relevant
therapeutic concentrations of ranolazine (1 and 3 μM)
significantly increased eNOS phosphorylation at both
Ser635 (Fig. 9A) and Ser1177 (Fig. 9B; ANOVA, P < 0.05)

and increased intracellular cAMP content (Fig. 9C;
ANOVA, P < 0.05). However, ranolazine at 3 μM did not
affect endothelial uptake of 125I-insulin (Fig. 9D).

Discussion

Using a combination of in vivo animal study, ex vivo arterial
myography and in vitro endothelial cell studies, we found
in the current study that ranolazine at a therapeutically
effective dose potently recruited muscle microvasculature
and this was associated with increased muscle delivery and
action of insulin. These findings are of clinical significance
as ranolazine has been shown repeatedly in clinical trials
to increase tissue (myocardium) blood flow and improve
glycaemia (Timmis et al. 2006; Morrow et al. 2009;
Venkataraman et al. 2009; Chisholm et al. 2010).

Insulin has been shown to potently relax the
pre-capillary arterioles and increase muscle microvascular

Figure 8. Ranolazine causes arterial vasodilatation on arteries pre-constricted with phenylephrine but
not high potassium
A and B, effects of ranolazine (3 μM) on isolated distal saphenous artery pre-constricted with phenylephrine (2 μM)
and representative tomographic images. C and D, effects of ranolazine (3 μM) on isolated distal saphenous artery
pre-constricted with potassium (60 mM) and representative tomographic images. n = 6 per group. ∗P < 0.01 vs.
control, ∗∗P = 0.014 endothelium denuded vs. endothelium intact arteries.
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recruitment, leading to increased capillary exchange area
for nutrient and hormones (Clark et al. 2003; Barrett
et al. 2009, 2011). This action accounts for up to 40%
of insulin-mediated whole body glucose disposal during
insulin clamp (Vincent et al. 2003, 2004). Thus, increased
muscle microvascular perfusion is a critical prerequisite
for maximum insulin action in muscle. In humans with
even moderate insulin resistance as seen in obesity or
subjects receiving systemic lipid infusion, insulin fails to
recruit muscle microvasculature (Clerk et al. 2006; Liu
et al. 2009). In the current study, we found that ranolazine
potently recruited muscle microvasculature, increased
muscle insulin delivery and enhanced insulin-mediated
glucose disposal during insulin clamp. These findings
are entirely consistent with clinical trial findings that
ranolazine improves glycaemia in patients with diabetes
and provides new insight into the anti-diabetic effect of
ranolazine.

Although high plasma concentrations (∼25 μM) of
ranolazine decrease blood pressure in rats (Dhalla
et al. 2009), therapeutically effective concentrations of
ranolazine (2–8 μM) has no significant effect on blood
pressure in both humans and rats (Chaitman et al. 2004a,
b; Dhalla et al. 2009). Despite this, our results indicate that
a low dose of ranolazine exerts a potent vasodilatatory
action in both the in vivo (CEU study) and the ex vivo
(isolated artery myograph) studies. Although we did not
measure the plasma concentrations of ranolazine in the
current study, previous animal studies have shown that
a similar infusion rate leads to a steady-state plasma
concentration of ∼8 μM (Dhalla et al. 2009). The decrease
in MAP observed immediately after ranolazine priming,
similar to previous reports (Dhalla et al. 2009), was
probably due to the high plasma concentrations of
ranolazine achieved after the bolus injection (∼25 μM;
Dhalla et al. 2009). This initial decrease in MAP did not

Figure 9. Effect of ranolazine on eNOS phosphorylation, intracellular cAMP contents and 125I-insulin
uptake in cultured BAECs
A, eNOS (Ser635) phosphorylation; B, eNOS (Ser1177) phosphorylation; C, intracellular cAMP contents. Insulin (Ins,
100 nM) and forskolin (F, 10 μM) were used as control. D, endothelial 125I-insulin uptake. Insulin (Ins, 2 μM) was
used as positive control, R:3 μM ranolazine. n = 4–8. ∗P < 0.05 vs. control.
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appear to have affected the overall action of ranolazine on
muscle microvasculature. Our findings are also consistent
with a prior report demonstrating in isolated intrarenal
arteries that ranolazine as low as ∼1 μM has a vaso-
dilatatory effect (Deng et al. 2012).

Previous results suggest that ranolazine exerts a vaso-
dilatatory effect probably via a direct antagonism on
the adrenergic receptors, not the L-type Ca2+ channel.
Indeed, intracoronary or intrafemoral administration
of ranolazine resulted in local vasodilatation and
70–90% increase in coronary or femoral blood flow
and these effects were abolished with prazosin pre-
treatment (Nieminen et al. 2011). We have shown
here that ranolazine significantly dilatated the isolated
distal saphenous artery rings that were pre-constricted
with phenylephrine but not with potassium. Raising
extracellular potassium concentration induces vessel
contraction by causing an elevation of the calcium
level through the L-type Ca2+ channel in vascular
smooth muscle cells (Karaki et al. 1997) but ranolazine
only inhibits the L-type Ca2+ channel at very high
concentrations (>30 μM; Deng et al. 2012). We did not
test the effect of the classic α1 antagonists as these agents
cause vasodilatation of the resistance arterioles, which
lowers systemic blood pressure and may decrease capillary
perfusion pressure. Treatment of obese hypertensive
patients with prazosin for 12 weeks is associated with
an increase in insulin-mediated glucose disposal during
insulin clamp, suggesting an increased muscle insulin
sensitivity (Pollare et al. 1988). Whether this is secondary
to the increased microvascular recruitment remains to be
examined.

As ranolazine is able to increase glucose-stimulated
insulin secretion in rat and human islets in a
glucose-dependent manner (Ning et al. 2011) and we and
others have previously shown that insulin at physiological
concentrations potently recruits muscle microvasculature
(Clerk et al. 2002, 2004; Liu, 2007), it remains possible
that the observed microvascular recruitment following
ranolazine administration could be secondary to increased
insulin secretion. However, this does not appear to be
a likely mechanism as in the current study we found
that plasma insulin levels remained unchanged before
and after ranolazine infusion (Table 1). Together with
our findings using the isolated distal saphenous artery,
ranolazine probably exerts its vasodilatatory effect on the
pre-capillary arterioles via a direct action on both the end-
othelium and the smooth muscle cells.

Although ranolazine induced a significant increase in
muscle MBV and MBF over the entire 120 min of the
study, the greatest increase in insulin-mediated glucose
use occurred within 60 min after ranolazine infusion.
This is not entirely surprising as we and others have
previously shown that insulin per se facilitates its own
delivery to muscle by increasing microvascular perfusion

and trans-endothelial transport (Barrett et al. 2011) and it
is likely that ranolazine and insulin combination increased
muscle insulin delivery more efficiently than insulin alone
in the first hour and the two groups had similar rates of
insulin delivery in the second hour. Indeed, the ranolazine
group had significantly higher MBV and MBF at 0 and
30 min than the insulin alone group while the two groups
had similar degrees of microvascular blood flow afterwards
(Fig. 4). The lack of changes in the phosphorylation of Akt
and ERK1/2 in gastrocnemius and heart samples collected
at the end of the insulin clamp is consistent with the finding
of similar steady-state glucose infusion rates between the
two groups.

In conclusion, ranolazin at therapeutic concentrations
acutely recruits muscle microvasculature, thus leading to
increased microvascular exchange surface area and muscle
insulin delivery and action. This action may contribute to
improved glycaemia in subjects treated with ranolazine.
Whether ranolazine exerts a beneficial microvascular
effect during chronic administration remains to be
examined.
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Translational perspective

Ranolazine, an anti-anginal drug, reduces angina frequency and improves exercise performance in
patients with chronic angina. Patients on ranolazine also demonstrate better glycaemia. The current
study shows that ranolazine potently recruits muscle microvasculature and increases muscle delivery
and action of insulin in rats. These findings are of physiological importance as microvasculature
controls the delivery of oxygen, nutrient and hormones into tissue and their exchanges between
plasma and tissue interstitium by providing endothelial exchange surface area. Recent evidence
confirms that microvasculature plays a crucial role in the regulation of oxygenation, insulin action
and glucose metabolism in muscle. Increased muscle microvascular perfusion results in higher
interstitial oxygen saturation. As for insulin, it has to be first delivered to muscle microcirculation
and then transported through the endothelium to reach its receptors located on the muscle cell
membrane. Muscle microvascular recruitment is a critical prerequisite for maximum insulin action
in muscle and insulin-induced microvascular recruitment contributes up to 40% of insulin-mediated
whole body glucose disposal during insulin clamp. This action is blunted or abolished in the presence
of insulin resistance in both humans and laboratory animals. As ranolazine does not interact directly
with insulin receptors and has the potential to increase tissue interstitial oxygenation and insulin
delivery and action in the presence of vascular insulin resistance, its microvascular actions make it a
particularly attractive agent for patients with diabetes and coronary artery disease. This also suggests
that tissue microvasculature could be an important therapeutic target in this patient population and
warrants further clinical studies.
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