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1  |   INTRODUCTION

Recent animal studies and clinical research suggest that mod-
ulation of the autonomic system might be able to counteract 

the effects of the metabolic syndrome (Akinseye et al., 2020; 
Guarino et al., 2017; Mahfoud et al., 2011; Maron et al., 2020). 
Specifically, common hepatic artery denervation (CHADN) 
significantly improved the glucose excursion during an oral 
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Abstract
The objective of this study was to assess the safety of surgical common hepatic ar-
tery denervation (CHADN). This procedure has previously been shown to improve 
glucose tolerance in dogs fed a high-fat high-fructose (HFHF) diet. We assessed the 
hypoglycemic response of dogs by infusing insulin at a constant rate (1.5 mU/kg/
min) for 3  h and monitoring glucose and the counterregulatory hormones (gluca-
gon, catecholamine, and cortisol). After an initial hypoglycemic study, the dogs were 
randomly assigned to a SHAM surgery (n = 4) or hepatic sympathetic denervation 
(CHADN, n  =  5) and three follow-up studies were performed every month up to 
3  months after the surgery. The level of norepinephrine (NE) in the liver and the 
pancreas was significantly reduced in the CHADN dogs, showing a decrease in sym-
pathetic tone to the splanchnic organs. There was no evidence of any defect of the 
response to hypoglycemia after the CHADN surgery. Indeed, the extent of hypo-
glycemia was similar in the SHAM and CHADN groups (~45 mg/dl) for the same 
amount of circulating insulin (~50 µU/ml) regardless of time or surgery. Moreover the 
responses of the counterregulatory hormones were similar in extent and pattern dur-
ing the 3 h of hypoglycemic challenge. Circulating lactate, glycerol, free fatty acids, 
and beta-hydroxybutyrate were also unaffected by CHADN during fasting conditions 
or during the hypoglycemia. There were no other notable surgery-induced changes 
over time in nutrients, minerals, and hormones clinically measured in the dogs nor in 
the blood pressure and heart rate of the animals. The data suggest that the ablation of 
the sympathetic nerve connected to the splanchnic bed is not required for a normal 
counterregulatory response to insulin-induced hypoglycemia and that CHADN could 
be a safe new therapeutic intervention to improve glycemic control in individuals 
with metabolic syndrome or type 2 diabetes.
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glucose tolerance test in dogs with diet-induced glucose intol-
erance (Kraft et al., 2019). The success of CHADN and other 
metabolic surgeries in improving glucose intolerance, how-
ever, raises the question of whether eliminating sympathetic 
nervous input to the liver alters hepatic responsiveness to in-
sulin or predisposes to low blood sugar leading to a greater 
risk of iatrogenic hypoglycemia. The data in this paper come 
from a study that assessed efficacy and safety, the former was 
already published (Kraft et al., 2019). Given the ability of the 
procedure to reverse glucose intolerance caused by high-fat 
high-fructose (HFHF) feeding, it is essential to show that the 
procedure is also safe.

The usual response to hypoglycemia is mediated in part by 
the sympathetic system (tachycardia, sweating, and increase 
in blood pressure) (Cryer, 2011; Perin et al., 2001). Further, 
the release of key counterregulatory hormones is also under 
the control of the central nervous system (CNS). When the 
common hepatic artery is surgically denervated, the sympa-
thetic tone to the liver is decreased, but as we recently showed 
sympathetic tone to the pancreas is also partially decreased 
(as evident by the lower norepinephrine (NE) content in the 
pancreas) (Kraft et al., 2019). It remains unclear what effect 
CHADN has on the response of the α cell, the CNS, and the 
liver in response to a hypoglycemic challenge.

The present paper contains data relating to the safety of 
CHADN as it relates to insulin-induced hypoglycemia in 
diet-induced glucose-intolerant dogs. We studied the efficacy 
and safety of the technique in parallel, thereby reducing the 
number of dogs required. The efficacy data have been pub-
lished (Kraft et al., 2019) and the safety data are presented 
here.

2  |   METHODS

These studies were conducted using nine male mongrel dogs 
weighing between 20 and 25 kg on entry into the study. The 
data relating to efficacy of the CHADN surgery on the post-
prandial response were published previously (Kraft et al., 
2019). The dogs were housed in a facility that met American 
Association for Accreditation of Laboratory Animal Care 

guidelines, and the protocol was approved by the Vanderbilt 
University Medical Center Institutional Animal Care and Use 
Committee. The animals were fed a HFHF diet in which 22% 
of the energy was derived from protein, 52% from fat, and 
26% from carbohydrate, the majority of which (17% of the 
total energy in the diet) was derived from fructose (TestDiet; 
PMI Nutrition, St. Louis, MO).

2.1  |  Protocol design

For each of the nine dogs, a series of hyperinsulinemic hy-
poglycemic clamps (Hypo) were performed. After 2.5 weeks 
of HFHF feeding, a femoral artery catheter was implanted 
under general anesthesia as described elsewhere (Coate et al., 
2010). After 5 weeks of HFHF, and prior to denervation, a 
Hypo study was performed to assess the basal (pre-treatment, 
first Hypo) response of the animals (Figure 1). A laparot-
omy was performed after 5.5 weeks of HFHF feeding and 
animals were randomly assigned to a hepatic surgical sympa-
thectomized group (CHADN, n = 5) or sham surgery group 
(SHAM, n  =  4). Follow-up Hypo studies were performed 
4.5, 8.5, and 12.5  weeks post-CHADN or SHAM surgery 
(second, third, and fourth Hypo; Figure 1). After the second 
Hypo study, each animal underwent a minor surgery for the 
insertion of a new femoral artery catheter in the other back 
leg. The hepatic sympathetic denervation of the CHA was 
performed by stripping a 5  cm long area around the CHA 
and removing the visible nerve fibers encasing the vessel. All 
nerves surrounding the portal vein and its branches, as well 
as the vagus nerve, were left intact. Proper denervation was 
confirmed through measurement of organ-specific tissue NE 
at the end of each protocol. The dogs were euthanized after an 
overnight fast at 13 weeks post-surgery (18.5 weeks on diet) 
for tissue harvest. About 1–2 g of tissue was harvested from 
each lobe of the liver, freeze clamped in liquid nitrogen, and 
stored at −80°C until subsequent NE analysis. In addition, 
the duodenal, body and splenic lobes of the pancreas, a 2 cm 
segment of the duodenum immediately distal to the major du-
odenal papilla, and a piece of the pylorus were also harvested 
for NE analysis. Briefly, prior to analysis, 300 mg of tissue 

F I G U R E  1   Experimental timeline

CHOW Diet HFHF Diet

2nd Hypo1st Hypo
CHADN or SHAM

105.550

Week 0 correspond to the initiation of experimental diets (High Fat High Fructose, HFHF). CHADN, Common Hepatic Artery  
Denervation; Hypo, Hyperinsulinemic hypoglycemic challenge.
Femoral artery catheters were surgically placed at weeks 2.5 and 11.5

3rd Hypo

14

4th Hypo

18.5 wk
on HFHF 

diet

CHADN n=5; SHAM n=4

Euthanasia

18
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was homogenized in a PCA buffer containing glutathione. 
The homogenate was analyzed for NE by HPLC with electro-
chemical detection as described elsewhere (Goldstein et al., 
1981). Glycogen and triglycerides (TG) were measured in 
the three largest liver lobes, that is, left medial, left lateral, 
and right medial, as described previously (Coate et al., 2010).

2.2  |  Experimental design

On the day of each Hypo study, the femoral artery catheter 
was exteriorized from its subcutaneous pockets using local 
anesthesia and additional intravenous catheters were placed 
in saphenous leg veins for infusion purposes. The dogs were 
placed in a Pavlov harness and allowed to rest for 60 min. A 
30-min control period was followed and blood was collected 
for analysis of glucose, insulin, glucagon, catecholamines, 
cortisol, lactate, alanine, glycerol, and free fatty acids, as 
described elsewhere (Coate et al., 2010; Kraft et al., 2019). 
Insulin was then infused into a leg vein (1.5 mU/kg/min) for 
3 h. Every 30 min blood was drawn for analyte measurement. 
Plasma glucose was monitored every 5 min and glucose was 
infused as needed to prevent a drop below 40 mg/dl.

During the study, arterial blood pressure and heart 
rate were monitored using a Bridge Amp instrument 
(ADInstruments Inc, Colorado Springs, CO).

2.3  |  Animals

During the first week of HFHF feeding (ad libitum), the dogs 
ate ≈3500 kcal/day (compared to 2200 kcal/day before they 
were put on HFHF diet). Caloric consumption decreased 
by ≈15% after 1 week on the diet, eventually stabilizing at 
≈2300 kcal/day. At that point, food consumption was not dif-
ferent between the SHAM and the CHADN groups.

Before the start of the diet, the animals' body weights 
were 22.8 ± 1.4 and 23.1 ± 1.2 kg in the SHAM and CHADN 
groups, respectively. After 1 week on the HFHF diet, the ani-
mals had gained 1.6 ± 0.5 and 2.1 ± 0.9 kg, respectively, then, 
by the time of the first post-surgery (4.5 weeks) Hypo study, 
the weights were 26.0 ± 1.8 and 26.4 ± 1.6 kg in the SHAM 
and CHADN groups, respectively. Even at the end of the pro-
tocol (13  weeks after denervation surgery), no differences 
were observed between groups (25.8 ± 1.9 and 27.0 ± 0.6 kg 
in the SHAM and CHADN groups, respectively).

2.4  |  Fasting parameters

Blood was drawn before enrollment in the protocol and before 
each Hypo study, to measure a panel of analytes (Antech Labs, 
Southaven, MS) to monitor the animals' health and the function 

of the liver (AST, ALT, Alk Phos, total bilirubin, GGT, choles-
terol, and proteins), the kidneys (BUN, creatinine, phosphorus, 
amylase, and albumin), the pancreas (glucose, amylase, lipase, 
and triglyceride) as well as the muscles and bones (calcium and 
phosphorus CPK and AST), and to monitor electrolytes (so-
dium, potassium, chloride, calcium, and phosphorous).

2.5  |  Data analysis

Data are expressed as means ± SD. Individual data and me-
dians are shown after calculation of ΔAUC where possible. 
Two-way ANOVA with repeated measures design was used 
(SigmaStat, Richmond, CA), with post-hoc analysis per-
formed using the Student–Newman–Keuls multiple com-
parisons model, with time and treatment as co-factors. A 
p < 0.05 was considered significant.

3  |   RESULTS

There were no clinical complications in any animal through-
out the study. Likewise, there were no histologic or hemato-
logic abnormalities noted on autopsy. Analysis of liver NE 
content (Table 1) at the end of the study revealed virtually 
complete denervation of all liver lobes in the CHADN ani-
mals. The caudate and right lateral lobes had a small amount 
of measureable NE (~5% of the level in the SHAM dogs) in 
four of five animals. These data indicate that the sympathetic 

T A B L E  1   Tissue norepinephrine content in SHAM and animals 
that underwent a common hepatic artery denervation (CHADN) at the 
end of each protocol

Tissue Lobe

Norepinephrine ng/g tissue

SHAM 
(n = 4)

CHADN 
(n = 5)

Liver Left central 393 ± 75 7 ± 4*

Left Lateral 316 ± 68 3 ± 1*

Left posterior 547 ± 56 4 ± 2*

Quadrate 510 ± 148 26 ± 14*

Right lateral 658 ± 211 15 ± 5*

Right central 373 ± 67 3 ± 1*

Pancreas Duodenal 496 ± 60 157 ± 55*

Body 588 ± 114 85 ± 53*

Splenic 692 ± 103 756 ± 170

Duodenum 243 ± 60 66 ± 25*

Pyloris 284 ± 69 133 ± 50

Values are means ± SD in ng/g of tissue.
Statistical analysis (t test) was performed.
*p < 0.05. 
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denervation of the liver remained virtually complete over 
the 3-month study period (i.e., re-innervation did not occur). 
Interestingly, hepatic denervation was associated with a de-
crease in the total NE content of the pancreas (53 ± 13% rela-
tive to SHAM animals). The splenic lobe of the pancreas was 
not denervated, whereas the duodenal lobe was denervated 
to some extent in all CHADN animals (range of 40%–92% 
NE reduction), and the body of the pancreas was denervated 
in all dogs by 90% or more. Duodenal NE content was re-
duced by an average of 78 ± 18% in the CHADN compared 
to SHAM group (the sections were taken 1–2 cm proximal to 
the entry of the pancreatic duct). The pylorus was substan-
tially denervated in two of five dogs but not in the other three. 
Thus, complete surgical sympathetic denervation of the liver 
was associated with partial sympathetic denervation of the 
duodenum, pancreas, and, in some cases, the pylorus.

3.1  |  Fasting parameters

The results for baseline blood values can be found in the Tables 
S1 and S2 for the CHADN and SHAM groups, respectively. 
The effect of the HFHF was similar and minimal on these pa-
rameters in the two groups (week 0 vs. 5 results). No param-
eters increased or decreased meaningfully, with the cholesterol 

being the largest change. Not surprisingly, while on the diet, it 
increased by 25% and 38% in the CHADN and SHAM groups, 
respectively, but those values remained in the normal range and 
were not significantly different from their value at week 0.

The magnesium in both groups was slightly low after the 
start of the diet but this reduction was mild and has been 
previously described in animal models of obesity and other 
states of chronic inflammation (Nielsen, 2010). The supply 
of minerals in the diets (chow diet and HFHF) was the same, 
and more importantly, the change was not exacerbated or 
lessened by the experimental surgery performed. CHADN 
generated no consistent effect on any of the measured param-
eters over the course of the study.

3.2  |  Hyperinsulinemic hypoglycemic clamp 
(Hypo)

The insulin levels during the control period of each Hypo 
study were similar (~12  µU/ml) over time (from week 5 
to week 18) and between groups (SHAM and CHADN). 
Likewise, the insulin level during the experimental period 
was similar (~50 µU/ml) over time (weeks 5–18) and be-
tween groups (SHAM and CHADN) (Figure 2a,b). The 
ΔAUC for the rise in insulin was not different between 

F I G U R E  2   Arterial plasma insulin (a and b) and glucose (c and d) during successive hypoglycemia challenge in dog receiving a SHAM 
surgery (SHAM n = 4, open symbols) or a common hepatic denervation (CHADN, n = 5, solid symbols). The first Hypo was performed after the 
animals were fed a high-fat high-fructose diet for 5 weeks (in red). After that experiment, the animals were randomly assigned to the SHAM or 
CHADN group. Follow-up Hypo studies were performed 4.5, 8.5, and 12.5 weeks later (in blue, green, and purple, respectively)
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the SHAM and CHADN groups prior to or after surgery, 
and the ΔAUC did not change over time in either groups 
(Figure S1a,b). Neither the rate of fall of plasma glucose, 
the time to nadir (2 h), nor the glucose nadir itself (~45 mg/
dl) were different between study weeks or study groups 
(Figure 2c,d). Consequently, the ΔAUC for the fall in 
glucose was not significantly affected by surgery or time 
(Figure S1c,d).

The control period plasma glucagon level was not dif-
ferent (~30 pg/ml) in either group (SHAM and CHADN) or 
between weeks of treatment (5–18 weeks). Hypoglycemia 
caused glucagon rise (~75–105 pg/ml) and peak between 
30 and 60 min (Figure 3a,b) in all animals regardless of the 
surgery. The glucagon ΔAUCs during hypoglycemia were 
not different over the study weeks or between the study 
groups (Figure S1e,f). The plasma cortisol concentrations 

F I G U R E  3   Arterial plasma glucagon (a and b), cortisol (c and d), norepinephrine (e and f), and epinephrine (g and h) during successive 
hypoglycemia challenge in dog receiving a SHAM surgery (SHAM n = 4, open symbols) or a common hepatic denervation (CHADN, n = 5, solid 
symbols). The first Hypo was performed after the animals were fed a high-fat high-fructose diet for 5 weeks and before the surgical intervention (in 
red). After that experiment, the animals were randomly assigned to the SHAM or CHADN group. Follow-up Hypo studies were performed 4.5, 8.5, 
and 12.5 weeks later (in blue, green, and purple, respectively)
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were similar and basal in both groups across time (5–
18 weeks). They rose over the first 120 min of the hypo-
glycemic period and then plateaued at a value about 3-fold 
basal for 30 min then fell slightly in both groups (Figure 
3c,d, Figure S1g,h). The hypoglycemia-driven increments 
in plasma NE and epinephrine (Figure 3e–h) peaked at 
about 60 min of the hypoglycemic period (~2-fold and 20-
fold increased, respectively) and then fell slightly. There 
was no difference in NE or epinephrine response between 
groups or over time (Figure S1i–l). The counterregulatory 
hormonal responses to hypoglycemia were thus not differ-
ent between SHAM and CHADN groups prior to surgery 
nor were they different between the two groups after sur-
gery. These data collectively indicate that the hormonal re-
sponses to insulin-induced hypoglycemia were unaffected 
by the interruption of sympathetic nerves to the liver and a 
partial reduction in sympathetic input to pancreas. As a re-
sult, the fall in plasma glucose was virtually identical prior 
to and up to 3 months after CHADN. It should be noted that 
it was not necessary to infuse glucose to limit hypoglyce-
mia in any of the experiments.

3.3  |  Metabolic response to hypoglycemia

Insulin-induced hypoglycemia is associated with an 
epinephrine-driven rise in muscle glycogen breakdown re-
sulting in increased muscle lactate production and a rise in 
blood lactate. During the pre-surgery hypo-challenge control 
period (first Hypo), blood lactate levels were not different in 
the two groups and rose significantly in response to hypogly-
cemia in both groups (Table 2). Insulin-induced hypoglyce-
mia is also associated with a neurally driven stimulation of 
lipolysis. The glycerol level, a good index of lipolysis, was 
twice basal during the last hour of the hypoglycemia in both 
groups. Neither the control period levels, nor the extent of 
increase in glycerol were significantly different in the SHAM 
and CHADN groups in response to the first Hypo (Table 2). 
Control period plasma free fatty acid (FFA) concentrations 
were similar in the SHAM and CHADN dogs. The increase 
of FFA observed during the first Hypo tended to be bigger 
in the SHAM group than in the CHADN group but the val-
ues were not significantly different. As the insulin level rose, 
and hypoglycemia developed, blood beta-hydroxybutyrate 
(βOHB) levels initially fell in parallel with the fall in FFA, 
and then rose slightly, once again paralleling FFA. The base-
line βOHB levels were higher in CHADN compared to the 
SHAM prior to the first Hypo challenge. In addition, the 
SHAM group showed an overall increase in βOHB level 
by the end of the Hypo period, whereas the CHADN group 
showed a significant decrease in the concentration of βOHB, 
which resulted in non-significant difference in SHAM versus 
CHADN groups. Because these differences existed prior to 

surgical intervention, they are due to individual animal vari-
ability, not to an effect of CHADN.

In the present study, neither the basal lactate level nor the 
hypoglycemia-induced rise in blood lactate (~2-fold) were al-
tered significantly by CHADN regardless of number of weeks 
post-surgery (Table 2). Likewise, CHADN had no effect on 
either the control period glycerol level or the hypoglycemia-
driven rise in glycerol regardless of the post-surgical dura-
tion. Control period plasma FFA levels also were not altered 
by CHADN, and neither was the hypoglycemic-induced rise 
in FFA levels. Thus, based on the glycerol and FFA data, 
sympathetic denervation of the liver did not impair the neu-
ral drive to fat caused by hypoglycemia. The baseline and 
hypoglycemia-induced changes in blood βOHB levels were 
indistinguishable in the CHADN dogs prior to and after he-
patic sympathetic denervation (Table 2). Thus, severing the 
common hepatic artery sympathetic nerves was without ef-
fect on ketogenesis during insulin-induced hypoglycemia.

Figure 4 shows the mean arterial blood pressure (BP) and 
the heart rate (HR) in the control period of the insulin in-
fusion experiments in the SHAM and CHADN dogs. Blood 
pressure (108 ± 4 and 106 ± 4 mm Hg) and heart rate (85 ± 8 
and 86  ±  12  bpm) were not significantly different in the 
SHAM and CHADN groups, respectively. Likewise, neither 
hepatic denervation nor SHAM surgery altered those param-
eters at 4.5, 8.5, or 12.5 weeks post-surgery.

The average terminal glycogen levels were 44  ±  4 and 
51 ± 6 mg/g liver in the SHAM and CHADN animals, re-
spectively, at the end of the 18.5 weeks of protocol, values 
consistent with normal hepatic glycogen levels after an over-
night fast (ref). Likewise, liver TG levels were normal and 
there was no difference in TGs between groups (1.6 ± 0.9 vs. 
1.8 ± 0.8 mg/g in SHAM vs. CHADN, respectively).

4  |   DISCUSSION

Although modulation of the autonomic nervous system has 
shown promise in the treatment of multiple metabolic condi-
tions including hypertension and glycemic control, the safety 
of CHADN in particular has not been carefully evaluated. 
This study investigated the effect of sympathetic denervation 
of the liver on the iatrogenic insulin-induced counterregula-
tory response to hypoglycemia. We found that the hormonal 
and metabolic responses are still intact following CHADN, 
allowing a normal response to insulin-induced hypoglyce-
mia. With similar hyperinsulinemia in both the CHADN and 
SHAM groups, the hypoglycemic nadir (≈45 mg/dl) was also 
similar. Hepatic denervation caused no impairment in the 
hypoglycemia-induced elevations in plasma glucagon, cor-
tisol, NE, or epinephrine and consequently, it had no effect 
on the observed hypoglycemia. Thus, our results argue for 
the safety of CHADN for the treatment of insulin resistance.
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The HFHF-fed dog model has been used widely to 
study glucose intolerance. Our goal here was to take dogs 
which had developed this defect and examine the impact 
of CHADN versus SHAM to improve glucose metabolism 
(Kraft et al., 2019), and at the same time examine the im-
pact of CHADN versus SHAM on the response to hypogly-
cemia. However, the present study did not investigate the 
effect of HFHF on the hypoglycemic response compared to 
animals fed chow. After 4 weeks of a HFHF diet, our canine 
model presented a reduction in insulin sensitivity during 
a hyperglycemic hyperinsulinemic clamp (Coate et al., 
2010), and it was unclear if this translated into a change 
in the counterregulatory response to hypoglycemia. In an 
unpublished study, the rate of glucose decrease was slower 
in animals fed HFHF for 4  weeks compared to chow-fed 
animals (−34 mg of glucose/dl in 30 min for the HFHF-fed 
dogs vs. −48 mg/dl in 30 min in the control chow-fed dogs), 
but the nadir of glucose and the secretion of glucagon and 
other counterregulatory hormones were the same during 
the rest of the experiment. The goal in the present study was 

to look at the impact of CHADN on the response exhibited 
by HFHF-fed dogs.

Our previously published efficacy data from the animals 
indicate that, after CHADN, the glucose excursion in re-
sponse to an OGTT was improved compared to the response 
in SHAM animals. This improvement was due to a change 
in insulin secretion and an improvement of the hepatic up-
take of glucose during postprandial conditions (Kraft et al., 
2019). To the extent that this was due to an improvement in 
insulin sensitivity, one could argue that, in the present study, 
the CHADN animals would be more prone to hypoglycemia 
in response to the same dose of insulin but this was not the 
case. The main question addressed here is whether CHADN 
predisposes to hypoglycemia when a set amount of insulin 
was infused. For the purpose of this study, a lack of safety 
would be characterized as a difference in the rate of glucose 
decrease, a change in the nadir of glucose, or a change in the 
counterregulatory response. Our data indicated that no such 
changes occurred, an important observation in support of the 
utility of CHADN.

F I G U R E  4   Blood pressure (BP, a 
and b) and heart rate (HR, c and d) in dogs 
in successive hypoglycemic challenge in 
dog receiving a SHAM surgery (SHAM 
n = 4, open symbols) or a common 
hepatic denervation (CHADN, n = 5, solid 
symbols). The first Hypo was performed 
after the animals were fed a high-fat high-
fructose diet for 5 weeks and before the 
surgical intervention (in red). After that 
experiment, the animals were randomly 
assigned to the SHAM or CHADN group. 
Follow-up Hypo studies were performed 
4.5, 8.5, and 12.5 weeks later (in blue, 
green, and purple, respectively). Each 
symbol represent one individual animal 
studied multiple times, the black bars 
represent the median of the group
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Previously, we demonstrated that afferent nerves orig-
inating in the hepatoportal region, regardless of their path 
to the brain, are not necessary for a complete counter-
regulatory response to an insulin-induced hypoglycemic 
challenge (Jackson et al., 2000). Other studies focused 
on the effect of liver transplant on hepatic glucose me-
tabolism and the response to hypoglycemia (Colle et al., 
2004). Even though liver transplant was reported to neg-
atively affect insulin resistance, liver denervation associ-
ated with the transplant had no major deleterious effects 
on bile secretion, liver regeneration, or hepatic blood 
flow in humans. Numerous models of liver transplant 
showed that the counterregulatory response to insulin-
induced hypoglycemia or exercise (swimming and run-
ning) is normal (Jackson et al., 2000; Latour et al., 1985; 
Lindfeldt et al., 1993; Moore et al., 1993). Although in-
creased hypoglycemic incidence does not appear to be a 
complication in those patients, there are numerous con-
flicting factors (such as the use of corticosteroids or im-
munosuppressive agents) which complicate interpretation 
of the data (Luzi et al., 1997; Moore et al., 2002). On the 
other hand, studies investigating the importance of brain 
hypoglycemia to the counterregulatory response using 
glucose infusion into the carotid and vertebral arteries 
(Biggers et al., 1989; Winnick et al., 2016) showed that 
the brain appeared to play a major role in coordinating 
the hormonal response to hypoglycemia. Other data sug-
gest that the α cell response to hypoglycemia is dependent 
on pancreatic innervation (Berthoud et al., 1990; Biggers 
et al., 1989), and that hepatic glucose production depends 
on liver innervation during insulin-induced hypoglyce-
mia (Puschel, 2004). However, when islets or isolated α 
cells are studied, the secretion of glucagon is still under 
the control of glucose levels (Cryer, 2008; Munoz et al., 
2005). In the case of liver transplant, both sympathetic 
and parasympathetic nervous systems are affected. Our 
study focuses the denervation process on the common 
hepatic artery, making sure that the vagal nerves stayed 
intact and the brain was exposed to hypoglycemia. By 
targeting the common hepatic artery, we only alter the 
sympathetic nervous system and not the parasympathetic 
nervous system that runs through the vagal nerve and the 
portal vein as was done in previous studies (Berthoud, 
2004; Uyama et al., 2004). Cutting the sympathetic tone 
to the liver, and not the parasympathetic tone (i.e., vagal 
nerve), is key to the improvement of liver insulin sensi-
tivity and glucose excursion observed during an OGTT 
(Kraft et al., 2019). The hypothesis that the sympa-
thetic nervous system is overactive in those with obesity, 
insulin-resistant states, and, in general, in the metabolic 
syndrome is not a novel idea (Lohmeier & Iliescu, 2013; 
Thorp & Schlaich, 2015). Modulation of sympathetic 
nerve activity may prove to be a means of permanently 

treating multiple conditions associated with the met-
abolic syndrome. As such, we are in agreement with 
colleagues working on renal sympathetic denervation. 
Multiple clinical trials are underway to test the effect of 
catheter-based renal denervation in obese, drug-resistant 
cases of hypertension (Mahfoud et al., 2011). These co-
horts suggested that renal denervation is safe (Kandzari 
et al., 2018; Sanders et al., 2017). The primary safety 
end point was most often a composite of death, end-stage 
renal disease, embolic events resulting in end-organ dam-
age, and renovascular complications. The data related to 
kidney function were not relevant in our study and we 
did not measure it, as there is no reason to believe that a 
denervation of the common hepatic artery would alter the 
kidney function. We could not see any increase in mortal-
ity (after 3 months) or in any factors measured monthly 
and reported in our bloodwork data. In addition, no organ 
defects were found on necropsy. The site of denervation 
around the common hepatic artery presented some scar-
ring, but there was no defect in vessel wall or function. 
There were no visible effects of the surgery on day-to-day 
life of the animals. Contrary to Roux-en-Y gastric bypass 
that is also used to treat the metabolic syndrome and is 
in theory reversible, the CHADN procedure appears to be 
irreversible, with there being no sign of nerve regrowth 
for at least 3 months post-surgery. It remains to be seen 
if our results (both efficacy Kraft et al., 2019 and safety 
presented in this paper) translate to the clinical setting 
when the procedure is performed using a catheter abla-
tion to limit invasiveness of the technique.

Nonetheless, the present study demonstrates that surgical ab-
lation of the common hepatic artery is safe in our diet-induced 
glucose-intolerant dog model and does not amplify the effect of 
exogenous insulin on hypoglycemia. Even if the mechanisms in-
volved in the response to hypoglycemic are in part neurally me-
diated, the counterregulatory hormones are secreted in adequate 
quantities and with a time pattern similar in animals receiving 
the CHADN and those receiving a SHAM procedure.
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