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Renal Denervation Reverses Hepatic
Insulin Resistance Induced by
High-Fat Diet
Diabetes 2016;65:3453–3463 | DOI: 10.2337/db16-0698

Activation of the sympathetic nervous system (SNS) con-
stitutes a putative mechanism of obesity-induced insulin
resistance. Thus, we hypothesized that inhibiting the SNS
by using renal denervation (RDN) will improve insulin
sensitivity (SI) in a nonhypertensive obese canine model.
SI was measured using euglycemic-hyperinsulinemic
clamp (EGC), before (week 0 [w0]) and after 6 weeks of
high-fat diet (w6-HFD) feeding and after either RDN
(HFD + RDN) or sham surgery (HFD + sham). As expected,
HFD induced insulin resistance in the liver (sham 2.5 6 0.6
vs. 0.76 0.63 1024 dL $ kg21 $min21 $ pmol/L21 at w0 vs.
w6-HFD [P < 0.05], respectively; HFD + RDN 1.6 6 0.3
vs. 0.56 0.33 1024 dL $ kg21 $min21 $ pmol/L21 at w0 vs.
w6-HFD [P < 0.001], respectively). In sham animals,
this insulin resistance persisted, yet RDN completely
normalized hepatic SI in HFD-fed animals (1.8 6 0.3 3

1024 dL $ kg21 $ min21 $ pmol/L21 at HFD + RDN [P <

0.001] vs. w6-HFD, [P not significant] vs. w0) by reduc-
ing hepatic gluconeogenic genes, including G6Pase,
PEPCK, and FOXO1. The data suggest that RDN down-
regulated hepatic gluconeogenesis primarily by upregu-
lating liver X receptor a through the natriuretic peptide
pathway. In conclusion, bilateral RDN completely nor-
malizes hepatic SI in obese canines. These preclinical
data implicate a novel mechanistic role for the renal
nerves in the regulation of insulin action specifically at
the level of the liver and show that the renal nerves
constitute a new therapeutic target to counteract in-
sulin resistance.

Catheter-based renal denervation (RDN) has garnered great
interest and debate as a potentially effective percutaneous

intervention to treat hypertension and related major cardiac
and metabolic disorders (1,2). Destruction of these nerves
interrupts both efferent renal nerves (ERNs) and afferent
renal nerves (ARNs). ERNs are postganglionic sympathetic
fibers that release norepinephrine (NE) and contribute to
hypertension by causing renal vasoconstriction, renin re-
lease, and renal sodium and water retention (3). ARNs are
sensory fibers that arise in the renal pelvis and cortex. These
signal the central nervous system about changes in the
chemical composition of the urine and intrarenal pressure
(4) when activated by uremic metabolites such as urea,
ischemic metabolites such as adenosine, or increased
intrarenal pressure from excessive perinephric fat mass
in animal models of obesity (5). Renal afferents can trig-
ger sustained reflex increases in sympathetic nerve ac-
tivity (SNA) targeted to multiple extrarenal tissues and
vascular beds (6).

Initial enthusiasm for RDN to treat hypertension has
waned after randomized sham-controlled phase III clinical
trials failed to show a significant improvement in severe
drug-resistant hypertension (7). However, in the early-
phase trials, RDN was accompanied by reduced fasting
glucose, C-peptide, and plasma insulin levels, suggesting
improved insulin sensitivity (SI) in patients with resistant
hypertension (2) and in patients with hypertension and
polycystic ovary syndrome (8) or obstructive sleep apnea
(9). However, this putative metabolic benefit was based
on indirect evidence from small uncontrolled trials. Thus,
this potentially important lead has never been rigorously
pursued.

We thoroughly tested the hypothesis that RDN im-
proves SI in a well-established nonhypertensive canine
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model of diet-induced obesity. In vivo SI was measured
by using the minimal model approach and euglycemic-
hyperinsulinemic clamp (EGC) with 3-3H-glucose to tease
out the specific components of SI (i.e., hepatic, peripheral)
before and after 6 weeks of high-fat diet (HFD) feeding in
dogs who then underwent either bilateral surgical RDN
or sham surgery. Because a key unresolved limitation of
catheter-based RDN clinical trials is the inability to ensure
the completeness of renal nerve ablation (10,11), in this
initial proof-of-concept dog study, we used a direct surgi-
cal approach to denervate renal nerves.

RESEARCH DESIGN AND METHODS

Animals
Fifteen male mongrel dogs were housed in a vivarium under
controlled conditions (12:12-h light-dark cycle). Animals
were included in this study only if judged to be in good
health. The experimental protocol was approved by the
Institutional Animal Care and Use Committee of Cedars-
Sinai Medical Center. All animals had ad libitum access to
water. The weight-maintaining diet (control diet) consisted
of 33% fat, and the hypercaloric HFD consisted of 54% fat.

Experimental Design
Baseline assessments (week 0 [w0]) of body weight, fasting
blood and urine biochemistry, and in vivo SI were performed
on all the animals while on a controlled diet. Animals were
then fed an HFD for 6 weeks (w6-HFD) to induce insulin
resistance as previously shown (12). The dogs were then
randomized into two groups: one group underwent surgical
bilateral RDN (HFD + RDN) (n = 8) and the other group
underwent a sham operation (HFD + sham) (n = 7). After
surgery, the animals were allowed to recover for 10 days
while still being maintained on an HFD. Postsurgery meta-
bolic assessment was performed in both groups 1 week after
the animals were completely recovered from the surgery
(Fig. 1A). Tissue biopsy specimens were collected at the
end of postsurgery metabolic assessment. Fasting blood
and urine biochemistry, body weight, and blood pressure
taken with a cuff on the foreleg (SurgiVet V6004 Series
Non-Invasive Blood Pressure Monitor; Smiths Medical,
Norwell, MA) were assessed every week throughout the
study for all the animals.

Denervation
Bilateral RDN was performed surgically and chemically.
Kidneys were exposed and all the adventitial tissues were
stripped. All visible nerves were surgically cut, and the
stripped area was painted with 10% phenol in ethanol
solution for 5 min. In the sham-operated animals, a
similar surgical procedure was followed except all the
visible nerves were left intact, and the renal arteries were
painted with saline for 5 min.

Validation of Denervation
The efficiency and specificity of successful surgical de-
nervation was validated by the following two methods.

Catecholamine Measurement
Tissue biopsy specimens (;200 mg) were homogenized
in a buffer containing final concentrations of 1 mmol/L
EDTA, 4 mmol/L sodium metabisuphite, and 0.01 N HCl,
and the homogenate was centrifuged for 15 min at
3,000 rpm (4°C). The supernatant was collected and mea-
sured using 2-CAT (A-N) ELISA (Labor Diagnostika Nord,
Nordhorn, Germany).

Hypoglycemic Clamp
In a subset of animals (six denervated and six sham),
hypoglycemic clamp was performed before (at w6-HFD)
and after denervation. Insulin (5 mU $ kg21 $ min21) and
glucose (at variable rates, 50% dextrose, 454 mg/mL; B.
Braun Medical, Melsungen, Germany) were infused to
slowly decrease glycemia to ;50 mg/dL.

Assessment of SI

In vivo SI was assessed at w0 and w6-HFD as well as at
;3 weeks postsurgery with both EGC and the minimal
model analysis as previously described (13).

Assays
Plasma from blood was collected and stored for insulin,
D-3-3H-glucose, free fatty acids (FFAs), glycerol, and pep-
tides as previously described (14). Assays for glucose, insulin,
FFAs, glycerol, C-peptide, and glucagon were performed as
previously described (12,14).

Total RNA Isolation and Real-Time PCR
RNA was extracted from tissue biopsy specimens by
using the TRI Reagent Kit (Molecular Research Center,
Cincinnati, OH). First-strand cDNA was synthesized
using Superscript II (Invitrogen, Carlsbad, CA) from
1 mg of total RNA. The real-time PCR was performed
using Light-Cycler 4.8 (Roche Applied Science, Indian-
apolis, IN) according to the manufacturer’s protocol.

Urine Collection and Analysis
Urine samples were collected by using a sterile one-way
Foley catheter. Urine osmolality was estimated by a vapor
pressure osmometer (Vapro Vapor Pressure 5520; ELITech
Group, Princeton, NJ). Specific gravity of urine; urinary pH;
protein-creatinine ratio; microalbuminuria; white blood
cell, red blood cell, and occult blood counts; urinary
tract infection; urinary casts; epithelial cells; crystals;
ketones; and bilirubin were measured by Antech Diag-
nostics (Irvine, CA).

Statistical Analyses
Two-way repeated-measures ANOVA with Bonferroni
correction was performed to compare all time course
data within the groups. Student paired t test was used to
identify the significantly different time point pairs and to
compare all metabolic parameters within groups. Nonpaired
t tests were used to compare means between groups. All
analyses were performed using GraphPad InStat software
(GraphPad Software, La Jolla, CA).
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RESULTS

Metabolic assessments were performed at w0 (baseline
prefat period), at w6-HFD, and 3 week postsurgery (HFD +
sham or HFD + RDN) (Fig. 1A). At w6-HFD, body weight
was increased by;6.3% (P, 0.001) in the sham group and
by 5.2% (P , 0.001) in the RDN group compared with w0
(Fig. 1B). However, neither sham nor RDN had any further
effect on body weight during the time studied, and no

changes in caloric intake (except a transient increase at
w2-HFD), blood pressure, and heart rate were observed
with continued HFD or with surgery (Fig. 1C–E).

Validation of Denervation
We used two methods to validate the effect of the surgical
technique to denervate the kidneys and differentiate the
denervation from the sham surgery.

Figure 1—Experimental design (A), body weight (B), food intake (C), blood pressure (D), and heart rate (E). Vertical line represents the week
of surgery. Data are mean6 SEM. ##P < 0.001 vs. week 21 or w0 (prefat period); #P < 0.01 vs. week 0 as measured by two-way ANOVA.
bpm, beats/min.
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Renal Catecholamine Content
Kidney cortex NE content is the most direct measurement
of ERN SNA. We therefore measured NE in the renal
cortex in an attempt to validate the denervation. Com-
pared with sham animals, RDN animals had much lower
NE content in the renal cortex (right-side kidney 546.4 6
89.3 vs. 128.8 6 36.8 ng/g, P = 0.003; left-side kidney
536.1 6 88.8 vs. 196.5 6 51.6 ng/g, P = 0.01) (Fig. 2A).
We found analogous results with renal cortex epinephrine
(EP) content (right-side kidney 11.5 6 0.8 vs. 7.8 6
1.2 ng/g, P = 0.02; left-side kidney 11.4 6 1.2 vs. 7.5 6
1.4 ng/g, P = 0.09) (Fig. 2B). It is noteworthy that renal
cortical EP content was only a fraction of the total cate-
cholamine content in the kidney. We also measured the ex-
pression of adrenergic receptors (ADRs) a-1A, a-2A, a-2B,
b1, and b2 in the kidney. We found no difference in the ADR
expression in the renal cortex (Supplementary Fig. 2), indi-
cating that removal of neural signals from the sympathetic
nerves did not affect the ADR expression in the renal cortex.

Renin Response to Hypoglycemia
The rise in plasma renin activity (PRA) in response to
hypoglycemia is largely mediated by the sympathetic
nervous system (SNS) (15). We studied the renin response
to hypoglycemia before and after denervation. Compared
with presurgery (w6-HFD), PRA during steady-state hy-
poglycemia (140–160 min) was modestly higher in the
HFD + RDN group postsurgery, indicating higher poten-
tiation of the renin response to hypoglycemia after RDN
(RDN: basal, 2.9 6 0.8 vs. 3.2 6 0.9 ng $ mL21 $ h21 at
w6-HFD vs. HFD + RDN, respectively, P = 0.1; steady
state: 5.1 6 1.0 vs. 6.2 6 1.2 ng $ mL21 $ h21 at w6-
HFD vs. HFD + RDN, respectively, P = 0.03) (Fig. 2D). No
significant difference in PRA in response to hypoglycemia
was observed in the sham group before and after surgery
(sham: basal, 3.3 6 0.8 vs. 3.0 6 0.3 ng $ mL21 $ h21 at
w6-HFD vs. HFD + sham, respectively, P = 0.5; steady
state: 4.3 6 1.4 vs. 3.9 6 0.6 ng $ mL21 $ h21 at w6-
HFD vs. HFD + sham, respectively, P = 0.4) (Fig. 2C).

Catecholamine response to hypoglycemia followed a
pattern similar to PRA (Fig. 2E and F). In the HFD + RDN
group, there was a tendency for greater EP response to
hypoglycemia compared with w6-HFD (P = 0.06) (Fig. 2F).
In addition to NE stimulation, renin response to hypo-
glycemia is controlled by circulating EP secreted by the
adrenal medulla among other factors (15). The renin re-
sponse to insulin-induced hypoglycemia is completely
abolished only when adrenal denervation is performed
in addition to RDN (16). The current results suggest,
therefore, that enhanced renin response with RDN may
be induced by increased adrenomedullary EP secretion
during a hypoglycemic challenge. These results indicate
that the surgical RDN technique was very specific and
that the adrenomedullary neural circuitry was left intact.

No significant differences were found in the hypo-
glycemic clamp parameters, namely, baseline and steady-
state glucose and insulin between the RDN and sham

groups or within groups before and after surgery (Sup-
plementary Fig. 1A–D). Rate of glucose infusion (GINF)
was significantly lower post-RDN surgery than at w6-HFD
(P , 0.0001) (Supplementary Fig. 1F), suggesting an in-
creased resistance to hypoglycemia with RDN, a possible
protective effect against hypoglycemia. Together, the re-
nal NE content and PRA activity during hypoglycemic
challenge demonstrated that we effectively ablated only
the renal nerves in RDN but not sham animals while
leaving the adrenal nerves intact.

Effect of Nerve Ablation on SI

As expected, 6 weeks of HFD reduced SI in both the sham and
the RDN groups as assessed by the minimal model (intrave-
nous glucose tolerance test [IVGTT] SI: sham 7.6 6 1.3 vs.
4.36 0.5 mU/mL21 $ min21 at w0 vs. w6-HFD, respectively,
P, 0.05; RDN 5.46 0.7 vs. 2.36 0.3 mU/mL21 $ min21 at
w0 vs. w6-HFD, respectively, P , 0.001) (Fig. 3A and B)
as well EGC (SI clamp sham 13.7 6 1.5 vs. 9.3 6 1.3 3
1024 dL $ kg21 $ min21 $ pmol/L21 at w0 vs. w6-HFD,
respectively, P , 0.05; RDN 9.7 6 0.7 vs. 6.7 6 0.7 3
1024 dL $ kg21 $ min21 $ pmol/L21 at w0 vs. w6-HFD,
respectively, P, 0.001) (Fig. 3G). In response to the same
insulin infusion rate, the rates of GINF (Fig. 3C–F) during
the clamp were also significantly decreased with 6 weeks
of HFD compared with baseline (P, 0.001) in both groups,
indicating whole-body insulin resistance. Minimal model as-
sessment of IVGTT showed that RDN partially restored
HFD-impaired SI (SI IVGTT 3.8 6 0.6 mU/mL21 $ min21 at
HFD + RDN [P , 0.001] vs. w6-HFD) (Fig. 3B), but sham
surgery did not (4.3 6 0.2 mU/mL21 $ min21 at HFD +
sham [P not significant] vs. w6-HFD [P , 0.05] vs. w0)
(Fig. 3A), although these changes were not detected by
SI clamp because GINF rates were not affected by the surgery.

To identify the mechanism of improved SI with RDN,
we studied peripheral and hepatic SI during EGC using
tritiated glucose. We did not find any significant changes
in Rd (Fig. 4A and B) or rate of peripheral SI [SI (Rd clamp)]
(Fig. 4C) with HFD or surgery. Figure 4D and E shows the
expected loss of suppression of endogenous glucose pro-
duction (EGP) with w6-HFD. This was also reflected in the
reduction of SI of EGP to insulin (hepatic insulin resis-
tance [SI (EGP clamp)]: sham 2.5 6 0.6 vs. 0.7 6 0.6 3
1024 dL $ kg21 $ min21 $ pmol/L21 at w0 vs. w6-HFD,
respectively, P , 0.05; RDN 1.6 6 0.3 vs. 0.5 6 0.3 3
1024 dL $ kg21 $ min21 $ pmol/L21 at w0 vs. w6-HFD,
respectively, P , 0.001) (Fig. 4F). RDN completely nor-
malized liver SI back to that at w0 despite the continua-
tion of HFD after surgery (SI (EGP clamp) 1.8 6 0.3 3
1024 dL $ kg21 $ min21 $ pmol/L21 at HFD + RDN
[P , 0.001] vs. w6-HFD, [P not significant] vs. w0;
1.0 6 0.3 3 1024 dL $ kg21 $ min21 $ pmol/L21 at
HFD + sham, [P not significant] vs. w6-HFD) (Fig. 4E and
F). Renal nerve ablation totally reversed the hepatic insulin
resistance induced by the HFD; sham had no such effect.

It is reasonable to assume that insulin suppression
of liver EGP during clamps is due to suppression of
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Figure 2—Validation of denervation. Renal NE (A) and EP (B) content and PRA (C and D ) and plasma EP (E and F ) during hypoglycemic
clamp. Kidney cortex NE (A) and EP (B) content were lower in the RDN group than in the sham group, indicating successful denervation.
PRA (C and D) and plasma EP (E and F ) assessed during the hypoglycemic clamp show that RDN induces higher renin and EP responses to
hypoglycemia than sham. Sham n = 6 and RDN n = 6. *P < 0.05, aP = 0.09, as measured by Mann-Whitney U nonparametric t test.
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gluconeogenesis. Therefore, because RDN restored liver
SI, whether that effect is concordant with a reduction
in gluconeogenic (GNG) gene expression is important.
Therefore, we examined the expressions of key GNG
genes in the liver and kidney. Compared with sham, the

RDN animals had significantly lower expression G6Pase
(HFD + sham 0.6 6 0.2, HFD + RDN 0.2 6 0.02 arbitrary
units [AU], P = 0.05) and PEPCK (HFD + sham 0.8 6 0.1,
HFD + RDN 0.2 6 0.05 AU, P = 0.01) (Fig. 5A). We also
found lower expression of transcription factors activating

Figure 3—Whole-body SI measured by minimal model and EGC. A and B: SI IVGTT as assessed by minimal model shows that RDN surgery
reverses HFD-induced insulin resistance. C–G: Time course data of plasma insulin concentration (C and E), GINF rate (D and F ), and SI clamp

and whole-body SI (G) as assessed during the EGC show that RDN reverses insulin resistance to EGP. Sham n = 7 and RDN n = 8. $P <
0.05 vs. w0; #P < 0.05 vs. w6-HFD as measured by two-way ANOVA.

Figure 4—Peripheral and hepatic SI. Time course data of Rd (A and B), SI (Rd clamp) (C), peripheral SI and time course data of EGC (D and E ),
and SI (EGP clamp) and hepatic SI assessed during the EGC (F) show that RDN reverses insulin resistance to EGP. ○, w0; ●, w6-HFD; ▼,
HFD + sham; △, HFD + RDN. Sham n = 7 and RDN n = 8. $P < 0.05 vs. w0; #P < 0.05 vs. w6-HFD as measured by two-way ANOVA.
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GNG genes, namely FOXO1 (HFD + sham 0.66 0.2, HFD +
RDN 0.2 6 0.02 AU, P = 0.04), peroxisome proliferator–
activated receptor g coactivator 1a (PGC-1a) (HFD + sham

1.1 6 0.3, HFD + RDN 0.2 6 0.05 AU, P = 0.03) and
peroxisome proliferator–activated receptor a (PPAR-a)
(HFD + sham 0.6 6 0.1, HFD + RDN 0.3 6 0.1 AU,

Figure 5—Expression of GNG genes (A), NPRs (B and C), ADRs (D), NE content (E), and EP content (F ) in the liver. RDN reduced the
expression of G6Pase, PEPCK, FOXO1, PGC-1a, PPAR-a, and LXR-a in liver. RDN also reduced the expression of NPR-C and a-1A ADR
while increasing the expression of a-2A ADR and b-1 ADR. White bars, HFD + sham (n = 7); black bars, HFD + RDN group (n = 8). Data are
mean 6 SEM. *P < 0.05; aP = 0.07 as measured by Mann-Whitney U nonparametric t test.

diabetes.diabetesjournals.org Iyer and Associates 3459



P = 0.03), in the RDN animals than in the sham animals
(Fig. 5A). We did not find any significant differences in
the expression of G6Pase, PEPCK, and FOXO1 in the re-
nal cortex between the two groups (Supplementary Fig.
3), suggesting that the restoration of EGP sensitivity to
insulin is mainly due to the liver and not to the kidney.
These data suggest that ablating the renal nerves reversed
HFD-induced resistance of EGP to insulin by reducing the
expression of key GNG genes primarily in the liver. Liver
X receptor a (LXR-a) controls hepatic GNG genes by
downregulating PGC-1a, G6Pase, and PEPCK (17). We
found that RDN greatly increased the expression of
LXR-a (HFD + sham 0.1 6 0.03, HFD + RDN 0.7 6 0.2
AU, P = 0.05) (Fig. 5A) in the liver compared with sham
surgery. In a recent study, Cannon et al. (18) showed
that LXR-a improves glucose tolerance in cardiomyo-
cytes by inducing the expression of A-type and B-type
natriuretic peptides. In the current model, we found
that RDN reduced the expression of natriuretic peptide
clearance receptor (NPR-C) (HFD + sham 1.9 6 0.4,
HFD + RDN 0.2 6 0.04 AU, P = 0.001) (Fig. 5B) but
not natriuretic peptide receptor (NPR) A or NPR-B. This
indicates that RDN surgery increases the availability of
natriuretic peptides (NPR-A/NPR-C ratio: HFD + sham
0.2 6 0.1, HFD + RDN 3.6 6 1.4 AU, P = 0.05; NPR-B/
NPR-C ratio: HFD + sham 0.26 0.1, HFD + RDN 3.4 6 1.4
AU, P = 0.07) (Fig. 5C) in the liver by reducing their
clearance, further suggesting that RDN improves hepatic
SI-activating pathways that downregulate hepatic GNG.
Natriuretic peptides have been suggested to increase
thermogenesis, especially in adipose tissue, by interact-
ing with the SNS (19). Therefore, we studied the expres-
sion of ADRs in the liver. We found that RDN significantly
reduced the expression of a-1A ADR (HFD + sham 0.5 6
0.2, HFD + RDN 0.1 6 0.07 AU, P = 0.04) (Fig. 5D) in the
liver, a Gq/11-type G-protein–coupled receptor (GPCR) that
has been shown to induce GNG gene expression in the liver
(20). In sharp contrast to our expectation, we found signif-
icantly higher NE content in the livers of the RDN group
compared with the sham group (Fig. 5E), suggesting a com-
pensatory increase in hepatic SNS activity. This increase in
hepatic NE content may explain the induction of gene ex-
pressions of both a-2A ADR (HFD + sham 0.2 6 0.04,
HFD + RDN 1.4 6 0.5 AU, P = 0.02) (Fig. 5D), a Gi-type
GPCR (adenylyl cyclase inhibitor), and b-1 ADR (HFD +
sham 1.0 6 0.2, HFD + RDN 2.9 6 0.6 AU, P = 0.013)
(Fig. 5D), a Gs-type GPCR (adenylyl cyclase stimulator) (21)
in the liver with RDN. We found no changes in the catechol-
amine content in any other tissue (Supplementary Fig. 4).
These results suggest that RDN improves hepatic SI
through pathways that downregulate hepatic GNG genes.

Denervation Did Not Alter Kidney Function
Tests revealed no changes in urine chemistry, including
osmolality, glucose, and lactate (Supplementary Fig. 5A–
C), throughout the study in either the sham or the RDN
group, suggesting that RDN did not impair renal function.

We found reduced gene expression of NPR-A and NPR-B
in the kidney of RDN animals, suggesting a reduction in
natriuresis to maintain normal kidney function and urine
osmolality (Supplementary Fig. 5D and E). No signs of
urinary tract infection were found.

DISCUSSION

The major new finding of this study is that effective surgical
RDN totally reverses diet-induced hepatic insulin resistance
and does so primarily by decreasing hepatic-specific GNG
gene expression. By surgically transecting the main renal
nerves under direct vision and painting the cut nerves with
the neurotoxin phenol, we ensured extensive bilateral de-
struction of renal nerves, which was confirmed by an 80%
reduction in renal tissue NE levels. That renal tissue EP levels
also was decreased after RDN provides further proof for
extensive renal nerve destruction. Circulating EP is taken up
by postganglionic sympathetic nerve terminals, which were
destroyed by RDN, and coreleased with NE during sympa-
thetic nerve stimulation (22). We also demonstrate that
basal and hypoglycemia-induced plasma EP response and
renin activity are conserved after RDN surgery, suggesting
an intact neural circuitry of the adrenals.

The seminal finding of this study is that effective RDN
normalizes hepatic SI because it restored the impaired ability
of insulin to suppress hepatic EGP despite continued expo-
sure to HFD. These findings together with the further ob-
servation that RDN partially restored whole-body SI by
minimal model assessment in the canine model of diet-
induced obesity confirms and extends the uncontrolled clin-
ical data solely based on the HOMA of insulin resistance
index, which is limited because it does not accurately reflect
changes in insulin resistance as previously shown (13).

The current data suggest that RDN normalizes hepatic
SI by reducing the hepatic-specific expression of multiple
GNG genes, including G6Pase, PEPCK, and transcription
factors FOXO1, PGC-1a, and PPAR-a. Insulin resistance
previously has been characterized by increased hepatic
expression of these genes (23,24). RDN surgery was ac-
companied by increased expression of LXR-a, a transcrip-
tion factor regulator involved in the control of GNG genes
through downregulation of PGC-1a, G6Pase, and PEPCK
(17). LXR-a also may interact with natriuretic peptides
and ADRs (18,25). RDN surgery reduced the expression
of NPR-C, suggesting increased natriuretic peptide con-
tent in the liver (19). Further studies are necessary to
elucidate whether natriuretic peptides have a direct effect
on hepatic glucose output and/or mediate the observed
effects of renal nerves on hepatic gluconeogenesis.

Several observations implicate hepatic ADR mediation
because RDN was accompanied by 1) increased hepatic
NE content, suggesting increased hepatic SNA; 2) lower
expression of the hepatic a-1A ADR, which is involved in
upregulation of hepatic GNG genes through a Gq/11 GPCR
pathway (20,26,27); and 3) increased expression of both
hepatic a-2A ADR (Gi, adenylyl cyclase inhibitor) and
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hepatic b-1 ADR (Gs, adenylyl cyclase stimulator). Diaz-
Cruz et al. (28) demonstrated that activation of a-1 ADR
inhibits b-ADR–stimulated pathways through NOX2 acti-
vation. Together, the current results suggest suppression
of hepatic gluconeogenesis with RDN surgery through a-1
ADR, natriuretic peptides, and the LXR-a pathway. Fur-
ther investigation is necessary to develop a complete pic-
ture of the mechanistic underpinnings.

Lower GNG gene expression was not reflected by lower
basal EGP but by insulin-mediated suppression of EGP.
This is paradoxical because the tissue biopsy specimens
were collected under fasting, noninsulin-stimulated con-
ditions. Therefore, one would expect lower hepatic GNG
gene expression with RDN to be reflected in lower basal
EGP during EGC. However, we only found lower EGP
under the insulin-stimulated condition during the clamp.
Further studies investigating GNG protein expression,
regulation, and activity as well as other pathways related
to liver EGP, such glycogen synthesis and breakdown, are
required to understand this phenomenon.

RDN did not have an effect on peripheral SI as measured
by EGC, which is likely because 6 weeks of HFD feeding did
not cause a significant impairment in peripheral SI. There-
fore, the current study could not detect a restoration in
peripheral SI. This is congruent with the catecholamine con-
tent in the peripheral tissues where we did not find signif-
icant differences in NE levels in the muscle and visceral and
subcutaneous fat depots between the sham and RDN groups
(Supplementary Fig. 4). In contrast to our findings, Rafiq
et al. (29) observed an improvement in peripheral glucose
disposal with RDN surgery in diabetic rats along with a
lowering of blood pressure and suppression of SGLT2. How-
ever, whether the insulin-sensitizing effects observed by
Rafiq et al. were independent or secondary to changes in
cardiovascular factors is unclear.

We considered the possibility that RDN could poten-
tially modulate hepatic EGP by decreasing plasma glucagon,
the secretion of which can be decreased by central sympa-
tholytic agents as well as ADR antagonists (30,31). How-
ever, this is not the case because plasma glucagon levels
were unchanged with HFD alone or in combination with
RDN (Supplementary Fig. 6).

Consistent with previously published data in canines (14),
we did not find an effect of HFD on fasting glycemia (Sup-
plementary Fig. 6A). Accompanying insulin resistance was
apparently compensated for by fasting hyperinsulinemia
(Supplementary Fig. 6C). However, RDN surgery had no
effect on fasting glucose or hyperinsulinemia (Supplemen-
tary Fig. 6A and C) possibly due to reduced insulin clearance
because fasting C-peptide levels were also not changed by
surgery (Supplementary Fig. 6D), indicating a liver effect.
The current fasting glycemia results are similar to those of
a recent study in Norwegian subjects with hypertension and
insulin resistance (32), which showed only a slight effect of
catheter-based RDN on hepatic SI with no measureable effect
on fasting glucose. Also in this Norwegian study, the effects
of RDN on hepatic SI were lost at higher insulin doses, which
may be due to the nature of the two-step clamp wherein the
insulin dosage during the first step could potentially con-
found the results observed during the second step.

How does RDN suppress insulin-stimulated hepatic EGP?
The direct versus indirect role of insulin in suppressing
hepatic EGP has been under debate (33). We speculate that
bilateral RDN suppresses the activity of both ERNs and
ARNs, which in turn sensitize the liver glucose output to
insulin possibly through central integration of inhibitory
ARN signals or neurohormonal control of renin release
and the angiotensin II and aldosterone system (Fig. 6).
ARNs project centrally through the dorsal root ganglia to
the nucleus of the solitary tract and evoke reflex changes in

Figure 6—Working hypotheses of indirect control of hepatic glucose production. Liver glucose output can be regulated indirectly by ARNs
and ERNs by either central integration of ARN signals, central insulin signaling, adrenergic control of adipose tissue lipolysis, or neurogenic
control of RAAS.
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SNA to target tissues involved in blood pressure (34). Thus,
the ARNs could potentially participate in central nervous
system control of hepatic EGP by either reflex changes in
hepatic SNA and vasculature, changes in central insulin
signaling (35,36), activation of mediobasal hypothalamic
KATP channels and the efferent hepatic branch of the vagal
nerve (37), or ventromedial hypothalamus projections to
the splanchnic sympathetic nerves that innervate the liver
and control EGP (38,39). The central integration of ARN
signals may also be involved in adrenergic control of adi-
pose tissue lipolysis, which in turn may suppress hepatic
EGP, conforming to the single gateway hypothesis proposed
by our group after experimentally demonstrating that sup-
pression of hepatic EGP is indirectly mediated by suppres-
sion of visceral fat lipolysis by insulin (40–42). Another
possible hypothesis is that RDN suppresses the systemic
renin-angiotensin-aldosterone system (RAAS), improving
peripheral glucose metabolism; however, the effects of
RAAS on glucose metabolism are believed to be mainly
hemodynamic (43,44). We do not expect changes in angio-
tensin II or aldosterone regulation to have a large effect on
glucose metabolism because in clinical trials, ACE inhibitors
and angiotensin receptor blockers have had meager, if any,
effects on impaired glucose metabolism (45,46). Further
investigation is necessary to illuminate these pathways.

This study has potential limitations. We did not measure
arteriovenous difference across the kidney to quantify
changes in net renal EGP or renal NE spillover with RDN.
We also did not directly measure the effect of RDN on in vivo
gluconeogenesis using labeled substrate such as lactate and
alanine and in vitro hepatic gluconeogenesis. Measurement
of in vivo transhepatic GNG substrate turnover requires
catheterization of the hepatic and portal veins (47), which
was not technically feasible. Our hepatic GNG gene expres-
sion data only suggest that the liver is the primary effector
site of changes in glucose metabolism induced by renal nerve
ablation. Further investigation is necessary to establish the
molecular pathways involved, including protein levels and
signaling through insulin and other pathways that can con-
tribute to changes in liver glucose metabolism. We do not
have a direct physiological measurement of local or whole-
body SNA. However, there are no methods currently available
that directly measure SNA (48,49). Because we did not mea-
sure hepatic SNA, we do not know whether the increased
hepatic NE content was due to increased SNA, decreased
clearance, or both. We also have not established the exact
neural or hormonal circuitry involved in eliciting a hepatic
response to RDN; however, future studies will address this.
Because the postsurgery follow-up period was rather short in
the current design, long-term studies are needed to deter-
mine whether the marked effects are sustained or permanent.

With this dog study, we were able to overcome some of
the key limitations of clinical trials, including direct open
surgical denervation and renal NE content to prove that
we in fact ablated the nerves. Direct validation of successful
RDN is technically difficult to perform in humans but
essential to draw inferences from clinical trials. We cannot

rule out species differences between canines and humans as
a factor contributing to the results. From the perspective of
potential clinical translation, a future study to determine
whether the canine results can be repeated in humans would
be important. That the RDN animals demonstrated resis-
tance to insulin-induced hypoglycemia also is noteworthy,
suggesting the involvement of renal sympathetic nerves in
the hypoglycemic counterregulatory circuit that is perhaps
mediated through the liver, a potential clinical application
of RDN in hypoglycemia management in patients with
diabetes. The results suggest that RDN improves insulin
resistance and could thus be used to treat human diabetes
and comorbidities such as cardiovascular disease, which
affects 8.3% of the global population (50).

In conclusion, bilateral RDN improved SI in diet-induced
insulin resistance mainly by improving hepatic SI, supporting
a novel crosstalk between the renal nerves and the liver.
The translational potential of this work to the clinical setting
will be fascinating to investigate.
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