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Stimulation of the hepatoportal nerve plexus
with focused ultrasound restores glucose
homoeostasis in diabetic mice, rats and swine
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Peripheral neurons that sense glucose relay signals of glucose availability to integrative clusters of neurons in the brain.
However, the roles of such signalling pathways in the maintenance of glucose homoeostasis and their contribution to disease
are unknown. Here we show that the selective activation of the nerve plexus of the hepatic portal system via peripheral focused
ultrasound stimulation (pFUS) improves glucose homoeostasis in mice and rats with insulin-resistant diabetes and in swine
subject to hyperinsulinemic-euglycaemic clamps. pFUS modulated the activity of sensory projections to the hypothalamus,
altered the concentrations of metabolism-regulating neurotransmitters, and enhanced glucose tolerance and utilization in the
three species, whereas physical transection or chemical blocking of the liver-brain nerve pathway abolished the effect of pFUS
on glucose tolerance. Longitudinal multi-omic profiling of metabolic tissues from the treated animals confirmed pFUS-induced
modifications of key metabolic functions in liver, pancreas, muscle, adipose, kidney and intestinal tissues. Non-invasive ultra-
sound activation of afferent autonomic nerves may represent a non-pharmacologic therapy for the restoration of glucose

homoeostasis in type-2 diabetes and other metabolic diseases.

late the nervous system has been a long sought-after goal
within the neuro-engineering field'. Advances in these tools
(for example, smaller and more energy-efficient electronics, and
improved implant materials) have transformed neuroscience, and
led to a better understanding of how the peripheral nervous system
interacts with and coordinates cellular and physiological function
within organ systems. A recent example has been the elucidation
of the important role of the nervous system in sensing and regu-
lating immune functions*™, including discovery of reflex-like neu-
roimmune pathways, such as the cholinergic anti-inflammatory
pathway’. These discoveries have led to first-in-human trials® in the
emerging field of bioelectronic medicine, in which nerve stimula-
tors are deployed to modulate organ function, even in diseases that
have traditionally been deemed non-neurological disorders, such
as rheumatoid arthritis and irritable bowel syndrome™. These
applications of nerve stimulation rely on the anatomically and
physiologically specific roles that nerve reflexes play in maintain-
ing homoeostasis within organ systems®'". While pharmacological
agents are developed to target specific molecular mechanisms, they
lack anatomical and/or functional specificity, which often results in
off-target effects and limit clinical use.
Despite the rapid advancement of the field of bioelectronic med-
icine over the last decade, substantial challenges remain for clinical

| he development of new tools to interface with and modu-

translation”®'*"". First, although electrical implants have become
miniaturized, surgical implantation remains a risk compared with
pharmaceutical alternatives. Historically, this has limited the patient
populations in which bioelectronic medicines can be tested and
applied. Second, non-implant-based and less-invasive peripheral
nerve stimulation methods, such as transcutaneous electrical nerve
stimulation (TENS) and transcutaneous magnetic stimulation
(TMCS), have limited precision, delivering electromagnetic fields
to large areas of tissue (that is, across multiple nerve fields), and are
limited to relatively superficial stimulation depths (from millime-
tres to a few centimetres). Third, new technologies, such as mag-
netic nanoparticles'? and opto-"'* or sono'*-genetics are potentially
more precise in terms of stimulating smaller nerve fields but come
with substantial translational hurdles due to the need for genetic
modification and/or nanoparticle injection. Technologies that min-
imize these risks while providing better control over the anatomical
and spatial precision of the stimulated nerve fields are needed to
further advance bioelectronic medicine and expand clinical trans-
lation and testing. Recently, we have demonstrated that precision
(for example, mm-scale) and image-targeted pulsed ultrasound
stimuli are capable of modulating peripheral nerve pathways'"'>-".
Within the spleen, peripheral focused ultrasound stimuli (pFUS)
non-invasively activated the cholinergic anti-inflammatory path-
ways (CAP) and reduced cytokine output to the same extent as
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an invasive vagus nerve stimulator (VNS)". Furthermore, while
cervical VNS (that is, the stimulation of axons within the cervi-
cal implantation site innervating many organs) produced notable
off-target effects in non-immune functions (including cardiovas-
cular and metabolic markers), the targeted splenic pFUS did not".

For decades, researchers have electrically stimulated brain-liver
nerve pathways to better understand their function; however, past
experiments have shown complex and conflicting effects on blood
glucose levels and metabolism?-**. One set of cervical VNS studies
demonstrated that acute stimulation of afferent and efferent path-
ways innervating the liver caused severe hyperglycaemia in rodent
models, without affecting the overall secretion of insulin and gluca-
gon”"*. This observed hyperglycaemia was associated with modu-
lation of hepatic glycogenolysis and post-prandial hepatic glucose
production. In contrast, chronic VNS in rodent models of diabetes
resulted in notable weight loss and reduced hepatic glucose produc-
tion, coinciding with an alteration in the parasympathetic tone*. In
large animals, access to larger abdominal vagus nerve fibres (com-
pared to rodents) enabled vagal stimulation within the abdomi-
nal cavity, rather than the cervical VNS, resulting in increased
whole-body/non-hepatic glucose uptake and improved insulin
sensitivity”. Direct electrical stimulation of hepatic branches of the
vagus nerve has yielded more conflicting results*, where stimula-
tion of hepatic branches with a 70 ms pulsed stimulus resulted in
increased circulating glucose with decreased insulin levels, while
25ms pulses resulted in increased glucose and insulin levels.
Measures of liver glycogenesis and glycogenolysis demonstrated a
local hepatic effect of VNS effect in these studies, which however
were confounded by off-target effects on other metabolic organs,
such as the pancreas.

Here we show that image-targeted pFUS at the porta hepatis (that
is, the anatomical location of the hepatoportal nerve plexus) results
in a reproducible lowering of hyperglycaemia in multiple rodent
models of type-2 diabetes (T2D). Furthermore, chronic stimulation
(that is, the application of pFUS for 3min daily) results in increased
glucose uptake and in glycogen accumulation in peripheral tissue (in
particular, in skeletal muscle), and an overall improvement in glucose
tolerance and insulin sensitivity. Stimulation at this site (known to
contain glucose and metabolic sensory neurons) results in substan-
tial improvement in measures of hypothalamic insulin signalling
and glucose utilization, and is associated with the downregulation
of markers of the hypothalamic neuropeptide Y (NPY) pathway.
Chemical disruption or surgical disruption (that is, via resection) of
the liver-brain nerve pathway blocked the pFUS effect on glucose
tolerance, as did the local injection of a transient receptor potential
ankyrin 1 (TRPA1)-specific ion-channel blocker before stimulation.
TRPA1-dependence was also shown in ex vivo cultures of peripheral
neurons exposed to ultrasound pulses, demonstrating the impor-
tance of this channel in the transduction of the ultrasound stimuli.
The pFUS effect on glucose utilization was demonstrated in rodents
and swine using hyperinsulinemic-euglycaemic clamp (HEC). In the
swine studies, image targeting to the porta hepatis and application
of the pulsed stimuli were performed non-invasively (specifically,
via pFUS pulses under the current United States Food and Drug
Administration (FDA) limits for diagnostic ultrasound) using a clini-
cally available ultrasound system. These data show that pFUS can
be used for image-targeted and anatomically specific neuromodula-
tion to modulate peripheral nerve activity through distinct classes of
mechanically sensitive ion channels. When targeted to the liver-brain
pathway, this non-invasive ultrasound stimulus prevents or reverses
the onset of hyperglycaemia in diabetic models, and thus represents
atool for the potential clinical translation of bioelectronic medicines.

Results and discussion
We used non-invasive pFUS" directed at the porta hepatis to modu-
late neurons within the hepatoportal plexus'®**~* in several animal

models of hyperglycaemia and type-2 diabetes (T2D; Fig. la and
Supplementary Figs. 1-3). The stimulus parameters were based
on the dose (that is, ultrasound frequency, pulse repetition period,
pulse length and magnitude, and treatment duration) associated
with maximal reduction of blood glucose in an acute rat model
of hyperglycaemia'>'® (Supplementary Fig. 3). We first performed
chronic testing of non-invasive pFUS stimulation in non-fasted
ZDF (Zucker diabetic fatty) and DIO (diet-induced obesity) rodent
models of T2D. Each animal underwent image-guided localiza-
tion and marking of the porta hepatis, and then received once daily
3 min ultrasound treatments at this site over an extended period of
40d (details of targeting and stimulation procedure in Methods).

Daily pFUS (Fig. 1b) prevented the onset of hyperglycaemia,
attenuated hyperinsulinemia compared with sham-treated controls,
and maintained blood glucose at levels comparable to non-diabetic
animals in the ZDF rats (Fig. 1b(left); Sprague-Dawley (SD) naive).
Following 20d of treatment, a subset of treated and sham cohorts
were interchanged (Fig. 1b). pFUS decreased circulating glucose
in the severely hyperglycaemic animals (previous sham controls),
while cessation of treatment resulted in onset of hyperglycaemia
within 3d. No adverse pFUS-induced deviations of serum bio-
markers were observed; instead, circulating levels of glucose, T4,
cholesterol and amylase all stayed in the normal range compared
with sham controls (Supplementary Fig. 4a). Furthermore, pFUS
induced a decrease in serum cortisol levels (ZDF sham control:
384.7+17.6ngml™"; ZDF-pFUS: 97.6+48.2ngml™; P=0.005,
n=>5 (Supplementary Fig. 5)). Daily stimulation in a lean Zucker
(Fa/fa) control cohort did not result in glycaemic deviation or evi-
dence of hypoglycaemia in non-diabetic controls (Supplementary
Fig. 4b). Insulin measurements and homoeostatic model assess-
ment of insulin resistance (HOMA-IR) scores demonstrated signifi-
cant improvement of insulin sensitivity in pFUS-treated ZDF rats
(Fig. 1b(right),1e and Supplementary Fig. 4c,d).

Similar results were also observed in the DIO model where
pFUS treatment of hyperglycaemic animals reduced circulating
blood glucose (Fig. 1c(left)) within days of treatment. This gly-
caemic improvement was significant (407.8 +14.2mgml™" reduc-
tion in glucose at study termination) and was sustained for at least
5weeks. As with the ZDF cohorts, pFUS-treated DIO animals
showed reduced circulating insulin levels and improved HOMA-IR
scores (Fig. 1c(right)). However, there were significant differences
in pFUS-induced changes in circulating leptin, GLP, ghrelin and
norepinephrine (NE) in the ZDF versus DIO cohorts (Fig. 1d).
Leptin was reduced in both models after pFUS (ZDF sham control:
10.4+4.2ngml™'; ZDF-pFUS: 4.6 + 1.8 ngml™}; DIO sham control:
2.7+0.3ngml™}; DIO pFUS: 0.72+0.2ngml™). Circulating GLP
was not altered in the ZDF model but increased in the pFUS-treated
DIO animals (DIO sham control: 200.3 +16.9 pmol1~; DIO pFUS:
315.7+33.8pmoll™"). Ghrelin was increased in the ZDF model
(ZDF sham control: 36+ 8.5 pmoll™'; ZDF-pFUS: 52.8 + 4 pmoll™)
but decreased in the pFUS-treated DIO cohorts (DIO sham
control: 43.5+14.8pmoll™; DIO pFUS: 6.6+1.9pmoll™).
Circulating norepinephrine was increased in both models, but to
a larger extent in the ZDF (ZDF sham control: 18.7 +3.4pgml™;
ZDEF-pFUS: 58.4+4.8 pgml) versus the DIO (DIO sham control:
41.7 +5pgml; DIO pFUS: 56.6 +2.9 pgml™') animals.

Previous studies using invasive portal glucose infusions to acti-
vate the hepatoportal plexus have demonstrated transient enhance-
ment of muscle glucose uptake®—°. In these previous studies,
enhanced glucose uptake in skeletal muscle was mediated by an
insulin-independent/adenosine 5’ monophosphate-activated pro-
tein kinase (AMPK)-dependent pathway, resulting in activation
of GLUT4”. Consistent with these previous observations, skeletal
muscle samples from pFUS-treated cohorts in the ZDF model dem-
onstrated an increase in AMPK and glucose transporter 4 (GLUT4)
activity of 35.8+9.6% and 65.7+20.2%, respectively, compared
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Fig. 1| Daily ultrasound stimulation of the liver-brain neural pathway prevents or reverses the onset of hyperglycaemia in multiple animal models of
T2D. a, A schematic and ultrasound image of the pFUS™>'® target at the porta hepatis, known to contain the hepatoportal glucose sensing system?>26:26-34,
Neurons at this location are known to communicate through the IML and NTS, and modulate specific hypothalamic metabolic nuclei*>-*¢1"4"5, b, ¢, Daily
(3min) pFUS treatment was performed and shown to prevent or reverse the onset of hyperglycaemia in multiple animal models of T2D. b, Left: daily
non-fasted circulating glucose measurements from ZDF animals after daily pFUS (red; n=15; early pFUS) or sham control (blue; n=20; sham control)
treatment versus naive SD controls (grey; n=4; SD naive) over 20 d (horizontal black bar; age 55 to 75d of ZDF cohorts). Cross-over experiments were
then performed between the previously stimulated cohort (yellow; n=5; stop pFUS) and previous sham cohort (pink; n=>5; late pFUS), and the sham
control treatment was maintained in a subset of animals (blue; n=5; sham control) for an additional 20 d (horizontal grey bar; age 76 to 95d of ZDF
cohorts). Right: terminal (age 95d) HOMA-IR scores for animals randomly assigned from the sham control (n=10), early pFUS (n=10), late pFUS (n=4)
and stop pFUS (n=5) cohorts. ¢, Left: daily blood glucose measurements in DIO animals undergoing daily pFUS (red; n=8) or sham control (blue; n=9)
pFUS treatment for 40 d. Right: terminal (day 40) HOMA-IR scores for animals randomly assigned from the sham control (n=6), pFUS (n=8) and diet
resistant (D/R) control (+pFUS) cohorts. d, The percent change in the concentration of circulating markers (insulin, leptin, GLP-1, ghrelin and NE) between
stimulated (n=5; day 20) and sham control (n=5; day 20) ZDF rats, and stimulated (n=5; day 40) and sham control (n=5; day 40) DIO rats. e, Percent

change in activated AMPK, GLUT2 in hepatic and GLUT4 in skeletal muscle tissue, and glycogen from the ZDF rats following daily stimulation between
stimulated (n=5) and sham control (n=>5) cohorts after 20d treatment. f, Left: overall rate of weight gain in pFUS-treated (n=5; red line) ZDF rats as
compared to their sham-stimulated littermates (n=5; blue line). Right: weekly food intake observed in the pFUS (n=5) and sham-stimulated (n=5) ZDF
cohorts. g, Left: overall rate of weight gain in pFUS-treated (n=5; red line) DIO rats as compared to their sham-stimulated littermates (n=5; blue line).
Right: weekly food intake observed in pFUS- (n=6) and sham- (n=6) stimulated DIO cohorts. All P values shown were derived using nonparametric
Wilcoxon rank-sum test (two-sided). Data shown are mean +s.e.m. The schematic images contained in the manuscript and supplemental data were

custom drawn around the istock 36250716 picture of the liver.

with sham controls (Fig. le; P<0.05). Glycogen content of the ter-
minal muscle samples was also altered after 4 weeks of daily pFUS,
resulting in an increase of 91 +22.3% (Fig. le) in the pFUS-treated
ZDF animals compared with sham controls. Unlike skeletal muscle,
autonomic regulation of glucose uptake in the liver has been previ-
ously shown to affect the temporal variability of glycogen synthe-
sis and gluconeogenesis, but not long-term glycogen content®-*.
Subsequent reports have shown that this is due to the liver’s inher-
ent autoregulatory mechanisms for glucose uptake and the inter-
action of nerve-mediated regulatory mechanisms with insulin and
glucagon signalling”. In this initial experiment, we could not rule
out transient effects of pFUS on glucose uptake, storage or produc-
tion in liver. However, the terminal samples collected did not show

NATURE BIOMEDICAL ENGINEERING | www.nature.com/natbiomedeng

significant change in hepatic GLUT2 or AMPK activity, or glycogen
content (Fig. le).

To further investigate the transient effects of pFUS, we next
performed daily treatment on non-fasted ZDF animals while col-
lecting samples for glycogen measurements at 2h, 24h and 14d
(post-ultrasound treatment) timepoints, and compared glycogen
content in liver and skeletal muscle to sham controls. Supplementary
Fig. 6a shows that as in the terminal samples shown in Fig. le, 14d
of ultrasound stimulation resulted in a significant increase in the
glycogen content in skeletal muscle samples, an increase that was
apparent at all timepoints, including after a single treatment. Again,
the 24h and 14d liver samples showed no difference in glycogen
content compared with sham controls. Supplementary Fig. 6b shows
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that the increase in muscle glycogen is associated with a reduction
in glycogen synthase kinase-3 (GSK-3). In addition, increases in
GLUT4 and AMPK in skeletal muscle were shown across all time-
points (2h, 24h and 2weeks). No change in insulin receptor sub-
strate 1 (IRS-1) phosphorylation was observed in muscle at 24h and
14d timepoints, again supporting an insulin-independent pathway
for the enhancement in muscle glucose uptake and glycogen forma-
tion®. At the same time, liver samples showed no difference in GSK-
3, IRS-1, AMPK or GLUT?2 at 24h or 2weeks. However, elevated
IRS-1 activity and decreased hepatic glycogen content was observed
at the 2 h timepoint, again suggesting a role of the hepatic autonomic
system in modulating the temporal variability of glycogen synthesis
versus gluconeogenesis (in an insulin-dependent manner), but not
the liver’s long-term glycogen content?.

In addition to enhancing glucose uptake and minimizing
post-prandial glucose excursions, activation of hepatoportal nerve
pathways and nutrient sensors have also been implicated in the
regulation of food intake***~**. Herein, at slowing of the overall rate
of weight gain in pFUS-treated (red line) ZDF rats was observed,
compared with their sham-stimulated littermates (blue line; Fig.
1f(left)). However, it is unlikely that the pFUS-induced glycaemic
control was solely attributable to decreased food intake, as no sig-
nificant change in food intake occurred during the first 2 weeks of
treatment (Fig. 1f(right)) and weight gain still occurred despite the
normalization of blood glucose throughout the 4week study. The
trend in weight gain for the DIO cohorts was similar (Fig. 1g(left));
however, the difference between pFUS and sham control cohorts
was less pronounced compared with ZDF animals. In addition,
while normalization of blood glucose occurred within days after
applying pFUS, food intake was slightly higher during the first week
of stimulation and pFUS did not result in a sustained decrease in
food intake across the entire 4 week period.

To further demonstrate the importance of the glucose-lowering
effect of the pFUS treatment, we next performed daily pFUS treat-
ment on age-matched cohorts of ZDF animals for 10d in com-
bination with pharmaceutical agents, including metformin and
liraglutide (details in Methods). Supplementary Fig. 7 shows that
the ultrasound treatment provided significantly improved glucose
levels at 10d, even in the presence of these potent pharmaceuticals*
when compared with the drug-alone controls. The addition of the
pFUS treatment resulted in a 55.4+2.1% and 56.6 +3.4% reduc-
tion in average glucose measures in the metformin and liraglutide
co-therapy cohorts, respectively. This corresponded to a decrease
in circulating glucose from 323.7+17.3 to 180+ 10.6 mgdl™" (for
metformin alone), from 341.4+13.7 to 150.7+11.2mgdl™" (for
metformin+pFUS), from 267.7+10.7 to 135.8+11.3mgdl™" (for
liraglutide alone) and from 273.5+5.9 to 116.8+7.6mgdl™" (for
liraglutide+pFUS). These findings show that pFUS treatment of the
hepatic nerve plexus added benefit by further lowering daily glu-
cose levels, even in the presence of these potent pharmaceuticals.

Ultrasound stimulation of the hepatic nerve plexus reduces
insulin resistance. Next, glucose tolerance tests (GTTs; Fig. 2)
were performed in both the rat ZDF (at age 65d) and mouse
western diet (WD) models of T2D. After a 12h fast, animals
underwent 3min hepatic pFUS treatment under light anaesthe-
sia (details in Methods). pFUS treatment resulted in significantly
lower post-prandial plasma glucose levels, improved glucose toler-
ance and improved glucose excursion (area under the curve, AUC)
compared with sham controls. In the ZDF model, a single ultra-
sound stimulation of 3 min was shown to improve both circulat-
ing glucose and insulin concentrations (Fig. 2a(i-iii)), resulting in
improved HOMA-IR scores (Fig. 2a(iv) and Supplementary Fig. 8).
Interestingly, although cessation of the pFUS treatment resulted
in renewed onset of hyperglycaemia in the ZDFs within 3d dur-
ing the daily treatment above (Fig. 1b(left)), three repeated daily

stimulations provided no additional benefit when compared with the
single pFUS stimulus in regard to GTT outcomes (Supplementary
Fig. 8), further supporting the effectiveness of the ultrasound dose
utilized herein.

Daily stimulation was also tested in a modified western
diet-induced obesity (WD) mouse model (Fig. 2b(i-iv)). pFUS in
the WD model resulted in the maintenance of significantly lower
plasma glucose during GTT (Fig. 2b(i,ii) and Extended Data
Fig. 1), lower insulin levels (Fig. 2b(iii) and Extended Data Fig. 1)
and improved HOMA-IR (Fig. 2b(iv)) after 8 weeks of treatment
compared with sham controls. Furthermore, the level of attenuation
of hyperglycaemia and hyperinsulinemia during daily treatments in
the WD mouse model was consistent at both 8 week and 16 week
measurement timepoints, demonstrating effectiveness across the
treatment period (Extended Data Fig. 1).

Hepatic pFUS modulates glucose uptake and utilization.
HECs were also performed in multiple rodent models of diabe-
tes (DIO-streptozotocin (STZ)-diabetic and lean STZ-diabetic
SD rats; overnight fasted and freely moving, 110mgml~" glucose
clamp target using a 30min insulin bolus of 25mUkg™'min™,
followed by 90min of 15 and 10mUkg'min~' continuous insu-
lin infusion; Fig. 3a(top),b(top), and Extended Data Figs. 2 and
3). The experiments were performed 24h following 3 consecutive
days of 3-min-duration pFUS treatment. The studies confirmed
that pFUS stimulation in days before testing (see experimen-
tal timeline in Extended Data Figs. 2 and 3) resulted in improved
glucose utilization. In both models, a notable increase in glucose
infusion rate (GIR; Fig. 3a(bottom),b(bottom)) was measured
compared with sham controls, consistent with the restoration of a
more insulin-sensitive phenotype. Catecholamine, corticosterone
and glucagon responses during the clamp were also measured in
pFUS and sham cohorts (Extended Data Figs. 2 and 3). However,
no sustained effect on systemic levels of hormones were apparent to
completely explain the increase in glucose utilization (that is, GIR)
throughout the clamp procedure. A delayed pFUS-induced rise in
glucagon was observed in both animal models at only one time-
point during the clamp, which did not account for the overall dif-
ferences in GIR already observed from the beginning of the clamp
procedure (Extended Data Figs. 2 and 3). As with data presented in
Fig. le, the effect on GIR in the lean STZ-SD (T1D) model (with
longstanding hyperglycaemia and absent endogenous insulin secre-
tion) further suggests that the pFUS effect is at least partially medi-
ated by insulin-independent pathways.

To further translate our findings and specifically determine
whether the acute effect of pFUS on glucose utilization was lim-
ited to rodents, we proceeded to perform pFUS during HECs
in a large-animal model (swine). pFUS was performed immedi-
ately upon achieving steady state (110mgdl™ glucose) using a
0.5mUkg ' min™"' continuous insulin infusion (Fig. 3c(top) and
Extended Data Fig. 4). The ultrasound stimulation resulted in an
almost immediate trend towards increased GIR (Fig. 3c(bottom))
compared with the sham-stimulated controls. The GIR was shown
to increase ~20% by 30 min post-ultrasound.

The large-animal experiments were performed at ultrasound
parameters designed to achieve a mechanical index (MI) of ~1.77,
with a derated spatial-peak time-average intensity (Ispta.3) of
~503 mW cm™ at the ~65 mm depth of the hepatoportal plexus (to
remain consistent with the Ispta.3 of ~581 mW cm™ at the ~5mm
target depth in the rats). pFUS in the swine model was performed
using the clinical GE LOGIQ E10 system with C1-6 abdomi-
nal probe. Image guidance for locating the hepatoportal plexus
(Extended Data Fig. 4) was accomplished using the research-mode
configured elastography setting, which enabled initial target-
ing using B-mode imaging, and then push-button activation of
the pFUS pulses (see Methods for pulse parameter details). The
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Fig. 2 | pFUS improves glucose tolerance after acute and chronic stimulation exposure. a, A single pFUS stimulus was applied immediately before OGTT
to fasted ZDF rats at age 65d with no previous treatment. (i) The single stimulus improved glucose tolerance, resulting in an observable decrease in

blood glucose 45 min following oral glucose administration as compared with sham control rats. At 60 min after oral glucose administration (2 gkg™),
pFUS-treated animals presented significantly lower blood glucose levels (170 + 8.8 mgdI), within the expected range for a normal rat following glucose
ingestion (n=6 for ZDF-pFUS and naive; n=4 for ZDF sham). (ii) Calculation of incremental AUCs showed a significant reduction in glucose as compared
with sham-stimulated controls. (iii) Insulin measurements taken during GTT demonstrate a significant reduction in the pFUS-stimulated group compared
with controls (AUC). (iv) These results suggest a notable improvement in whole-body insulin sensitivity after the single treatment, as determined by
HOMA-IR scoring. b, Daily hepatic pFUS resulted in a sustained improvement in glucose tolerance and attenuated insulin resistance in WD mice after 56 d
of treatment. (i) Hepatic pFUS significantly reduced peak glucose response in the obese mice (WD-pFUS) compared with sham-stimulated mice (WD
sham; 30 min, =10 per group). There was no change in glucose tolerance in cohorts receiving the control (normal) diet (CD). (ii) A significant reduction
in AUC was observed in WD-pFUS mice as compared with WD sham mice. (iii) pFUS measurements (112 d) also showed a significant reduction in insulin
levels in the stimulated versus the sham control. (iv) The pFUS treatment also resulted in a significant reduction in insulin resistance as measured by
HOMA-IR score in WD animals as compared with the sham controls. Dashed rectangles in a(i) and b(i) show the data points used for the statistical test.

All P values shown were derived using nonparametric Wilcoxon rank-sum test (two-sided). Data shown are mean +s.e.m.

chosen stimulation parameters are within current FDA guidance for
diagnostic ultrasound (that is, <720 mW cm Ispta.3 and <1.9 MI).
Both use of a clinical system capable of targeting pFUS stimulation
to specific neuro-anatomical locations and use of relatively low tem-
poral average ultrasound intensity represent an encouraging step
towards clinical translation of pFUS therapy.

The hepatic pFUS effect depends on intact liver-brain nerve
pathways. To ascertain whether intact neuronal connections are
necessary for metabolic effects of pFUS stimulation, we performed
acute ultrasound/GTT experiments after either chemical blockade
or physical dissection of the vagus (VGX) and/or the dorsal root
ganglion/spinal (DRGX) neuronal pathways to the liver (Fig. 4a).
Chemical blocks were performed at the level of the intermedio-
lateral (IML) and the nucleus of the solitary tract (nucleus tractus
solitaris, NTS). Overnight-fasted, lightly anaesthetized ZDF rats
received injections of a 2% lidocaine solution to the respective
target site, and then underwent 3 min pFUS stimulation followed
by subsequent glucose tolerance testing. Injection of lidocaine
at either site attenuated the pFUS glucose-lowering effect previ-
ously observed in ZDF animals, as measured by GTT after a single
ultrasound stimulation (Fig. 4b). Blockade of both vagal and spi-
nal mediated pathways at the level of the NTS completely abol-
ished the ultrasound effect on plasma glucose, while blockade of
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spinal (but not vagal) pathways within the IML resulted in partial
attenuation (Fig. 4b).

To rule out any potential pharmacologic effects of lidocaine injec-
tions on hormonal responses, we performed confirmatory nerve
dissection studies with acute hepatic branch vagotomy and transec-
tion of the intermediolateral spinal cord (at the T1 vertebrae level),
which both reproduced the attenuation of the glucose-lowering
pFUS effect in ZDF (Fig. 4c). Cutting both the vagal (VGX) and
IML spinal cord completely abolished the pFUS effect, while block-
ing only the vagal pathway resulted in partial attenuation (Fig. 4c).
These results support previous demonstrations that hepatoportal
sensor signalling occurs through both vagus and IML-mediated
pathways*****5-5!, Previous studies using portal glucose infusion and
clamps have shown that complete liver denervation entirely blocks
the extra post-prandial glucose uptake triggered by hepatoportal
glucose sensors, while vagotomy decreased the glucose uptake by
~40%". Herein, VGX resulted in a 40.7+12.6% reduction in the
pFUS hepatoportal stimulus effect, while spinal/IML block inhib-
ited the effect almost entirely (90.7 + 18.9%).

Furthermore, to characterize central pFUS effects on important
molecular components of known nutrient sensing and insulin sig-
nalling pathways, we measured insulin receptor substrate 1 (IRS-
1), glucose transporter GLUT4, and glucose-6-phosphate changes
in hypothalamic tissue and peripheral blood. In the absence of the
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Fig. 3 | pFUS alters glucose kinetics in small- and large-animal models. a, HEC was performed 1d following 3 consecutive days of pFUS treatment in the
DIO rat model (25 mU kg~ min~" for the first 30 min and 15 mU kg='min~" for the remaining 90 min continuous insulin infusion rate). Top: plasma glucose

levels during HEC in pFUS (red; n=7) and sham-treated (blue; n=7) DIO rats.

Bottom: the corresponding GIR. Inset: the GIR AUC at steady state (n=7

per group; boxplot presents the data median, first and third quartiles, and the whiskers are 1.5 X interquartile range (IQR); if no points exceed 1.5 X IQR
distance, then the whiskers are simply the minimum and maximum values). b, HEC was performed 1d following 3 consecutive days of pFUS treatment

in the STZ-induced T1D rat model (25 mU kg='min~" for the first 30 min and 10 mU kg="min~" for the remaining 90 min continuous insulin infusion rate;
10 mgml~" target plasma glucose). Top: plasma glucose levels during HEC in pFUS (red; n=6) and sham-treated (blue; n=6) STZ-induced T1D rats.
Bottom: the corresponding GIR. Inset: the GIR AUC at steady state (n=6 per group; boxplot presents the data quartiles, and whiskers are the minimum
and maximum values, unless value exceeds 1.5 x IQR distance). ¢, Euglycaemic clamps were performed in healthy swine at 0.5 mUkg~"min~" continuous
insulin infusion rate. Time O (dashed vertical line) denotes the start time of the 3 min pFUS stimulus applied to the porta hepatis using ultrasound image
targeting (Extended Data Fig. 4) and using a commercial clinical ultrasound system (LOGIQ E10 with C1-6 abdominal probe). Top: pFUS was applied
after achieving <10% variation in blood glucose levels, which were then monitored and clamped at 110 mg dl~" during both pFUS- (red) and sham-control
(blue) treatments. Bottom: time course of the acute effects of pFUS during clamp on GIR in both pFUS- (red) and sham-control (blue) cohorts (n=5; each
animal tested with both sham and pFUS). Inset: the GIR AUC at steady state (n=5 per group; boxplot presents the data quartiles, and whiskers are the
minimum and maximum values, unless value exceeds 1.5 x IQR distance). All P values shown were derived using nonparametric Wilcoxon rank-sum test

(two-sided). Data shown are mean+s.e.m.

chemical blockade, a single pFUS treatment resulted in a significant
increase in hypothalamic catecholamine concentrations, reduction
in NPY, and increases in IRS-1 and GLUT4 activities (Fig. 4d(top)).
Both IML and NTS block centrally attenuated the catecholamine
and blocked the NPY response to pFUS (Fig. 4d(top)). Interestingly,
there was also a differential effect of IML versus NTS block across
catecholamines, with complete inhibition of the pFUS effect on
norepinephrine and epinephrine (Epi) after IML block, but only
partial attenuation of the catecholamine effect after NTS block. The
NTS block completely inhibited the pFUS effects on hypothalamic
IRS-1 and GLUT4 activities, while the IML block had no influ-
ence on pFUS-induced GLUT4 modulation (Fig. 4d(top)). pFUS
did not change hypothalamic AMPK activity (that is, a marker of
glucose-inhibited neuron activity); however, blockade of either
the IML or NTS resulted in increased AMPK phosphorylation.
Peripherally, the largest effect of the NTS block on pFUS responses
was on circulating plasma norepinephrine, while IML block resulted
in significant changes in circulating glucagon (Fig. 4d(bottom)).

In agreement with these acute measures, terminal hypo-
thalamic samples from ZDF animals treated with pFUS for 20

consecutive days (glucose values reported in Fig. 1b(left)) also
demonstrated significant increases in hypothalamic catecholamine
levels (NE) (ZDF sham control: 140.9 +52.2ngmg™"; ZDF-pFUS:
273.6+529ngmg™!, n=>5, P<0.05), reduction in NPY (sham
control: 44.8+14.8ngmg™'; ZDF-pFUS: 3.3+09ngmg™', n=>5,
P<0.05) and increase in IRS-1 and GLUT4 activities compared
with sham controls (Fig. 4e). pFUS-induced alterations in other
hypothalamic neurotransmitters were consistent with known regu-
latory or co-modulatory connections to NPY-expressing neurons
(Fig. 4e)™ . These included increased GABA™, decreased gluta-
mate®“ and increased BDNF***' concentrations. pFUS modulated
central K, activity®® but not AMPK®, and resulted in modulation
of important molecular components of nutrient sensing pathways
(for example, IRS-1, GLUT4 and glucose-6-phosphate)®*-*.
Hepatic vagotomy was also performed on the DIO-STZ-diabetes
model (overnight fasted, freely moving, 110 mgml™" target glucose
during a 15mUkg "' min~" continuous insulin infusion; Fig. 4f(left,
right)). As in Fig. 2, the experiments were performed 24 h following
3 consecutive days of 3-min-duration pFUS treatment. However,
in this experiment the clamp was performed 17-18d following
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Fig. 4 | pFUS effect is dependent on liver-brain nerve pathways. a, Schematic of the nerves enabling communication between the hepatoportal plexus
and metabolic nuclei in the hypothalamus (for example, the ARC and the PVN)?29404145-49,52,58,62107114115139140 and |ocation of dissections (red lines) and
lidocaine (LC) injections performed (details in Methods). b, Microinjection of lidocaine into the NTS abolished the effects of pFUS stimulus on blood
glucose during GTT (ZDFs; light blue squares; n=4), as compared with pFUS alone (red triangles; n=6). In contrast, lidocaine injection into the IML
nucleus attenuated, but did not completely block the effects of pFUS (pink inverted triangles; n=5). Lidocaine injection at the IML (black diamonds; n=4)
resulted in increased glucose excursion (AUC: 31,443) compared with ZDF sham-treated animals without block (AUC: 26,087; P<0.057; n=4). No sham
NTS experiments were performed. ¢, Hepatic vagotomy and dorsal root ganglion resection at the T1 vertebrae (VGX/DRGX) abolished the effects of pFUS
on blood glucose during GTT in ZDFs (brown boxes; n=4), as compared with pFUS alone (red dashed line). In contrast, VGX alone attenuated, but did
not completely block the effects of pFUS (yellow inverted triangles; n=4; AUC: 37,336 vs grey circles; n=5; AUC: 42,074, P< 0.19). Hepatic vagotomy

in the absence of pFUS (grey circles) led to an increase in circulating glucose as compared with standard ZDF sham-treated animals (dark blue dashed
line; replotted from 4.C. for comparison). d, Top: lidocaine in the NTS abolished the effects pFUS on hypothalamic NPY, IRS, GLUT4 and NE. No significant
effect was seen with NTS inhibition on BDNF and AMPK (light blue bar (n=4) versus red bars (n=4)). In contrast, lidocaine in the IML abolished the
effects of pFUS on epinephrine (Epi) and NE, but attenuated the effects of pFUS on hypothalamic NPY, IRS and dopamine (DOP) (pink bars (n=8) versus
red bars (n=4)). Interestingly, augmented effects on AMPK and GLUT4 were observed with pFUS stimulus following IML inhibition. No significant effect
was seen with IML inhibition on BDNF. Bottom: lidocaine in the NTS produced a significant increase in circulating NE (light blue bars (n=5) vs red bars
(n=5)). In contrast, administration into the IML had no effect on NE, but produced a significant increase in glucagon release (pink bars (n==8) vs red bars
(n=5)). e, Changes in hypothalamic nutrient sensing, insulin signalling and neurotransmitters for pFUS-treated (n=>5) and sham controls (n=5) after
20d of treatment (glucose values for these animals previously reported in Fig. 1b(left)). Concentrations are in ngmg~", except for BDNF (pgmg™) and for
glutamate, GABA, AMPK (nmolmg™). f, HEC was performed 1d following 3d of pFUS in the STZ-induced T1D model 14 d after hepatic vagotomy. Left:
plasma glucose levels during HEC in pFUS- (red; n=6) and sham-treated (blue; n=5) vagotomized STZ-induced T1D rats. Right: the corresponding GIR.
Inset: the GIR AUC for the steady state component of the clamp (NS, not significant; boxplot presents the data median, first and third quartiles, and the
whiskers are 1.5 X IQR. If no points exceed 1.5 x IQR distance, then the whiskers are simply the minimum and maximum values). All P values shown were
derived using nonparametric Wilcoxon rank-sum test (two-sided). Data shown are mean +s.e.m. The schematic images contained in the manuscript and
supplemental data were custom drawn around the istock 362507163 picture of the liver.
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hepatic vagotomy. In these insulin-resistant animals that underwent
vagotomy, the pFUS effect on GIR previously observed (see Fig. 2)
was abolished. Again, these data agree with previous portal glucose
infusion and euglycaemic clamp reports, where hepatic parasym-
pathetic effects were shown to be responsible for modulating extra-
hepatic tissue glucose clearance (including insulin-independent
pathways to skeletal muscle and other peripheral tissues)®, while
net hepatic glucose uptake was dependent on functional sympa-
thetic (and not parasympathetic) innervation of the liver and insu-
lin signalling®”"¢,

To further validate pFUS modulation of hypothalamic path-
ways, we also prepared terminal hypothalamic samples from the
ZDEF-pFUS and sham cohorts shown in Fig. 1 for paraffin embed-
ding and histochemical analysis (Extended Data Fig. 5). pFUS
stimulation at the porta hepatis was found to alter cFOS expres-
sion across several hypothalamic nuclei (Extended Data Fig. 5a,b),
including an increase in cFOS+ neurons within the lateral arcuate
nucleus (ARG, the site of NPY-inhibited glucose-excited neurons®),
and in sites of known anorexigenic/catabolic ARC projections®*-"
to the ventromedial nucleus and paraventricular nucleus (PVN).
In agreement, brain-derived neurotrophic factor (BDNF) staining
(Extended Data Fig. 5¢) showed significant pFUS-induced increase
in the anorexigenic protein at these hypothalamic sites, and areas of
the hippocampus shown to affect the memory of food intake and
feeding motivation**". Additionally, GLUT4 staining demonstrated
increased translocation in pFUS- versus sham-stimulated ZDF ani-
mals (Extended Data Fig. 5d). GLUT4 is primarily expressed in
glucose-excited neurons, which are known to respond to insulin
receptor signalling as a result of increased insulin, leptin or amino
acids associated with feeding”. Furthermore, these hypothalamic
GLUT4 neurons have been shown to modulate the glucagon coun-
terregulatory response and are necessary to integrate hormonal and
nutritional cues to achieve glucose homoeostasis.

Addition of these histochemical and ELISA-based profil-
ing data regarding the hypothalamic response to the pFUS treat-
ment now points towards modulation of glucose-sensitive neural
pathways*»>¢2646%73 To investigate further, we next obtained elec-
trophysiological recordings from hypothalamic neurons during
glucose infusion, with or without pFUS stimulation (Fig. 5a-e).
Hepatoportal pFUS modulated firing activity of glucose sensing,
but not of glucose-insensitive neurons in the PVN (Fig. 5b(top,
middle, bottom) and Supplementary Fig. 9). These measurements
were obtained after intraperitoneal (i.p.) administration of glucose
(20% glucose via inserted catheter) before ultrasound, which raised
plasma glucose in both stimulated (+pFUS) and unstimulated (—
pFUS) animals (Fig. 5¢). In the absence of pFUS, i.p. glucose resulted
in decreased firing rates of glucose-inhibited (GI) and increased
activity of glucose-excited (GE) neurons (Fig. 5d,e; green bars).
Under the same conditions, pFUS at the porta hepatis site resulted
in attenuation of the glucose-induced firing rate change in GE, but
not in GI neurons (Fig. 5d,e; yellow bars). Glucose-excited pathways
have previously been shown to be critical for the initiation and main-
tenance of signals of energy sufficiency’™, with increased activity
and firing rates resulting in increased energy expenditure*’>’® and
decreased food-seeking behaviours''. In addition, GE neurons have
been found to be hyper-responsive in the db/db leptin receptor defi-
cient and T2D model®®°. In agreement with these previous find-
ings, the circulating glucose concentrations of the pFUS-stimulated
group were reduced compared with the unstimulated controls (Fig.
5¢). This suggests that the hepatoportal pFUS stimulus affects the
ratio of GE- versus GI-neuronal activation after a glucose injection
through modulation of afferent liver-brain pathways.

The pFUS effect depends on the activity of mechanically activated
ion channels. We have previously shown that low-intensity mechan-
ical ultrasound stimuli are capable of site-specific nerve modulation

in both in vivo and in vitro models'>'*-*. Here, the mechanical ori-
gin of ultrasound neuromodulation was further confirmed using a
purely mechanical stimulus (that is, replacing the ultrasound trans-
ducer with a mechanical piston-based stimulator; Supplementary
Fig. 10), and demonstrating the dependence of ultrasound nerve
activation on specific families of mechano-sensitive ion chan-
nels”””® (Fig. 6a—e and Supplementary Fig. 11). Three-dimensional
(3D) in vitro cultures of dorsal root ganglia sensory neurons were
activated (as measured by calcium indicator dye) using ultrasound
pulse parameters and pressures that correspond to those from
our in vivo experiments'®””. Blocking of N-type calcium channels
(w-conotoxin) or voltage-gated sodium channels (tetrodotoxin) did
not attenuate the response to pFUS (Fig. 6d). In contrast, blockade
using a non-selective mechano-sensitive ion-channel blocker (that
is, GxMTx4) or a specific blocker of transient receptor potential
(TRPA1; that is, HC-030031) channel inhibited the pFUS effect (Fig.
6d). To determine whether TRPA1 was also required to achieve the
glucose-lowering effect of hepatic pFUS in vivo, GTT studies were
repeated after a single local injection of the specific TRPA1 blocker
(HC-030031; 8mgkg™) at the porta hepatis in a fasted ZDF rat.
Confirming the important contribution of this channel, blocking
TRPALI indeed abolished the ability of pFUS treatments to lower
blood glucose levels during GTT (Fig. 6e). It is noteworthy that ion
channels within the TRP family are expressed on afferent neurons
and have been reported to be required for functional glucose and
metabolite sensing®*-**. Furthermore, it was previously shown that
activation of TRPA1 (target of HC-030031) by allyl isothiocyanate
improves glucose uptake and insulin signalling in multiple models
of T2D by an unknown mechanism®, while ablation of TRPV1 and
TRPAL1 expression (targets of GxMTx4) results in severe insulin or
leptin resistance®>*.

Longitudinal multi-omic profiling during pFUS treatment. To
better characterize the systemic response to daily hepatoportal path-
way pFUS stimulation, we proceeded to perform multi-omic pro-
filing of different metabolic tissues by RNA-seq and metabolomic
analyses. For this purpose, we included samples from liver, intes-
tines, kidney, adipose, muscle, pancreas, hypothalamus and plasma
in the ZDF and DIO models (Figs. 7 and 8, and Supplementary Figs.
12-20). Tissue samples were processed and analysed by untargeted
metabolomics® (plasma and liver) and gene expression profiling®-*>
(full transcriptome RNA sequencing of all tissues) after 3 d, 4 weeks
and 7weeks of 3mind™' pFUS treatment (Supplementary Fig. 12).
After the full 7weeks of pFUS-induced glycaemic regulation (i.e.,
Fig. 1), significant alteration in gene expression was observed in all
measured tissues as compared with sham controls (Fig. 7a,b), with
27.5% (ZDF model P=4.1x10*) and 28.8% (DIO P=1x107"?) of
these previously identified as diabetes risk genes. The top 20 modi-
fied diabetes-related genes show notable differences in pFUS effect
between the DIO and ZDF models (Fig. 7c,d). Genes most broadly
affected across tissues in the ZDF model (Fig. 7c) included the gene
encoding Bmall (Arntl, endogenous circadian clock gene associated
with suppression of diurnal variation in circulating glucose®) and
insulin receptor substrate 2 (Irs2). Leptin receptors are present on
circadian clock neurons, and deficiencies in leptin signalling (such
as those in the ZDF model) are known to affect central clock func-
tion”**°. Furthermore, dysregulation of the peripheral circadian
transcription factor Bmall is associated with altered expression of
carbohydrate-regulating proteins (including Irs2”) and metabolic
dysfunction. The most broadly pFUS-impacted genes in the DIO
model (Fig. 6d) include regulators of hepatic glucose metabolism,
such as Glut 2, glucokinase and the ATP-binding sulfonuryl recep-
tor subunit Surl®, which showed functionally relevant expres-
sion changes. In the top 20 pFUS-altered diabetes genes, changes
associated with intestinal tissue were more prominent in the ZDF
model, while an increased number of affected genes was associated

NATURE BIOMEDICAL ENGINEERING | www.nature.com/natbiomedeng


http://www.nature.com/natbiomedeng

NATURE BIOMEDICAL ENGINEERING ARTICLES

a c
Time period
(o]
Baseline ey
oD
I Post glucose 28
<
Post treatment e
[
2
b
pFUS
+Glucose l PFUS Sham
d 100
= 0.06 e
= 1
T T T T T T T T 1 © © 4
-40 -20 0 20 40 60 80 100 120 ;‘; 50 ﬂ -
c
£5
i = ° b o
[ S
g 0
+Glucose pFUS S o
3
- -50 -
[0}
= pFUS Sham
X2
[o]
©
(=)
£
=
-40 -20 0 20 40 60 80 100 120 e o
G 50 - ° o
pFUS @
+Glucose o E .
c3 0 t
ca'g hd !
£5 1 |
= 8 ¥ Q'
j=2)
% _50 | g
<
o
2 8 P
&
-100 - -
—40  -20 0 20 40 60 80 100 120 pFUS Sham
Time (min)

Fig. 5 | Hepatoportal plexus pFUS modulates firing rates of hypothalamic GE neurons. a, Schematic position of electrodes inserted into the PVN to
measure single-neuron firing rates in response to glucose injection (bold dashed line represents the midline in the hypothalamus). Coloured circles
represent depths of the inserted electrodes (within the 2D picture): grey/blue, 2.12 mm; blue, 1.88 mm; dark blue, 1.6 mm; light blue, 1.4 mm. b, Example
firing rates (spikes) from GE (top), glucose-inhibited (middle) or glucose-insensitive (bottom) neurons before glucose injection (baseline), after glucose
injection and after pFUS. ¢, Final blood glucose measurements were increased compared with the baseline in both pFUS-stimulated (pFUS n=6) and
non-stimulated (sham n=14) animals. However, pFUS was associated with a decrease in circulating blood glucose compared with the sham treatment.
d, GE neurons showed elevated firing rates post-glucose injection compared with the baseline, and pFUS resulted in a significant change in firing rate in

these neurons (pFUS n=5). However, in the absence of pFUS, GE neurons maintained an elevated firing rate compared with the baseline throughout the
experiment (sham n=5; boxplot presents the data median, first and third quartiles, and the whiskers are 1.5 x IQR. If no points exceed 1.5 x IQR distance,
then the whiskers are simply the minimum and maximum values). e, Gl neurons showed a significant change from baseline post-glucose injection.
However, pFUS did not change Gl firing rates (n=16; NS; boxplot presents the data quartiles, and whiskers are the minimum and maximum values, unless

value exceeds 1.5 x IQR). All P values shown were derived using nonparametric Wilcoxon rank-sum test (two-sided). Data shown are mean +s.e.m.

with liver tissue in the DIO model. The ZDF model is character-
ized by intestinal enlargement (driven by increased food intake),
and elevated biomarkers of insulin resistance within intestinal epi-
thelial cells”. In contrast, the DIO model is characterized by fat
accumulation, which leads to inadequate fatty acid oxidation, and
accumulation of free fatty acids in the liver'®. The unique effects of
pFUS in the DIO versus the ZDF models suggest that activation of
hepatoportal pathways and modulation of hypothalamic metabolic
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coordination hold therapeutic potential across multiple risk and
pathogenic factors involved in T2D.

Gene sets (Fig. 7e) enriched in the hypothalamic/brain samples
by pFUS included those associated with synaptic reorganization
and altered voltage-gated potassium channel activity (in agreement
with results shown in Figs. 1 and 4). In liver, gene sets enriched by
pFUS included those associated with the MYC pathway (known to
activate multiple glucose utilization enzymes'®') and fatty acid/bile
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Fig. 6 | pFUS effect is dependent on the activity of mechanically activated ion channels in both in vitro and in vivo models. a, Schematic of the 3D
peripheral neuron culture system, and experimental setup (left; details in Methods) used to capture images of DRG neuron cells before and after pFUS
stimulation. The DRG neuron culture has previously been shown'®’° to create active axonal networks through the pores formed between hydrogel particles
(bright-field (middle) and fluorescence (right) images are shown). b, The zoomed-in fluorescence images show a time lapse of calcium (Ca2+) imaging
during pFUS stimulation (colour bars, fluorescence intensity units). pFUS stimulation was turned on at 10 s (ultrasound on) following a brief period of time
for collecting baseline images (baseline 1) and turned off again at 120's. The ultrasound remained off for 2 min before retaking a second baseline (baseline
2) and measurement period (ultrasound off). Calcium concentrations of DRG neurons increased after ultrasound stimulation and returned to baseline levels
upon pFUS cessation. €, pFUS excitation of DRG neurons led to large changes in Ca2+-dependent fluorescence (F). The rate of change, dF/dt, remained
small without application of ultrasound stimulus (ultrasound off) compared with the significant df/dt increases shown during pFUS stimulation (ultrasound
on; at 0.83 MPa peak-positive pressure without any ion-channel blocker added to the culture with N> 30 cells per condition). d, Observed fluorescence
change before/after ultrasound stimulation using multiple ion-channel blockers (N> 30 cells per condition). TTX is a specific inhibitor of voltage-gated
sodium channels involved in action potential propagation, @-conotoxin-GVIA is an N-type Ca2+ channel inhibitor, and HC-030031 (HC) is a sensitive
TRPAT channel inhibitor. When piezo- or TRP-family blockers GsMTx and HC-030031 were added to the culture, pFUS-induced activity was significantly
suppressed. e, HC-030031 is shown to inhibit the pFUS effect on glucose in vivo when locally injected at the porta hepatis in ZDF rats (n=4 per group;
GTT performed after overnight fast at age 65d). The GTT was performed in both pFUS-treated (HC + pFUS) and control animals given the HC injection but
no pFUS (HC sham control). Unlike ZDF rats without HC treatment (Fig. 2a), no statistical difference in circulating blood glucose was observed in animals
treated with the TRPAT blocker. All P values shown were derived using nonparametric Wilcoxon rank-sum test (two-sided). Data shown are mean+s.e.m.
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Fig. 7 | Tissue-specific transcriptomic and metabolomic changes after pFUS treatment of multiple animal models of T2D. a, Genetic (ZDF) and DIO

animal models underwent 7 weeks of daily pFUS stimulation along with sham-

treated control animals (n=5 per treatment group). b, The number of

differential RNA transcripts that are upregulated (red arrows) and downregulated (blue arrows) across eight tissues between the pFUS-stimulated vs
sham controls in both ZDF and DIO animal models. ¢,d, The top diabetes genes that are significantly upregulated (red) or downregulated (blue) across
eight tissues in ZDF (¢) and DIO (d) animal models. The size of each circle represents the P value of differentiation between the pFUS-stimulated group
(n=5) vs sham-treated controls (n=5). e, Biological processes found to be significant (familywise error rate P< 0.1) from gene set enrichment analysis
across tissues in the ZDF and DIO animal models. Biological processes are highlighted as being activated (red) or repressed (blue) if the median value
of the log,-transformed fold changes for the set of genes was positive or negative, respectively. The biological processes include glucose metabolic
process (GO:0006006), glucose catabolic process (GO:0006007), glycolysis (broad hallmark), gluconeogenesis (Reactome R-HSA-70263), response
to insulin (GO:0032868), adipogenesis (broad hallmark), oxidative phosphorylation (broad hallmark), fatty acid catabolic process (GO:0009062), bile
acid metabolism (Broad Hallmark), carbohydrate transport (GO:0008643), vitamin transport (GO:0051180), mitochondrial transport (GO:0006839),

synapse organization (GO:0050808), voltage-gated potassium channel activi

ty (GO:0005244), mTORC1 signalling (broad hallmark), MYC targets v2

(broad hallmark) and TNF-alpha signalling via NF-kB (broad hallmark). P values were derived using the Wald test for transcriptomic data (except for b in
which P< 0.1 using the Wald test and corrected for multiple testing using the Benjamini and Hochberg method).

acid metabolism (Supplementary Figs. 13-15). In the intestines,
gene expression hallmarks of improved nutrient/vitamin transport
and metabolism were apparent; these included notable changes to
glycolytic and gluconeogenic gene sets, and markers of improved
mitochondrial function. In adipose tissue, markers of suppressed
lipolysis were downregulated by pFUS (for example, mTORCI1 sig-
nalling'®?), and reduction in adipogenic gene sets were observed in
liver, intestinal, pancreatic and muscle samples.

By day 3, pFUS-treated ZDFs exhibited expression signatures of
an increased capacity for hepatic glucose uptake (that is, Slc2a2) and
glycogen storage (that is, Gys2; Pygl), with a decrease in gluconeo-
genesis (that is, G6pc; Fig. 8a and Supplementary Fig. 14b). These
signatures of improved glucose metabolism were accompanied by
reduced expression of enzymes that catalyse glycerolipid biosynthe-
sis, and upregulation of enzymes that catalyse fatty acid oxidation.
The signatures of improved fatty acid oxidation continued through
the 4- and 7-week timepoints after hyperglycaemia was already
resolved. Metabolomic signatures within the liver and serum
validate these transcriptomic observations. Circulating free fatty
acids were reduced within 3d of treatment, and the improvement
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in dyslipidemia was apparent across fatty acids of all chain lengths
and degree of saturation (Fig. 8a,b, and Supplementary Figs. 15b
and 16). Within the liver, tricarboxylic acid (TCA) cycle metabo-
lites were decreased, further supporting renewed capability to
take up and utilize circulating fatty acids. In addition, circulating
1,5-anhydroglucitol (a metabolite whose reabsorption in the renal
tubules is inhibited during glucosuria'”®) concentrations were
increased following treatment—a signature of re-established glycae-
mic control. These circulating biomarkers were also accompanied
by increased hepatic concentrations of gluconeogenic precursors
(PEP and 3-phosphoglycerate), further validating the decreased
expression of gluconeogenic enzymes in the pFUS-treated rodents.

By week 4, additional signatures of the pFUS reversal of meta-
bolic dysfunction were apparent, including hepatic and circulat-
ing signatures of improved bile acid and vitamin metabolism'®
(Figs. 7c and 8a,b, and Supplementary Fig. 17). Supplementary
Figs. 18-20 contain further evidence of broad pFUS-induced
modulation of whole-body metabolism, including modulation of
circulating sphingomyelin and ceramide concentrations (lipids asso-
ciated with insulin resistance and pancreatic beta cell function'®;
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Fig. 8 | Tissue-specific transcriptomic and metabolomic changes at multiple timepoints during 7 weeks of daily pFUS treatment of multiple animal
models of T2D. a, Differential RNA transcripts from liver of ZDF animals undergoing 3d, 4 weeks or 7 weeks of daily pFUS stimulation vs sham controls.
The protein encoded by these differentially expressed genes are presented in the schematic diagrams in Supplementary Figs. 13-15. b, The changes in
metabolites in blood serum or liver tissue at 3d and 4 weeks between ultrasound treatment vs controls. The size of each circle represents the P value of
differentiation between the pFUS-stimulated group (n=5) vs sham controls (n=5). The colour intensity and size of the circle represent the degree of
being upregulated (red) or downregulated (blue). For differential transcript analysis, P values shown were derived from the Wald test. For metabolomic
data, P values were derived using nonparametric Wilcoxon rank-sum test (two-sided).

Supplementary Fig. 18) and reduction in circulating markers of
diabetes-induced renal impairment (phosphatidylcholine and lyso-
phospholipids'®; Supplementary Figs. 19 and 20). These support-
ing whole-body measurements confirm that the nerve-mediated
effects of hepatic pFUS (Figs. 1-6) exert far-reaching potent effects
re-establishing metabolic homoeostasis across multiple metaboli-
cally relevant organs that should be investigated further as a poten-
tial non-pharmaceutical treatment in T2D.

Outlook

Our anatomically precise pFUS neuromodulation method" enabled
daily activation of the hepatoportal plexus and glucose sensing
pathway*>*"**%>¢" without the need for invasive portal clamps and
infusions. Non-invasive stimulation of the hepatic nerve plexus was
shown to activate neuronal liver-brain pathways utilized by the
body to enhance insulin sensitivity, glucose uptake and energy sub-
strate utilization®”?%*3>>3%6%197 Qur studies uncovered a critical role
of TRPA1-positive nerve fibres in the transmission of information
about portal glucose levels in this process. The pFUS-induced effect
was found to be dependent on vagus nerve and sympathetic spinal
afferent-mediated communication to the hypothalamus, ultimately
inhibiting the central NPY system®. The resulting hypothalamic
modulation of autonomic output to multiple organs resulted in
sustained glycaemic control in multiple animal models of impaired
glucose metabolism and diabetes. These outcomes are in agreement
with previous reports that utilized invasive portal glucose injec-
tions to activate hepatoportal glucose and nutrient sensors**-*°.
However, there have previously been no non-invasive methods with

which to activate these neural pathways remotely and study their
effect across the metabolic system. Here, pFUS activation of these
pathways enabled testing and validation in three different species.
pFUS stimulation in a large-animal model was performed using a
clinical ultrasound system with pulse parameters within current
FDA safety limits'"®, which will permit clinical translation of this
exciting new technology and testing in a clinical context.

Despite the non-invasive nature of pFUS stimuli and potential
benefits compared with traditional implant-based approaches to
neuromodulation, some translational challenges will need to be
addressed for clinical use. Currently, ultrasound imaging is prac-
tised by technicians and physicians trained on manual handling
and use of the ultrasound probe and system software to achieve
quality images and image-based diagnostic measurements. Unlike
pharmaceutical treatments or implant-based therapies (both of
which enable therapy to take place at home and without supervi-
sion), ultrasound neuromodulation tools based on current clini-
cal systems would hinder at-home use, daily application of the
therapy or cost-effective clinical testing across large cohorts of
patients. However, low-cost wireless ultrasound systems are now
available commercially'”. Moreover, wearable ultrasound probes
have minimized the need for manual handling of the probe during
use'”, and automated anatomical target detection software is now
available to enable target tracking in real time using convolution
neural-network models''. These advances may enable the develop-
ment of novel wearable ultrasound systems that can be applied by
unskilled users, and further enable use across clinical applications
and settings.
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Despite our comprehensive datasets in the rodent models of
T2D (that is, ZDFs and DIOs) that clearly demonstrate therapeu-
tic nerve-mediated pFUS modulation of metabolism in the disease
state, questions remain. For example, while the variability in GIR
between pFUS and sham-stimulated animals remained low in the
DIO T2D model (Fig. 3a; that is, consistent with the results across
other metabolic measures in T2D models in Figs. 1, 2, 4, 7, and
8), variability was higher in the insulinopenic STZ-T1D rat model
(Fig. 3b). Other pharmaceutical-based hypothalamic neuromodula-
tion therapies have also recently demonstrated dependence on an
intact insulin pathway to achieve long-lasting versus transient effects
on glucose utilization''"'"?, suggesting that the hypothalamic nerve
pathways modulate and refine, but do not replace tissue response to
insulin. These results in the T1D model are informative, but do not
take away from the potential impact that pFUS may have in T2D
models and applications. In addition, while the nerve resection and
lidocaine blocking data (Fig. 4) clearly demonstrate the importance
of hypothalamic sensory pathways on the effect of hepatoportal
pFUS, our work does not yet rule out other contributing effects,
including activation of neural reflex or neuroendocrine-mediated
effects between the liver and other organs (such as the pancreas)'".

Both the previous pharmaceutical-based hypothalamic neuro-
modulation therapies'''* and our pFUS treatment tests in naive/
non-diabetic rodents (Supplementary Fig. 4b) demonstrate that
these hypothalamic neural effects on peripheral glucose metabolism
are dependent on the current physiological state of the animal (for
example, onset of glucose intolerance and/or insulin resistance).
That is, pFUS treatment in an animal in a state of normal glucose
levels and insulin sensitivity does not result in a further decrease in
circulating glucose into hypoglycaemia values (Supplementary Fig.
4b). This may explain the larger variability seen in the GIR values
in the healthy swine (Fig. 3c) compared with the T2D model (Fig.
3a). Further supporting this, in healthy swine the pFUS effect was
observable only at the steepest part of the GIR versus IIR curve
(Extended Data Fig. 4b), and there was no pFUS effect at saturating
insulin concentrations or sham controls (Extended Data Fig. 4e).
Again, this suggests that the hypothalamic neural effects are depen-
dent on the physiological state of the animal, and levels of circulat-
ing glucose and insulin.

These data further support decades of previous work using tra-
ditional metabolic assays (such as portal clamps) that have estab-
lished that neurons within the hepatoportal plexus are activated
by transient glucose concentration differences across the hepatic
portal vein and hepatic artery, in a concentration-dependent man-
ner?>20-7 44841 - Ag with the T1D model results, the additional
variability in the swine model dataset does not detract from the
robust effect of pFUS in our T2D datasets; rather, it highlights the
complex interactions between the hypothalamic afferent nerve
inputs and the metabolic hormone signals traditionally associ-
ated with glucose and energy regulation (insulin and glucagon).
Importantly, further development of the pFUS toolkit will allow
testing of these interactions in humans, which thus far has been lim-
ited by the invasiveness of portal clamps, implanted electrical stim-
ulators, and newer nanoparticle and optogenetic technologies. The
robust effects hepatoportal pFUS had on the T2D models studied
herein suggest that the hypothalamic role in integrating metabolic
sensory neuron versus hormonal signals is important and justifies
additional investigation.

Our transcriptomic and metabolomic datasets (Figs. 7 and 8,
and Supplementary Figs. 12-20) clearly demonstrate pFUS-induced
shifts in overall metabolism that would not be expected in the T2D
models without treatment”, including improvements in fatty acid,
cholesterol, vitamin and bile acid metabolism. Whether each of
these improvements is a direct result of pFUS neuromodulation
of nerve pathways that directly affect fat, cholesterol, vitamin and
bile acid metabolism, or is simply an indirect result of improved
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glycaemic control and hormone levels remains an important ques-
tion for further investigation. Ultimately, the efficacy, safety and
duration of glycaemic reduction found using pFUS treatment in
clinical trials compared with current pharmaceutical treatments for
T2D, will dictate utility in clinical practice.

In summary, our findings confirm that liver-brain neural
pathways play an important role in maintaining whole-body glu-
cose homoeostasis and that non-invasive portal focused ultra-
sound stimulation represents an exciting new treatment modality
to alter whole-body glucose metabolism and restore glucose
homoeostasis. We speculate that this new tool could be used as a
non-pharmaceutical adjunct or even alternative to current treat-
ments of diabetes.

Methods
Ultrasound stimulation. 1.1 MHz single-element FUS (rodent models). The
1.1 MHz single-element focused ultrasound system (Supplementary Fig. 2a) is
composed of a signal generator (Model 33120A, Agilent Technologies), an RF
power amplifier (Model 350L, Electronics & Innovation) and a 1.1 MHz focused
single-element ultrasound transducer (Model H102, Sonic Concepts). The
transducer is connected to the output of the power amplifier using a matching
network (Model H102, Sonic Concepts). The transducer element is 64 mm in
diameter and has a 63.2 mm radius of curvature, with a 20-mm-diameter hole
in the centre into which a small imaging transducer can be inserted for image
guidance (Supplementary Fig. 2b). The transducer is acoustically coupled to the
animal through a 6-cm-tall plastic standoff cone filled with degassed water.

The nominal settings of the waveform (Supplementary Fig. 3a (right)) are
listed below:

1.1 MHz carrier

135mV pk-to-pk signal generator amplitude
150 us pulse duration

5Hz pulse repetition frequency

The acoustic performance of the system was characterized at an ISO/IEC
17025:2017 accredited laboratory (Acertara Acoustic Labs). Under the above
settings, three separate systems were characterized, producing an MI of 1.79 +0.10
(mean +s.d.), a derated peak negative pressure, pr.3 of 1.87+0.11 MPa, a derated
spatial-peak pulse-average intensity, Isppa.3 of 125.7 +15.0 W cm~* and an Ispta.3
0f94.3+11.2mWcm™.

Good linearity (0.9947 R2) of MI was observed over an amplitude range from
100mV pk-to-pk to 200 mV pk-to-pk. Therefore, acoustic output can reasonably
be linearly extrapolated to other amplitudes, pulse durations and pulse repetition
frequencies (Supplementary Fig. 3b). The simulated pressure profile has a full
width half maximum amplitude of 1.8 mm laterally and 6 mm in the depth
direction using Field II''*!"” (Supplementary Fig. 3a). The —6 dB diameters at the
peak were measured to be 1.45+0.02 mm in the X scan axis and 1.46+0.02mm in
the Y scan axis at the accredited laboratory. The width and depth of the ultrasound
focal zone adequately covered the width and depth of the porta hepatis (that is, the
size of the portal vein and hepatic artery at the entrance to the liver)'’*.

Ultrasound system and parameters used during electrophysiology and nerve
recording. The focused ultrasound system used for recording experiments was
composed of a signal generator (Model 33120A, Agilent Technologies), an RF
power amplifier (Model 350L, Electronics & Innovation) and a custom-made
2.5 MHz focused single-element ultrasound transducer. The transducer element
is 19 mm in diameter and has a 25.4 mm radius of curvature. The transducer
is connected directly to the output of the power amplifier without a matching
network. The transducer is acoustically coupled to the animal using ultrasound gel
without a standoff cone.
The nominal settings of the waveform for this system are listed below:

2.5MHz carrier

300mV pk-to-pk signal generator amplitude

120 ps pulse duration (300 carrier cycles)

5Hz pulse repetition frequency

Image target identification methods. The portal vein of the rat liver was identified
using an ultrasound imager. Two methods were employed to identify the target
and position of the focused ultrasound transducer. The first method involved
placing an ultrasound transducer directly on the skin, identifying the location
of the portal vein and removing the ultrasound imaging probe before placing
the focused ultrasound transducer in the same location. In this manner, a
high-frequency probe (Model L8-18i linear probe, GE Healthcare) was used to
provide high-resolution imagery consisting of B-mode imaging where the target
was identified by changes in contrast (Supplementary Fig. 2c, left) as well as colour
Doppler imaging where the target was identified by the pulsation of blood flow
in the portal vein (Supplementary Fig. 2c(right)). The second method involved
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placing an ultrasound transducer through the opening in the centre of the focused
ultrasound transducer while stimulation was being applied. In this manner, a
lower-frequency probe (Model M3S phased-array probe, GE Healthcare) was
used to obtain images at depth through the 6-cm-tall plastic standoff cone water
coupling cone and target identification was obtained by observing changes in
contrast.

GE LOGIQ EI10 and CI1-6 (convex) probe (swine model). The LOGIQ E10 used in
the swine model has identical hardware and base software to the commercially
available diagnostic imaging system. The operational mode of the ultrasound
system is based on the sheer wave elastography (SWE) mode.

The software resource parameter files for the swine-specific ultrasound systems
have been configured in research mode to provide the following operational
features:

«  Configure the SWE push-pulse to produce a single focused transmit beam
compared with multiple spatially separated simultaneously transmitted
focused beams implemented in the diagnostic SWE mode

«  Configure the SWE push-pulse to produce a single focused transmit beam at
a fixed depth compared with a variable depth implemented in the diagnostic
SWE mode

«  Configure the SWE push-pulse waveform to transmit single pulses at a faster
pulse repetition rate compared with multiple-pulse bursts at a slower pulse
repetition rate implemented in the diagnostic SWE mode

o  Configure the SWE push-pulse waveform to a different acoustic MI within the
FDA recommendations for “Track 3’ submissions compared with the current
MI implemented in the diagnostic SWE mode

The configuration was verified by an independent party (Acertara Acoustic
Laboratories) by measurement of acoustic output and probe temperature. Systems
were verified to conform with the applicable standards for diagnostic ultrasound.
Acoustic output was measured in accordance with IEC Standard 60601-2-37:
Edition 2.1 2015-06, IEC Standard 62359: Edition 2.1 2017-09 and the FDA
recommendations for ‘Track 3’ submissions. Probe temperature was measured in
accordance with IEC Standard 60601-2-37: Edition 2.1 2015-06 and IEC Standard
60601-2-5: Edition 3.0 2009-07.

pFUS pulse settings were chosen as follows:

o 228 MHz carrier frequency
e 200ps pulse length
e ~3.7Hz pulse repetition rate

Rat models of T2D. ZDF rat model. ZDF rats spontaneously develop T2D as
aresult of a missense mutation (fatty, fa) in the leptin receptor gene (Lepr)

and develop moderate hyperglycaemia spontaneously as a result of the insulin
resistance and pancreatic insufficiency. Notably, the ZDF rat is profoundly
hyperinsulinemic—a demonstration of the state of insulin resistance—before the
onset of hyperglycaemia, similar to human diabetics, making this model a valuable
tool in the study of T2D.

Adult male ZDF rats (Charles River) were ordered for arrival before 8 weeks
of age. All animals were maintained on a high-caloric rodent chow (Purina
5008), and provided with water ad libitum. All rats were housed at 25°C
on a 12 h light/dark cycle and acclimatized with handling for 1 week before
experiments were conducted to minimize potential confounding results from
stress-induced hormonal fluctuations (for example, cortisol activation of the
hypothalamic-pituitary-adrenal axis) capable of altering metabolic pathways.
After 8 weeks, ZDF rodents began to exhibit rapid development of the diabetic
phenotype and were then separated into either sham control or pFUS treatment
groups for acute oral glucose tolerance tests (OGTT; Fig. 2) or chronic (Fig. 1)
ultrasound stimulation.

DIO rat model. The DIO rodent model makes use of a high-fat/high carbohydrate
diet to induce obesity and insulin resistance. Following development of obesity,
low-dose STZ was used to induce a moderate level of pancreatic beta cell death
(through alkylation of DNA in the islet cells), which impairs insulin secretion
similar to that seen in later stage T2D. Adult male Sprague-Dawley rats (Charles
River) were ordered to arrive at 8 weeks of age. Upon arrival, animals were placed
on a high-fat diet (45% kcal as fat; Research Diet, D12451) and maintained
consistently for 8 weeks. Following 8 weeks of a high-fat diet, rats were treated with
STZ (30mgkg™" in 0.1 M citric acid buffer, pH 4.5 i.p.). Diabetes was confirmed
96 h following STZ injection by evaluating blood glucose levels using a handheld
glucometer (Freestyle Freedom Lite; Abbot Diabetes). Rats having blood glucose
levels >280mgdl~' (11.1 mM) were considered to be diabetic. Those animals which
failed to develop hyperglycaemia were labelled as diet resistant and kept on study
as a control.

All procedures performed were done in accordance with the National Institutes
of Health (NIH) guidelines under protocols approved by the Institutional Animal
Care and Use Committee (IACUC) of GE Research.

pFUS in ZDF and DIO models. All rats were anaesthetized with 2-4% isoflurane
at 11min~" O,. Rats were then placed on a water-circulating warming pad with a

rectal thermometer probe to monitor body temperature to minimize instances of
undue hypothermia capable of influencing nerve transduction. The area above

the stimulation target was shaved and hair was fully removed with Nair. The porta
hepatis was localized using a custom ultrasound imaging device (Vivid E9; GE
Healthcare). Passage of the hepatic and portal artery through the target region
and localization in the central intraperitoneal fissure of the liver allowed for ready
identification of the porta hepatis under ultrasound imaging. This target was
visualized as the entrance of the portal vein (that is, the closest imaging plane

in which the portal vein was observed before entrance into the liver). The target
location was then marked with a permanent marker and a pFUS stimulation
probe was placed on the target area (represented in Fig. 1a) for application of
either 3 min of ultrasonic stimulus (ZDF-pFUS; 1.1 MHz, 200mV per pulse, 150
burst cycles, 500 ps burst period) or sham stimulus where no energy was applied
through the transducer, up to once a day. Although not statistically compared,
there were no observed differences in glucose reduction in pilot animals treated
using image guidance for every stimulus and animals in which the ultrasound
transducer standoff was simply placed above the previously marked target on

the skin. The depth of the probe with reference to the animal was held constant
using a metal stand (holding the focused ultrasound transducer at a fixed height
above the laboratory table). Immediately following completion of the pFUS or
sham stimuli, animals were allowed to recover from anaesthesia before either (1)
returning to the home cage with free access to food and water (chronic studies), (2)
administration of a single oral glucose challenge (2 gkg™ in sterile water; OGTT)
by syringe feeding or (3) reduction of isoflurane to 1-2% for chemical and surgical
blocking studies. Sham controls included all steps of the pFUS treatment, except
for activation of the pFUS transducer during the 3 min stimulus period (the power
to the transducer was turned off).

Blood glucose levels of the rats were monitored daily for chronic studies,
before the pFUS scheduled for that day. For acute/GTT studies, blood glucose was
measured at 5min intervals beginning at time 0, before both pFUS and glucose
challenge. In chronic studies (Fig. 1), additional blood samples were collected on a
weekly basis for the analysis of circulating markers. A final terminal blood sample
was collected at the time of euthanasia and used for the evaluation of circulating
insulin levels.

pFUS in ZDF with additional pharmaceutical interventions. At age 63 d, elevated
blood glucose (>200mgdl™") was confirmed in ZDF rats. Rats were then
separated into individual treatment groups consisting of either metformin,
liraglutide or a combination of pharmaceutical therapy with pFUS (for example,
metformin + pFUS, liraglutide + pFUS). Metformin hydrochloride and liraglutide
were purchase from Cayman Chemical (13118, 24727) and formulated in PBS
and DMSO-PBS (5:95) mixture, respectively. All formulations were maintained at
pH 7.2 to prevent physiologic pain or gastric intestinal discomfort (depending on
administration route) and formulated daily to prevent degradation arising from
storage of the aqueous drug solutions. Dosing calculations were determined using
the Du Bois formulation for body surface area dosing; however, concentrations
are reported here as mgkg™' for consistency. In this study, both metformin and
liraglutide were given in low-dose concentrations of 0.1 mgkg~" and 0.05ugkg™,
respectively. Each pharmaceutic compound was administered before pFUS or
sham-ultrasound stimulation for the combined treatment groups (for example,
metformin + pFUS, liraglutide + pFUS). Following administration of either drug,
animals were anaesthetized and pFUS stimulus applied (as previously described).

Blood glucose determination. Whole-blood samples were obtained via tail vein
sampling and assessed daily for glucose concentration (chronic studies) and 5min
glucose intervals (for acute GTT studies) using a commercially available Freestyle
Freedom Lite (Abbott Diabetes) glucometer. The Freestyle Freedom Light metre
uses a small blood volume (0.3 pl) and as such, no additional fluids were needed
to recover total volume following blood sampling. Whole-blood glucometer
measurements were compared to serum glucose concentrations (measured by
Abaxis Vetscan chemical analyzer) on a weekly basis to confirm overall accuracy
of whole-blood measurements over time. The accuracy of commercial glucometers
designed for human use has been previously characterized'” and found to be
appropriate for analysis of whole blood from rodents. However, to further confirm
whole-blood glucose concentrations collected by glucometer, measurements

were periodically compared to whole-blood chemistry analysis by biochemical
analyser (Abbaxis VetScan) as part of the comprehensive metabolic panel, with no
significant difference observed.

Insulin resistance evaluation. Glucose and insulin levels were utilized to determine
insulin resistance by applying the HOMA-IR formula, defined as fasting insulin
(nU1™") x fasting glucose (nmoll~')/22.5'%.

Blood chemistry analysis. Whole-blood samples collected from rats were used to
assess the overall health of the rodents using an Abbaxis Vetscan blood analyser
and the associated comprehensive metabolic panel rotors. A detailed protocol for
the comprehensive metabolic panel is provided by the manufacturer at
https://www.abaxis.com/sites/default/files/resourcepackages/VetScan%20
Comprehensive%20Diagnostic%20Profile%20PI.pdf.
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Tissue preparation for ELISA analysis. Organ samples (for example, liver,

muscle, adipose, brain) were rapidly removed and homogenized using a Fisher
brand 850 homogenizer in a solution of PBS containing phosphatase (0.2 mM
phenylmethylsulfonyl fluoride, 5ug ml~ aprotinin, 1 mM benzamidine, 1 mM
sodium orthovanadate and 2 uM cantharidin) and protease (1l to 20 mg of tissue,
Roche Diagnostics) inhibitors. Blood samples were stored with the anti-coagulant
EDTA to prevent coagulation of samples. Samples were then stored at —80 °C until
analysis.

o ELISA kits were purchased and used as specified by the vendors listed below:

o Insulin (90060), leptin (90040) and GLP-1 (81507) ELISA kits were purchased
from Crystal Chem.

o IRS-1(F34735), ghrelin (LS-F39413), GLUT4 (LS-F5891), NPY (LS-F5408),
POMC (LS-F8723), KATP channel (LS-F8492-1) and AMPK (LS-F36060)
ELISA kits were purchased from LS-Bio.

o Glutamate (ab83389), Glycogen (ab65620) and BDNF ELISA kits were pur-
chased from Abcam.

o GABA (E4457) ELISA kit was purchased from Biovision.

High-performance liquid chromatography (HPLC) analyses. Serum samples were
injected directly into the machine with no pre-treatment. Tissue homogenates
were initially homogenized with 0.1 M perchloric acid and centrifuged for

15 min, after which the supernatant was separated, and the sample injected into
the HPLC. Catecholamines norepinephrine and epinephrine were analysed by
HPLC with inline ultraviolet detector. The test column used in this analysis was

a Supelco Discovery C18 (15cm X 4.6 mm inside diameter, 5um particle size). A
biphasic mobile phase composed of (A) acetonitrile:(B) 50 mM KH,PO,, set to pH
3 with phosphoric acid, was then buffered with 100mgl~ EDTA and 200 mgl™!
1-octane-sulfonic acid. Final concentration of the mobile phase mixture was set to
5:95 A:B. A flow rate of 1 mlmin~' was used to improve overall peak resolution while
the column was held to a consistent 20 °C to minimize pressure compaction of the
column resulting from the viscosity of the utilized mobile phase. The UV detector
was maintained at a 254 nm wavelength, which is known to capture the absorption
for catecholamines including norepinephrine, epinephrine and dopamine.

Tissue glycogen measurements. For 4 week samples: tissue samples were washed
thoroughly in PBS and transferred into a vial of potassium hydroxide (1 mg:4 ul;
30% w/v). The suspended tissue was then heated in a boiling water bath for

10 min with constant mixing. The sample was then cooled in an ice bath before

the addition of ethanol (100%) for a final concentration of 55% ethanol (v/v).

The mixture was then vortexed, followed rapidly by 10 min of centrifugation

at 1,700 X g. The supernatant was then decanted, and the remaining pellet
resuspended in 8 ml filtered distilled water. This solution was then used to measure
total glycogen for each tissue type following the manufacturer’s instruction
(Abcam: https://www.abcam.com/Glycogen-Assay-Kit-ab65620.html).

For 2h, 24h and 2 week samples: tissue was collected and immediately flash
frozen in liquid nitrogen. When all samples had been collected, tissues were
weighed, immediately washed with ice-cold PBS and resuspended in 8 ml of
ice-cold deionized (DI) distilled H,O. Samples were then transferred to ice buckets
and homogenized using a Fisher brand 850 homogenizer for 10-15 passes, taking
care not to heat the samples during homogenization. Following homogenization
sampled were boiled for 10 min to inactivate enzymes contained within the
sample. Samples were then centrifuged at 18,000 X g in a cold microcentrifuge
before fluorometric assay as described by Abcam (https://www.abcam.com/
Glycogen-Assay-Kit-ab65620.html).

OGTT. For non-chemical or surgical blocking studies (Fig. 2), rats were fasted
overnight (12-16 h) before anaesthetization and placement of a tail vein (TIV)
catheter to minimize stress response and haemolysis associated with repeat

tail vein sampling. Immediately following the placement of the TIV catheter, a
baseline blood sample was collected for glucose analysis, after which the animal
was prepared for pFUS stimulation as described above and the animal allowed
to recover from anaesthesia. Upon recovery, the animal was given a single oral
dose of 2gkg™" glucose solution by oral syringe feeding. Following glucose
administration, blood samples were collected at 5min intervals from the TIV
catheter. All procedures were performed following the IACUC guidelines of GE
Global Research. The AUC determined by glucose levels at baseline and 90 min
after glucose overload was considered for calculation of AUC-OGTT.

Intravenous glucose tolerance tests (IVGTT). In instances where complete recovery
from anaesthesia elicited a notable stress response due to the introduction of a
chemical (Fig. 4c) or surgical (Fig. 4d) blocking, the animal was allowed to incubate
under low-level anaesthesia (~1-2% isoflurane) for the duration of the GTT study.
In these studies, rats were fasted overnight (12-16h) before anaesthetization (2-4%
isoflurane) and placement of a TIV catheter. Immediately following TIV catheter
placement, the animals either received a bolus injection of the chemical blocking
agent or surgical resection of the designated nerve as described below.

Chemical blocking at the NTS, IML and IVGTT. For NTS injection, rats were
anaesthetized with 2-4% isoflurane and then placed into a stereotactic frame,

NATURE BIOMEDICAL ENGINEERING | www.nature.com/natbiomedeng

with the head angled down at approximately 45°. A water-circulating heating pad
was placed immediately below the animal to maintain core body temperature
throughout the procedure. An incision was then made at the cisterna magna and
the skin retracted to expose the dura mater immediately above the 4th ventricle.
A 22-gauge needle was then stereotactically inserted through the dura mater at
the following coordinates (anterior, 0.3 mm; lateral, +0.15 mm; ventral, 0.3 mm)
from the calamus scriptorius and 20 nl lidocaine hydrochloride (20 mgkg™') or
phosphate buffer injected over a 30's period. The needle was removed 2 min post
injection and the surgical site closed using absorbable suture material for muscle
and the skin closed with nylon sutures. Animals were allowed a 10 min incubation
under 1% isoflurane, before pFUS application and GTT.

For IML injection, rats were placed into a stereotactic frame equipped with a
rat spinal unit. The 5th and 12th thoracic vertebrae were identified and then rigidly
fixed into the spinal unit. The dorsal surface of the spinal cord was exposed by
laminectomy and irrigated with warm (37 °C) paraffin oil to prevent drying of the
spinal cord. The IML was identified at the following coordinates: 0.5 mm lateral to
the midline and 0.7 mm ventral from the dorsal surface of the spine. A micropipette
was then stereotactically inserted into the IML and 20 nl lidocaine hydrochloride
(20mgkg") was injected over a 30s period, delivered by a controlled syringe pump.
The pipette was removed 2 min post injection and the surgical site closed using
absorbable suture material for muscle and the skin closed with nylon sutures.

Following lidocaine administration, each animal was allowed to incubate
under anaesthesia for 10 min (the time of peak block) before undergoing GT'T, for
which a baseline blood sample was collected from the TIV catheter before pFUS
stimulation of 3 min as previous described. Following pFUS, a single injection
of glucose (1 mgkg™; i.v.) was given and blood samples were collected at 5min
intervals from the TIV catheter.

Surgical blocking of vagal and IML neural pathways, and IVGTT. For surgical
transection of the hepatic vagus, the TIV catheter was first put in place, the animal
was then laid supine and an incision made along the midline abdomen. The

lobes of the liver were then retracted cranially while the stomach was retracted
caudally, exposing the diaphragm. The ventral vagus nerve is visible as it exits the
diaphragm isolated within the connective tissue. Following transection of the vagus
nerve, the abdominal incision was closed with sutures and a baseline blood sample
was collected from the TIV catheter before pFUS stimulation of 3 min as previous
described. Following pFUS, isoflurane was adjusted to 1-2% and a single injection
of glucose (1 mgkg™'; i.v.) was given. Following glucose challenge, whole-blood
samples were collected at 5min intervals from the TIV catheter for glucose
analysis. To block the IML spinal pathways, the spinal cord was transsectioned

at the T1 vertebra. These animals were anaesthetized with 2-4% isoflurane and
then positioned prone on a water-circulating heating pad with stretched anterior
and posterior legs. The area between the neck and hindlimbs was shaved of fur
and disinfected with 1% chlorhexidine digluconate. A longitudinal incision was
made and the muscles overlying the vertebral column were retracted to expose

the vertebral column between T1-T5. Under a magnifier, the T1 spinal segment
was lifted, and the spinal cord exposed using a spinal hook and thin scissors, then
severed at the level of T1. The T1 vertebra was selected as the uppermost vertebra
included in the IML, but below vertebrae known to impact vital functions such as
cardiac output and respiration.

Tissue collection for protein and metabolomic analysis. An incision was made
starting at the base of the peritoneal cavity extending up and through to the pleural
cavity. Tissues collected included whole liver, muscle (gastrocnemius), visceral
white fat (abdominal), intestine (jejunum), brain (hypothalamus punch), kidney,
pancreas, spleen and whole blood.

Tissue preparation for transcriptomic analysis. Organ samples (for example, liver,
muscle, adipose, brain) were rapidly removed and cut into sections <2mm in
thickness, transferred into pre-filled tubes containing RNA storage buffer
(Applied Biosystems) and later stored at 4-5°C for 24 h. Following 24 h
incubations, organ samples were transferred to a clean centrifuge tube and stored
at —20°C before analysis.

Tissue preparation for metabolomic analysis. Organ samples of ~20 mg was snap
frozen in liquid nitrogen and stored at —80 °C before metabolomic analysis. All
samples were prepared at Metabolon using their automated MicroLab STAR system
from Hamilton Company. Briefly, small molecules were extracted with methanol
under vigorous shaking for 2 min (Glen Mills GenoGrinder 2000), followed

by centrifugation. The extract was divided into five fractions: two for analysis

by two separate reverse phase (RP)/ultra-performance liquid chromatography
(UPLC)-MS/MS methods using positive ion mode electrospray ionization (ESI),
one for analysis by RP/UPLC-MS/MS using negative ion mode ESI, one for
analysis by hydrophilic interaction liquid chromatography (HILIC)/UPLC-MS/
MS using negative ion mode ESI, and one reserved for backup. Further methods on
untargeted metabolomic analysis are found below.

Immunohistochemistry and histology protocols. Non-fasted rats were anaesthetized
with 2-4% isoflurane at 11min~' O,. Rats were then placed on a water-circulating
warming pad, with a rectal thermometer probe to monitor body temperature
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to minimize instances of undue hypothermia capable of influencing nerve
transduction. The area above the stimulation target was shaved and hair was fully
removed with Nair. The porta hepatis was localized using a custom ultrasound
imaging device (Vivid E9; GE Healthcare). The target location was then marked
with a permanent marker and a pFUS stimulation probe was placed on the target
area (represented in Fig. 1a) for application of either 3 min of ultrasonic stimulus
(ZDF-pFUS; 1.1 MHz, 200mV per pulse, 150 burst cycles, 500 us burst period) or
sham stimulus where no energy was applied through the transducer, up to once a
day. Immediately following completion of pFUS or sham stimulation, animals were
allowed to recover from anaesthesia, with open access to food and water for 1 h
observation for signs of discomfort before euthanization and tissue collection.

Tissue extraction and paraffin blocking were performed as follows: tissue
(rat brain) samples were immediately placed into 10% formalin and fixed
for ~24h at 4°C. The tissue samples were then incubated under vacuum and
pressure under the following conditions: 70% ethanol, 37 °C, 40 min; 80% ethanol,
37°C, 40 min; 2 cycles of 95% ethanol, 37 °C, 40 min; 2 cylces of 100% ethanol,
37°C, 40 min; 2 cycles of xylene, 37°C, 40 min; and 3 cycles of paraffin, 65°C,
40min. Samples were left in paraffin until ready for embedding (not to exceed
~12-18h). Tissue samples were then embedded into paraffin blocks for sectioning.
The blocks were allowed to cool/harden before cutting into 5-um-thick sections,
and sections were floated on a 50 °C water bath for collection. Positively charged
slides were used and the tissues were positioned in the same orientation for every
slide. Slides were then either air dried overnight at room temperature or placed on
2 40°C slide warmer (for not more than 1h) to speed up the drying process, and
stored at 4°C.

Formalin-fixed paraffin-embedded (FFPE) tissue samples (rat brains) were
baked at 65°C for 1h. Slides were deparaffinized with xylene, rehydrated by
washes with decreasing ethanol concentrations, and then processed for antigen
retrieval. A two-step antigen retrieval method was developed specifically for
multiplexing with FFPE tissues, which allowed for the use of antibodies with
different antigen retrieval conditions to be used together on the same samples.
Samples were then incubated in PBS with 0.3% Triton X-100 for 10 min at
ambient temperature before blocking against nonspecific binding with
10% (w/v) donkey serum and 3% (w/v) bovine serum albumin (BSA) in
1x PBS for 45 min at room temperature. Primary antibody cFOS (Santa
Cruz-SC52; sc-166940) was diluted to optimized concentration (5pgml™) and
applied for 1h at room temperature in PBS/3% (v/v) BSA. Samples were then
washed sequentially in PBS, PBS-Triton X-100, and then PBS again for 10 min,
each with agitation. In the case of secondary antibody detection, samples
were incubated with primary antibody species-specific secondary donkey IgG
conjugated to either Cy3 or Cy5. Slides were then washed as above and stained in
DAPI (10 pgml™) for 5min, rinsed again in PBS, and then mounted with antifade
media for image acquisition. Whole-tissue images were acquired on a fluorescence
microscope (Olympus IX81) at X10 magnification. Autofluorescence, which is
typical of FFPE tissues, needs to be properly characterized and separated from
target fluorophore signals. We used autofluorescence removal processes, wherein
an image of the unstained sample was acquired in addition to the stained image.
The unstained and stained images were normalized with respect to their exposure
times and the dark pixel value (pixel intensity value at zero exposure time). Each
normalized autofluorescence image was then subtracted from the corresponding
normalized stained image. We ensured that the same regions in the stimulated and
control samples were imaged.

cFOS analysis and measures of US-induced activation. pFUS-stimulated and

sham animals were rapidly euthanized, and brains removed and fixed in

10% paraformaldehyde for 24 h, after which they were transferred to a 30%
sucrose solution and stored at 4 °C before paraffin embedding (detailed in the
immunohistochemistry section above). Coronal sections (5-10 um) were cut by
cryostat. Structures were anatomically defined according to an anatomical atlas.
Quantification of cFOS positive cells was done with a fixed sample window across
at least four sections by an experimenter blinded to the treatment conditions
associated with each distinct coronal section. Regions of interest were as follows:
paraventricular hypothalamic nucleus, ARC, ventromedial nucleus, dorsal medial
nucleus, lateral hypothalamus and mammillothalamic tract (all structures visible
in coronal slices taken between Bregma —2.56 to —3.60 mm). The number of cFOS
positive cells in each group was expressed as the percentage of cFOS+ cells as
compared to sham-stimulated control littermates.

Hepatic injection of TRPA1 blocker and analysis of effect on hepatic pFUS. Initial
pre-study glucose values were collected using the handheld glucometer Freestyle
Freedom Lite (Abbot Diabetes). Following glucose measurements, HC-030031

(8 mgkg™') was administered to the region immediately adjacent to the porta
hepatis via an ultrasound-guided percutaneous injection using the GE Vivid E9
imaging system (GE Healthcare). In brief, sonography was used to identify the
portal vein relative to the hepatic artery and common hepatic duct, which serve
as anatomical markers for the porta hepatis. Following identification of the porta
hepatis, a single 27-gauge needle was guided into the lower portion of the caudate
lobe immediately adjacent to the hepatic artery and portal vein, and a small volume
(50 ul) of the blocker solution was administered (with formulation described

above). Caution was taken so as not to disrupt the artery or portal vein to reduce
blood loss. Animals were then observed for signs of internal blood loss before they
were allowed to recover from anaesthesia.

Modified western-diet mouse model. Animals. Experiments were performed

on male C57BL/6] mice (8 weeks old, Jackson Laboratories). All procedures were
performed in accordance with the NIH guidelines under protocols approved by the
IACUC of the Feinstein Institutes for Medical Research, Northwell Health.

Experimental design. C57BL/6] mice (6-8 weeks old, Jackson Laboratories) were
fed regular chow for 10d in a reverse light cycle room, and then switched to a
western diet (WD, D12492, 60% kcal from fat 4 sugar-supplemented water with
55% fructose and 45% sucrose) or its corresponding isocaloric low-fat control
diet (10% kcal from fat) for 16 weeks. Mice in the high-fat WD group received
sugar-supplemented water (55% fructose, 45% sucrose). After 8 weeks, both the
WD-fed mice and the low-fat control diet mice were divided into two groups—
either treated with pFUS of the porta hepatis (once daily) or sham-stimulated

for the succeeding 8 weeks. A second cohort of mice underwent the same dietary
regimen, but only received alternate-day hepatic pFUS during the stimulation
period (weeks 9-16). Blood glucose levels of the mice were monitored on a weekly
basis. At week 9 (pre-stimulation period) and week 16 (post-stimulation period),
insulin levels were evaluated. Before euthanasia, mice were subjected to a glucose
tolerance test.

PFUS. Mice were anaesthetized with 2% isoflurane at 11min~" O,. Mice were then
placed on a water-circulating warming pad with a rectal thermometer probe to
maintain body temperature. The area above the stimulation target was shaved

and hair was fully removed with Nair. The porta hepatis was localized using an
ultrasound imaging system (GE Healthcare). The location was marked with a
permanent marker and a focused ultrasound stimulation probe (GE Research) was
placed on the target area. The device then delivered 1 min of stimulation (1.1 MHz,
200mV per pulse, 150 burst cycles, 500 ps burst period), followed by a 30s rest
period, then a subsequent 1 min of stimulation.

Blood glucose determination. Blood glucose levels were assessed weekly by cheek
bleed and using a Freestyle blood glucose monitoring system (Abbott Diabetes)
with Freestyle blood glucose strips following the manufacturer’s recommendations.
Mice were fasted 3 h before blood glucose assessment. To recover fluid volume after
bleeding, mice were given a 100 ul injection of saline IP.

GTTs. At the end of the 16 week period, mice from the four experimental groups
were subjected to a glucose tolerance test. The mice were fasted overnight

(18h), weighed and injected with glucose (10% p-glucose solution, 1gkg™" IP;
Sigma). Glucose levels were determined at 0, 15, 30, 60 and 120 min after glucose
administration, in blood from the tail vein, using Freestyle glucose monitoring test
strips. Glucose tolerance curves were generated from the continuous data and the
AUC was calculated per graph.

Blood collection. After a morning fast (3-4h), blood was collected at weeks 9 and 16
using the cheek bleed method. Approximately 300 ul of whole blood was sampled
per animal. Blood samples were spun in a centrifuge (10 min at 5,000 r.p.m., then
2min at 10,000 r.p.m.) and the serum was extracted and frozen for

further evaluation.

Serum blood biochemistry tests. Serum samples were centrifuged from whole blood
drawn by cheek bleeding (10 min at 5,000 r.p.m., then 2 min at 10,000 r.p.m.). The
samples were then analysed with a Millipore MILLIPLEX panel assay for insulin
levels.

Insulin resistance evaluation. Glucose and insulin levels were utilized to determine
insulin resistance by applying the HOMA-IR formula, defined as fasting insulin
(uUI™) x fasting glucose (nmoll-)/22.5'.

STZ-treated diabetic rat model and HEC. Animals. Male Sprague-Dawley rats
were purchased from Charles River Laboratories and housed in the Yale Animal
Resource Center at 22-23 °C in humidity-controlled rooms. Animals fed with
high-fat diet (HFD, DIO model) or standard rat chow (STZ-T1D model) and water
ad libitum were acclimatized to a 12h light cycle. All animal procedures were
approved by the Yale University IACUC.

DIO model. Male rats (150-161 g) were fed with HFD for 2 weeks (body weight
~300g) and then underwent vascular surgery for catheter implantation into the left
carotid artery (for blood glucose and hormone sampling) and into the right jugular
vein (for insulin and glucose infusions). Four days later, a single IP injection of
STZ (35mgkg" dissolved in 0.1 M sodium citrate) was administrated, followed

by daily blood glucose monitoring and subcutaneous saline injection to maintain
hydration. A week after steady high blood glucose, rats underwent either pFUS or
sham ultrasound treatment (see above for US parameters) for 3 consecutive days
before study via insulin clamp.
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Lean STZ T1D model. Male rats (250-280 g) were given a single IP injection of STZ
(65mgkg~" dissolved in normal saline). A second dose of STZ was introduced if
the blood glucose of rats fell below 400 mgdl™' 24 h after the first injection. At 5d
post STZ injection, diabetic rats were given long-acting protamine zinc insulin
subcutaneously for daily treatment to maintain elevated blood glucose levels (300-
550 mgdl~") but avoid blood glucose extremes and ketosis, and the associated loss
in body weight. In addition, the rats received daily subcutaneous saline injections,
if needed to maintain hydration. After stable diabetes induction and maintenance
for 10d, animals were anaesthetized and underwent aseptic surgery, with vascular
catheter implantation into the left carotid artery (for blood glucose and hormone
sampling) and into the right jugular vein (for insulin and glucose infusions).
Following a 7 d recovery period, all animals underwent either pFUS or sham
ultrasound treatment (see above for US parameters) for 3 consecutive days before
study via insulin clamp.

HEC. The catheters of overnight-fasted rats were connected to infusion pumps
in the morning of the study and then left undisturbed to minimize handling
stress for at least 60 min before baseline sampling. Euglycaemia was induced

via a bolus infusion of human insulin (0.025 Ukg™' min~!, Human R U-100; Eli
Lilly) for 30 min (DIO model) or 30-50 min (STZ T1D model), followed by a
constant infusion (0.015 Ukg™'min~" in the DIO model or 0.01 Ukg™'min~" in
the STZ T1D model) of human insulin, together with a variable infusion of 20%
glucose for the remainder of the clamp. Plasma glucose was measured every 5 to
10 min throughout the study, and levels were gradually lowered to 110 mgdl~' and
maintained at this target for the remaining 90 min. Blood samples were collected
at baseline and at 30, 60, 90 and 120 min of the clamp. Plasma was separated
immediately and snap frozen in liquid nitrogen, then stored either at —20°C (for
insulin, glucagon and corticosterone measurement) or —80 °C (for catecholamine
measurement). The animals were killed at the end of clamp procedure for further
endpoint tissue analyses as necessary.

STZ-treated diabetic rat model with hepatic vagotomy and HEC. Animals. Male
Sprague-Dawley rats were purchased from Charles River Laboratories and housed
in the Yale Animal Resource Center at 22-23°C in humidity-controlled rooms.
Animals fed with HFD (DIO model) and water ad libitum were acclimatized to a
12h light cycle. All animal procedures were approved by the Yale University IACUC.

DIO model and vagotomy. Male rats (150-161 g) were fed with HFD for 2 weeks
(body weight ~300g) and then underwent vascular surgery to implant catheters
into the left carotid artery (for blood glucose and hormone sampling) and into the
right jugular vein (for insulin and glucose infusions). During the same procedure,
animals underwent midline abdominal incision to localize and cut and tie off the
hepatic branch of the abdominal vagus nerve. One week later, a single IP injection
of STZ (35mgkg™" dissolved in 0.1 M sodium citrate) was administered, followed
by daily blood glucose monitoring and subcutaneous saline injections if needed
to maintain hydration. A week after steady high blood glucose, rats underwent
either pFUS or sham ultrasound treatment (see above for US parameters) for 3
consecutive days before study via insulin clamp.

HEC. The catheters of overnight-fasted rats were connected to infusion pumps
in the morning of the study and then left undisturbed to minimize handling
stress for at least 60 min before baseline sampling. Euglycaemia was induced

via a bolus infusion of human insulin (0.025 Ukg~'min~!, Human R U-100;

Eli Lilly) for 30 min, followed by a constant infusion (0.015 Ukg™" min~') of human
insulin together with a variable infusion of 20% glucose for the remainder

of the clamp. Plasma glucose was measured every 5 or 10 min throughout the
study and levels were gradually lowered to 110 mgdl~' and maintained at this
target for the remaining 90 min. Blood samples were collected at baseline and at
30, 60, 90 and 120 min of the clamp. Plasma was separated immediately and snap
frozen in liquid nitrogen, then stored either at —20°C (for insulin, glucagon and
corticosterone measurement) or —80 °C (for catecholamine measurement). The
animals were killed at the end of clamp procedure for further endpoint tissue
analyses as necessary.

Swine model and HEC. Animals. All experimental procedures and protocols were
reviewed and approved by New York Medical College IACUC.

Four adult male Yucatan miniature pigs (Exemplar Genetics) weighing
50-55kg were examined by an attending veterinarian upon arrival to the
facility. None of the animals expressed any signs or symptoms of being
unhealthy. Animals went through a 5-10d acclimation period before the
HEC"' experiment. Each animal was randomized and assigned to a different
experiment. Due to inter-species variability, animals were subjected to initial
hyperinsulinemic-euglycaemic step-clamp procedures where insulin was infused
at a fixed different dose (0.3-4mUkg™'min™) to establish the appropriate
insulin-response curve. After the insulin-response curve was determined, each
animal underwent an additional 2-4 HEC procedures to evaluate the effect of
non-invasive FUS on insulin sensitivity. Finally, each swine was subjected to a
non-survival procedure, during which the porta hepatis was approached surgically
and FUS was delivered directly to it.
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Sedation and anaesthesia procedures. For a 12h period before surgery, the animals
were maintained on a no-food and no-fluid regimen. On the day of surgery,

the animal was weighed and sedated with Telazol (2-4 mgkg™'; intramuscular)
and transported to the operating room. Once there, 2-4% isoflurane inhalation
anaesthetic mixed with oxygen was administered by a mask. In a supine position,
an endotracheal tube was placed, and surgical anaesthesia was maintained on
isoflurane and oxygen (2-4% induction, 0.5-3% maintenance). Ventilator
settings were adjusted to maintain the end-tidal carbon dioxide at 40 +3 mmHg.
The depth of anaesthesia was monitored by assessing heart rate, blood pressure,
respiration, mandibular jaw tone, absence of corneal reflex and absence of
withdrawal response to toe pinch. After successful intubation, a catheter was
placed in an ear vein and maintenance fluids were administered (0.9% NaCl at
5-10mlkg='h"). Electrocardiography and pulse oximetry were also used for
monitoring. Body temperature was controlled with a recirculating warming blanket
and/or a hot air warmer.

Vascular access procedures. Infusion port (venous side). With continued surgical
level of anaesthesia, the skin of the right or left ear was shaved, cleansed, sterilized
and draped with a surgical field. A 20G intravenous catheter was placed in an ear
vein, secured and flushed with heparinized saline. The port was connected to a
dual infusion pump (Kd Scientific) and used to infuse insulin and glucose.

Blood sample withdrawal port (arterial side). For the carotid artery catheter
placement, the animals were anaesthetized as described above. In a dorsal
recumbency position, the neck was shaved and prepared with ethanol and betadine
surgical scrub to disinfect the area. A right or left ventral incision (6-8 cm) was
made 1 cm lateral and parallel to the midline in the cervical region of the neck.
Subcutaneous tissue and muscle layers were bluntly dissected to expose the carotid
sheath and incised to expose the carotid artery. The carotid artery was isolated
and permanently ligated at the rostral end using a 3-0 silk suture. A tension suture
was placed around the caudal end to control the bleeding. A small sharp incision
was made through the arterial wall and a catheter (polyethylene, internal diameter
0.04-0.06 inches) was inserted into the lumen and secured in place using 3-0 silk
sutures. The skin and the underlying layers were closed, and the catheter tunnelled
to the intrascapular region. At the end of the procedure, the animal was returned
to the Animal Facilities Recovery area by a comparative medicine technician and
monitored at least 3 times per day for 72 h. The animal was allowed to recover for
3-5d and was then randomly assigned to one of the protocol experiments. The
patency of catheters was maintained by flushing with heparinized saline at least
once a week and up to 3 times a week. A locking solution (200 U heparin per ml
saline, 0.9% NaCl) was used to prevent formation of clots and was replaced weekly.
For the percutaneous puncture technique, the skin above the puncture site
was shaved, cleansed, sterilized and dressed in a surgical field. Under ultrasonic
guidance, a 19G angiographic needle was passed slowly through the skin at a 60°
angle to the target vessel. Once blood backflow was detected (single-wall puncture
technique), a soft guide wire (0.035 inch) was introduced into the vessel. Under
direct vision and firm vessel compression, the needle was removed and exchanged
with a 5Fr introducer sheath over the sliding wire and secured in place. This
technique was used in the event of failure of the carotid artery catheter (due to
blockage or destruction) during the first clamp procedure and before beginning
the infusion.

Survival HEC procedures. Following the induction of anaesthesia, fasting blood
glucose level was measured as the average of three fasting blood samples taken
immediately before the clamp (—30, —15 and —5min). A fast-acting soluble human
insulin (Humalog U-100) infusion (0.3-4 mU kg™~' min~') was initiated at 0 min
and glucose (Dextrose, 20%) infusion (20-250 mlh=" of a 200 mg ml~* solution)
was given 5min afterwards. The glucose infusion rate was regulated on the basis
of frequent plasma glucose measurements (5min intervals) to keep the pigs
within +10mgdl™ of their fasting glucose level. Using an i-stat handheld blood
analyser (Abbott), 0.3 ml of heparinized whole blood for each timepoint was
used to measure blood glucose. Samples (1 ml in EDTA tubes) for insulin
measurement were taken at 15, 30, 60, 90, 120, 150, 180 and 210 min and stored
for further analysis.

After establishing the HEC, approximately within 90-100 min, a diagnostic
ultrasound (US) system (GE LOGIQ E10) was used to visualize the liver to identify
the anatomical biomarkers relevant to the target nerve. In the supine position, the
lower chest and upper abdomen was shaved and cleaned for proper imaging. A full
sweep of the liver was performed using a GE C1-6 Curved (convex) Array Probe
1-6 (MHz) at the right subcostal region and a full scan was obtained visualizing the
gallbladder and the large vessels. Doppler imaging of the portal vein was used to
identify the porta hepatis, which is located ~8 cm in depth. Following diagnostic
imaging of the liver and identification of the porta hepatis, the same US probe
was placed above the target site and used to apply US stimulation with defined
frequency and pulse length parameters, for up to 4 min total duration. Mechanical
ventilation was interrupted for a period of 30-45s to ensure that the target was
not being moved. The ultrasound pulse parameters were applied at the research
configuration power setting, using 2.28 MHz carrier frequency, 200 pis pulse length
and ~3.7 Hz pulse repetition rate. Glucose levels and glucose infusion rates were
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recorded again as an indication of insulin sensitivity for an additional 90 min post
FUS. At the end of the experiment, insulin infusion was stopped, followed by
cessation of glucose infusion after 45 min. Consecutive blood samples confirmed
the normal glucose level (euglycaemia).

At the end of the experiment, the physiological parameters were monitored,
and consecutive blood samples were taken, confirming the normal glucose level
(euglycaemia). Then the animal was gradually weaned off the ventilator and
extubated, provided that all physiological parameters were within normal limits.
Adequate perfusion, normal blood sugar, temperature and physiological signs
were evaluated by the veterinary staff. The animal was returned to the Animal
Facilities Recovery area by a comparative medicine technician and was monitored
continuously until sufficiently recovered. The animal was monitored at least 3
times per day for 72h, allowed to recover for 3-5d and then assigned for the next
experiment.

Non-survival HEC procedures. Following the induction of anaesthesia and while
maintaining the anaesthesia with isoflurane (2-3%), a midline surgical incision
was made (using a sterile technique and appropriate surgical attire) vertically into
the skin, extending caudally 10-12 cm from the xiphoid process. Subcutaneous
tissue and muscle layer were blunt dissected, and haemostasis was achieved

using diathermy. The peritoneum was identified and carefully opened parallel to
the surgical incision. A self-retractor was placed, and the abdominal cavity was
exposed. The internal structure/organs were gently moved to visualize a clear field
of the liver and its anatomical structures. The liver borders were identified, and the
inner surface was carefully lifted upward to gain access, with direct visualization
of the site where the major vessels and ducts enter or leave the liver (porta
hepatis). Following visualization of porta hepatis, a GE C1-6 probe in a sterile
sleeve was placed and separated from the target site using a sterile ultrasound gel
pad (~4 cm thickness; Aquaflex). Following the invasive surgical procedure for
the US probe placement, animal fasting blood glucose level was measured as the
average of three fasting blood samples taken immediately before the clamp (—30,
—15 and —5 min). A fast-acting soluble human insulin (Humalog U-100) infusion
(0.3-4mUkg ' min~') was initiated at 0 min and glucose (Dextrose, 20%) infusion
(20-250mlh~" of a 200 mgml~! solution) was given 5min afterwards. The glucose
infusion rate was regulated on the basis of frequent plasma glucose measurements
(5min intervals) to keep the pigs within +10mgdl" of their fasting glucose level.
Using an i-stat handheld blood analyser (Abbott), 0.3 ml of heparinized whole
blood for each timepoint was used to measure blood glucose. Samples (1 ml in
EDTA tubes) for insulin measurement were taken at 15, 30, 60, 90, 120, 150, 180
and 210 min and stored for further analysis.

After establishing the HEC, approximately within 90-100 min, a diagnostic
Doppler US system (GE LOGIQ E10) was used to visualize the portal vein and
identify the porta hepatis, located approximately 5cm deep from the US probe.
Following diagnostic imaging of the porta hepatis, the same US transducer (GE
C1-6) was placed above the target site and used to apply US stimulation with
defined frequency and pulse length parameters, for up to 4 min total duration.
Mechanical ventilation was interrupted for a period of 30-45s to ensure that the
target was not being moved. The ultrasound pulse parameters were applied at the
research configuration power setting, using 2.28 MHz carrier frequency, 200 pis
pulse length and ~3.7 Hz pulse repetition rate. Glucose levels and glucose infusion
rates were recorded again as an indication of insulin sensitivity for an additional
90 min post FUS.

At the end of the experiment, insulin and glucose infusion were stopped.
While maintained under general anaesthesia, the swine was euthanized with
Euthasol (1 ml per 101b body weight) by i.v. injection. Death was confirmed using
electrocardiogram and arterial blood pressure signals. Absence of a pulse in both
signals confirms cardiac death. After euthanasia, tissue samples were collected for
histological and biochemical analyses.

In a series of control experiments, HEC was established as before, but this
time the US probe was used in the non-invasive imaging mode to visualize
the porta hepatis, and stimulation was not delivered. HEC was subsequently
maintained for at least 30 min and changes in insulin sensitivity were quantified by
post-sham-stimulation changes in GIR (as with pFUS-stimulated animals).

Direct neural recording in the PVN in rats. Animals. All animals used in our
study complied with the NIH and Albany Medical College IACUC guidelines.
Male Sprague-Dawley rats weighing 225-300 g were purchased from Taconic and
had access to food and water ad libitum, except when fasted for 16-18 h before
experiments and craniotomy.

PpFUS. All animals were anaesthetized with an IP injection of urethane (1.2-
1.5gkg™" in saline). The fur in the abdominal area over the liver was removed and
ultrasound gel placed on the shaved surface. The hepatic portal vein was located
with an ultrasound imaging scanner and handheld transducer, and marked with
a black dot in initial experiments. Animals in subsequent experiments had the
black dot on the same abdomen location and were positioned on a gel-containing
platform so that the black dot on the abdomen was directly at the centre of the
gel where the pFUS transducer was positioned. Next, a hypodermic needle was
inserted into the IP space.

For craniotomy and in vivo electrophysiological recordings, animals were
placed in a stereotactic frame and burr holes were made. Tungsten microelectrodes
with an impedance of 300-500kQ or 12-channel multi-array linear recording
electrodes (Microprobes) were inserted into the right or left PVN. Single-unit
neuronal spiking activity was acquired and amplified 10,000, sampled at 40 kHz
and band-pass filtered between 300 and 6,000 Hz with a multi-channel acquisition
system (OmniPlex, Plexon) as before'>-'**,

PVN neurons with amplitudes of at least a 2:1 signal-to-noise ratio were
identified and monitored for 60 min for a baseline recording. Subsequently, we IP
injected 2ml of 20% glucose or saline into the catheter. One hour of recordings
later, we administered pFUS to the hepatic portal vein and another 60 min of
single-unit recordings were obtained. As a control, PVN spiking activity was
monitored for 60 min before an IP injection of glucose or saline, with a subsequent
post-injection monitoring period of 120 min.

Blood glucose monitoring. We obtained blood glucose samples from the tail vein
every 20 min concomitant with monitoring of PVN neuronal activity. To do so,
a small incision was made on the tail and the glucose level was measured using a
small handheld device (Verio Onetouch).

Transcardiac perfusion with paraformaldehyde and Nissl cresyl violet staining. After
the experiment, animals were transcardiac-perfused with heparinized saline,
followed by 4% paraformaldehyde in PBS. Brains were extracted and then placed in
30% sucrose for cryoprotection. Sections were cut 60 pm thick (HM500 M cryostat,
Leica Biosystems) and mounted on slides. Electrode placement was confirmed with
cresyl violet for Nissl substance as described elsewhere'””. Cresyl violet-stained
slides were imaged using the PathScan Enabler IV (Electron Microscopy Sciences)
and co-registered onto a rat brain atlas'*® to determine electrode location.

Chemicals and drugs. All chemicals were purchased from Sigma-Aldrich, unless
specified otherwise.

Data analysis and statistics. We identified PVN neuronal cells by their waveform
and confirmed electrode placement in the PVN. For PVN neuronal cell
identification, offline cell sorting was performed using a Matlab wave cluster
toolkit. Only single units with amplitudes having at least a 2:1 signal-to-noise
ratio were sorted on the basis of wavelets and superparamagnetic clustering'>".
Sorted spikes were processed using custom-made Matlab scripts (www.mathworks.
com), which concatenated each 20 min electrophysiological recording interval
into a single continuous trace, plotted as 1 min moving averages with s.e.m. for
the single-unit spiking activity across the entire recording. For between-group
analyses, spike rates were normalized by the maximum spike rate in the 3h
recording. To identify glucose-sensitive neurons, the spike rates 1h pre (‘baseline
period’) and post (‘glucose period’) glucose injection were compared. Neurons
with spike rates greater than the mean + 1s.d. of the baseline period after glucose
administration were classified as GE neurons, whereas those with spike rates

less than the mean + 1s.d. of the baseline period were classified as GI neurons.
Otherwise, PVN cells were classified as insensitive to glucose. Significance of
changes in glucose levels and spike rates were calculated using nonparametric
Wilcoxon’s rank-sum statistical test.

Mechanical vs ultrasound neuromodulation. Stimulation systems and CAP
neuromodulation. Two stimulation systems were used for the animal study:
a single-element high-intensity focused ultrasound (HIFU) system, and a
mechanical vibrator (Tira Vib S 502 shaker).

The pre-clinical ultrasound transducer system used was as shown above and
previously used for hepatic pFUS. The function generator (Agilent 33210A) was
used to generate a tone burst, with a 1.1 MHz centre frequency, 133 ps pulse length,
500 ps (or 200 ms) pulse repetition period and 200 mV peak-to-peak amplitude.
The tone burst signal was again amplified by the power amplifier (E&I 350L).
The output of the power amplifier was sent to the input of the HIFU matching
network. The polyurethane coupling cone was used as the standoff, and the focus
of the HIFU (full width at half maximum (FWHM); ~2 mm wide and 10 mm long,
with a measured peak negative pressure of 2.4 MPa) was targeted at the centre of
the spleen for this experimental activation of the cholinergic anti-inflammatory
pathway. The stimulus was applied for 3 min as reported previously.

The TIRA vibration system (TV 50018) consists of Shaker S 502 and
Amplifier BAA 60 (TIRA GmbH). A function generator (Agilent 32210A) was
used to generate a sine wave at four specified frequencies (100, 500, 1,000 and
2,000 Hz), with a pulse length of 133 ps, a pulse repetition interval of 500 pus and
a peak-to-peak voltage of 200 mV. The stimulus frequency was swept across the
four values throughout the 3 min stimulation period. The mechanical piston
was actuated at peak force (18 N) during the swept actuation (at frequencies
100—2,000 Hz that are associated with the stimulation pulse frequency ranges
associated with both transient shear wave elastography and previous reports
of ultrasound-based neuromodulation)'?*'*, Both the ultrasound and TIRA
systems were used to stimulate the CAP for the same 3 min treatment period.
The focused ultrasound systems provide tissue displacement primarily near the
ultrasound focus, while the TIRA vibrator was used to actuate tissue surface
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displacements that propagate to the focal spot. The TIRA generates displacements
at the level of depth associated with the ultrasound focal points (3-5mm) that
are of the same order of magnitude as the tissue displacement generated by the
ultrasound system'”. The CAP was chosen as the nerve pathway (for comparison
between ultrasound and mechanical actuator-based neuromodulation) as splenic
norepinephrine release and the corresponding tumour necrosis factor (TNF)
cytokine output enable rapid and quantitative assessment of both nerve pathway
activation and downstream neuromodulation effect’”. The lipopolysaccharide
(LPS)-induced inflammation model was utilized in experiments, as this is a
standard model to rapidly assess the level of cholinergic anti-inflammatory
pathway activation based on pharmacologic and device-based intervention.

Pre-clinical induction of inflammation by LPS administration. Adult male Sprague—
Dawley rats (8-12weeks old, 250-300 g; Charles River Laboratories) were housed
at 25°C on a 12h light/dark cycle and acclimatized to handling for 1 week before
experiments were conducted to minimize potential confounding effects due

to stress response. Water and regular rodent chow were available ad libitum.
Experiments were performed under protocols approved by the GE Global Research
TIACUC.

An LD, dose (lethal dose 75%) of the endotoxin, LPS, from Escherichia coli
(0111: B4; Sigma) was administered by IP injection to naive adult Sprague-Dawley
rats, causing an elevation in concentrations of pro-inflammatory cytokines.
Elevation in cytokine concentrations peaked in 4h but remained elevated as
compared with the control for up to 8h post injection. Tissue and fluid samples
were collected at 60 min post LPS administration and US stimulation.

Tissues were collected at the terminal timepoint as follows: an incision was
made starting at the base of the peritoneal cavity extending up and through
to the pleural cavity. Organs (for example, spleen) were rapidly removed
and homogenized in a solution of PBS containing phosphatase (0.2mM
phenylmethylsulfonyl fluoride, 5 ugml~ aprotinin, 1 mM benzamidine, 1 mM
sodium orthovanadate and 2 uM cantharidin) and protease (1l to 20 mg of tissue,
Roche Diagnostics) inhibitors. A targeted final concentration of 0.2 g tissue per ml
PBS solution was applied in all samples.

Blood samples were stored with EDTA to prevent coagulation, and then stored
at —80°C until analysis.

Cytokine concentration in tissue and fluid samples was determined by
multi-analyte ELISA assay. A detailed protocol for ELISA assay is provided by the
manufacturer at

https://www.giagen.com/us/products/discovery-and-translational-research/
functional-and-cell-analysis/elisaassays/multi-analyte-elisarray-kits/#orderinginf
ormation.

HPLC analyses of circulating neurotransmitters. Serum samples were injected
directly into the machine with no pre-treatment. Tissue homogenates were initially
homogenized with 0.1 M perchloric acid and centrifuged for 15 min, after which
the supernatant was separated and the sample injected into the HPLC with an
inline ultraviolet detector. The test column used in this analysis was a Supelco
Discovery C18 (15cm X 4.6 mm inside diameter, 5um particle size). A biphasic
mobile phase composed of (A) acetonitrile:(B) 50 mM KH,PO,, set to pH 3

with phosphoric acid, was then buffered with 100 mgl~' EDTA and 200 mgl™
1-octane-sulfonic acid. Final concentration of the mobile phase mixture was

set to 5:95 A:B.

A flow rate of 1 mlmin~" was used to improve overall peak resolution while
the column was held to a consistent 20 °C to minimize pressure compaction of the
column resulting from the viscosity of the utilized mobile phase. The UV detector
was maintained at a 254 nm wavelength, which is known to capture the absorption
for catecholamines including norepinephrine.

In vitro TNF analysis in whole blood. In brief, terminal blood samples were
collected into sterile heparin collection tubes (BD, 366480). Individual blood
aliquots of 500 ul were transferred into 12 polystyrene tubes containing either 0,
0.1, 1 or 10ngml~"' LPS. Concentrations of LPS were tested in triplicate by ELISA
(described below).

Each polystyrene tube was then mixed by gentle inversion before being secured
on a lab rocker. Samples were then transferred to 37 °C for 4 h with constant
rocking. After 4h, samples were removed from the incubator and centrifuged
at 6,000 r.p.m. for 5min. The plasma supernatant was then removed, and TNF
concentrations analysed by ELISA. A detailed protocol for ELISA assay is
provided by the manufacturer at https://www.abcam.com/rat-tnf-alpha-
elisa-kit-ab100785.html.

In vitro ultrasound neuromodulation and chemical ion-channel blocking.
Microfluidic device fabrication for production of hydrogel scaffolds. For 3D culture of
peripheral neurons, we used hydrogel particle scaffolds fabricated using previously
reported techniques'®’*'*". Briefly, a flow-focusing microfluidic device was used

for manufacturing hydrogel spheres that were assembled in a porous scaffold for

in vitro neuron growth. Microfluidic devices were fabricated using soft lithography
techniques. Master moulds were fabricated on mechanical-grade silicon wafers
(University wafer) using KMPR 1050 photoresist (Microchem). Devices were
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moulded from the masters using poly(dimethyl)siloxane Sylgard 184 kit (Dow
Corning). The base and crosslinker were mixed at a 10:1 mass ratio, poured over
the mould and degassed before curing overnight at 65°C. Channels were sealed

by treating the poly(dimethyl)siloxane channels and a glass microscope slide
(VWR) with oxygen plasma at 500 mTorr and 80 W for 30s. The channels were
functionalized by injecting 100 ul of Aquapel and reacting for 30's before washing
with Novec 7500 (3 M). The channels were dried by air suction and kept in an oven
at 65°C until used.

Hydrogel spheres for neural growth used thiolated hyaluronic acid (HA) as a
precursor to enhance neural cell growth. For the synthesis and characterization
of HA, sodium hyaluronate (700kDa, LifeCore Biomedical) was dissolved at
10 mgml™ in distilled DI water. The pH of the HA solution was adjusted to 5.5
using 0.1 M HCL. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was
dissolved in DI water at the appropriate molar ratio (0.25X unless otherwise
stated) immediately before addition to HA solution. Molar ratios in all cases are
reported with respect to carboxyl groups on glucuronic acid moieties of HA.
N-hydroxysuccinimide (Acros Organics) was then added at half of the molar ratio
of EDC. The pH was then readjusted to 5.5 and the reaction was mixed at room
temperature for 45 min. Then, cystamine dihydrochloride (Sigma-Aldrich) was
added (0.25X molar ratio), pH was adjusted to 6.25 using 0.1 M NaOH and the
reaction continued while stirring at room temperature overnight. Dithiothreitol
(Sigma-Aldrich) was added in excess (4 greater than cystamine) at pH 8. The
mixture was stirred for 1-2h to cleave cystamine disulfides and yield thiolated
HA (HA-SH). The reaction was quenched by adjusting the pH to 4. HA-SH was
purified using dialysis against acidic (pH 4) DI water for 3d in the dark. Purified
HA-SH was filtered through a 0.22 um filter (EMD Millipore), frozen under liquid
nitrogen, lyophilised and stored at —20 °C until use. HA thiolation was confirmed
using the colourimetric Ellman’s test for free thiols.

Fabrication of microparticles for the hydrogel scaffold. Hydrogel microparticles

that assemble to provide a porous scaffold for in vitro culture of neurons were
manufactured from polyethylene glycol (PEG) and HA using a microfluidic
flow-focusing droplet generator. HA-SH and 4-arm vinyl sulfone-terminated

PEG (PEG-VS) (20kDa, Laysan Bio) were crosslinked via Michael-type addition
between thiol and vinyl sulfone functional groups. HA-SH and PEG-VS were
dissolved separately in PBS at pH 7.4. Cysteine-terminated RGD peptide
(GCGYGRGDSPG, GenScript Biotech) was conjugated to PEG-VS by reaction

at room temperature for 1 h before gel formation to provide additional sites

for cell adhesion. These pre-gel solutions were sterile-filtered through a 0.2 um
polyethersulfone membrane in a luer-lok syringe filter, injected into the
microfluidic device and pinched off by an oil phase (0.1% Pico-Surf in Novec
7500, SF-000149, Sphere Fluidics). The flow rates were 10 ulmin~" and 50 pl min~!
for aqueous solutions and oil solutions, respectively. Gels were collected from the
device into a tube in oil phase and incubated overnight at room temperature in the
dark. Microgels in the oil phase were vortexed with 20% 1H,1H,2H,2H-Perfluoro-
1-octanol (Sigma-Aldrich) in Novec 7500 for 10s. Microgels were then mixed with
a 1:1 mixture of HEPES buffer (100x 10 mM HEPES, 40x 10 mM NaCl, pH 7.4)
and hexane, followed by five centrifugations at 10,000 r.p.m. to separate microgels
from oil. Microgels were incubated in sterile-filtered 70% ethanol solution at 4°C
at least overnight for sterilization. Before experiments, microgels were washed with
HEPES buffer five times.

Dissociation and encapsulation of dorsal root ganglion (DRG) cells in the porous
scaffold. Embryonic (day 18) DRG neuron cells from rats were dissociated from
tissue (BrainBits) and incorporated into the microporous hydrogel scaffold.

To dissociate DRG neurons, we first prepared a 100 mgml~" stock solution

of collagenase/dispase in DI water. The stock solution was diluted 1:100 with
Hibernate E storage media without calcium and magnesium (BrainBits) for a final
working solution of 1 mgml™" collagenase/dispase (0.1U/0.8 U). The primary

DRG tissue was placed in cell dissociation solution for 1h and incubated at 37°C
with gentle swirling every 5min. Following incubation, tissue was allowed to settle
and the cell dissociation solution was removed, leaving the tissue at the bottom in
minimal solution. Immediately following this, 2 ml of Hibernate AB (Brainbits) was
added. With a silanized Pasteur pipette, the tissue was triturated ~30X until 90%
dispersed. Supernatant containing the dispersed cells was transferred to a sterile
tube and spun down at 1,100 r.p.m. for 3min. The pellet of cells was resuspended in
1 ml of culture media (NbActiv4 with 25 ng ml~' NGF, BrainBits).

Previously prepared HA-PEG microgels were resuspended, and 40 pl of the
mixed solution was injected into a well plate, followed by 90 min of incubation at
37°C to allow gels to anneal and form a microporous annealed particle scaffold'*.
To incorporate the neurons, aliquots of neurons (4 pl, 50,000 cells) were injected
into the porous scaffolds 45 min into gelation. Cell-laden hydrogel scaffolds were
incubated for another 45 min at 37 °C to allow full annealing before addition of
culture media (150 ul per well in a 96-well plate).

Calcium dye incubation and ultrasound stimulation. Primary DRG neurons within
porous hydrogel scaffolds were incubated with Fluo4 direct calcium assay kit with
250% 10mM stock solution of probenecid. Briefly, 5ml of calcium assay buffer was
mixed and vortexed with 100 pl of probenecid stock solution to create a 2x loading
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dye solution. The dye solution was then added to the cells with media in a 1:1

ratio and incubated for 1 h before imaging to allow sufficient diffusion of the dye
through the hydrogels. For experiments involving TTX (1 pM), o-conotoxin-GVIA
(1pM), GsMTx4 (10 pM) and HC-030031 (10 pM), the chemical was added during
calcium dye incubation (1h). Incubated cells were observed under microscopy
during pFUS stimulation. The ultrasound transducer, function generator and
power amplifier system utilized for pre-clinical hepatic stimulation (and described
above) were coupled to each individual culture well using a custom plastic fitting
on the culture well plate. The plastic fitting allowed for filling of the culture plate
with additional growth media and placement of the plastic standoff cone (described
above) directly on top of this liquid layer for acoustic coupling. The height above
the growth surface of the culture chamber was set to 12 mm to match the focal
position of the transducer (and focal targeting used in the pre-clinical studies),

and the ultrasound stimulus was centred within each neuron culture well using the
20-mm-diameter hole in the centre of the transducer (previously used to insert a
small imaging transducer for targeting in the pre-clinical studies described above).

Metabolomics and transcriptomic measurements. Untargeted metabolomics.
Untargeted metabolomics from blood serum and liver were performed by
Metabolon, Research Triangle Park, NC"'. All samples were prepared at Metabolon
using their automated MicroLab STAR system from Hamilton Company. Briefly,
small molecules were extracted with methanol under vigorous shaking for 2 min
(Glen Mills GenoGrinder 2000), followed by centrifugation. The extract was
divided into five fractions: two for analysis by two separate RP/UPLC-MS/MS
methods using positive ion mode ESI, one for analysis by RP/UPLC-MS/MS

using negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS using
negative ion mode ESI, and one reserved for backup. All methods utilized a Waters
ACQUITY UPLC and a Thermo Scientific Q-Exactive high-resolution/accurate
mass spectrometer interfaced with a heated electrospray ionization (HESI-II)
source and Orbitrap mass analyser operated at 35,000 mass resolution. Quality
control (QC) samples were introduced and spaced evenly with the randomized
experimental samples across the platform run. The median relative standard
deviation (RSD) for the internal standards spiked into each of the study samples
before injection into the MS instrument was 3% for both the liver and blood serum
runs. For the technical replicates created from the experimental samples, the RSD
was 7% and 9% for the liver and serum, respectively. A total of 905 liver and 891
blood serum compounds that were within Metabolon’s QC specifications were
quantified. These compounds were then identified by comparison to Metabolon’s
library (4,500+) entries of purified standards or recurrent unknown entities with
retention time/index (RI), mass to charge ratio (m/z) and chromatographic data
(including MS/MS spectral data). Biochemical identifications were based on:
retention index within a narrow RI window of the proposed identification, accurate
mass match to the library +10 ppm, and the MS/MS forward and reverse scores
computed from the ions present in the experimental spectrum relative to ions
present in the library entry spectrum. Metabolon data analysts also used internally
developed visualization and interpretation software to confirm and curate the

data to ensure accurate identification of true chemical entities and remove those
that are due to system artifacts, mis-assignments, redundancy and background
noise. For some identified metabolites, a symbol at the end of the metabolite

name indicates a specific footnote: *compounds that have not been officially
confirmed on the basis of a standard, but Metabolon stated they were confident

in its identity; **a compound that is a structural isomer of another compound

in the Metabolon spectral library; ***a compound for which a standard is not
available, but Metabolon was reasonably confident in its identity or the information
provided. A total of 816 liver and 792 blood serum metabolites were identified
from the Metabolon library. The metabolite peaks were quantified as AUC detector
ion counts. For the liver samples, the quantified values were normalized to total
protein (Bradford assay) to correct for systematic variation in metabolite levels

due to differences in starting amounts of tissue. All metabolite measures were

then re-scaled to have a median equal to 1. Missing values were imputed with the
minimum scaled value.

RNA sequencing. RNA extraction from tissues and RNA sequencing were
performed at the Roswell Park Cancer Institute, Genomics Shared Resource,
Buffalo, New York'*. Extractions from tissues yield RNA amounts ranging from

11 to 256 pg (median 78 pg). Quality was assessed by the RNA integrity number
(RIN) from a BioAnalyzer (Agilent Technologies). The RIN from all tissue samples
ranged from 3 to 9.9 (median 7.4). Samples with low RIN came from two tissue
types— pancreas (median 4.0 RIN) and adipose (median 4.5 RIN). Sequencing
RNA libraries were prepared using the TruSeq stranded mRNA sample preparation
kit (Tllumina) according to the manufacturer’s instructions, for the RNA from all
tissues except the pancreas and adipose. For these samples, due to lower quality
RIN scores, the TruSeq stranded total RNA sample preparation kit was used.
Sequencing was performed on the Illumina NovaSeq 6000 sequencing platform
that output 100 bp paired-end reads ranging from 14 to 55 (median 20) million
reads per sample. The RNA-seq data were processed at GE Global Research using
established bioinformatics software tools. Base quality control was checked and
found to be excellent using Fast QC v0.10.1 from Babraham Bioinformatics'*>'*".
Sequencing reads were mapped (median 71%) to the annotated rat genome version,

Rattus norvegicus Rnor 6.0.91, using STAR_2.5.3a aligner'*’. Transcript abundance
estimates were then generated using RNA-seq by expectation-maximization
(RSEM)”, which outputs the expected count for each transcript.

Differential transcript expression analysis. Transcript count normalization and
differential expression analysis were performed on all samples using the DESeq2
tool”". The P values attained by the Wald test were corrected for multiple testing
using the Benjamini and Hochberg method. Transcripts with an adjusted P<0.1
were counted as being differentially expressed. Outputs from DESeq2 included
the median ratio normalization values for each transcript of each sample. These
normalized values were used for gene set enrichment analysis (GSEA).

GSEA. GSEA was performed using GSEA (version 3.0) tool97 to identify functional
pathways with the gene set collections of Gene Ontology (GO) biological processes
(C5), Reactome and KEGG curated gene sets (C2) and the hallmark gene sets (H)
available at the Molecular Signatures Database (MSigDB; C5, C2 and H are gene set
names)'”. Diabetes-associated gene sets were assembled from public data sources,
including genes associated with type-2 diabetes mellitus from genome-wide
association studies (GWAS) and other genetic association datasets'**"'*. For GSEA,
the DESeq2 median ratio normalization values were inputted into the GSEA

tool for each gene with a transcript having a log, fold change P<0.2. Gene sets
identified by the GSEA tool to have a familywise error rate (FWER) P<0.1 were
considered significant. The FWER was used over the alternatively provided false
discovery rate (FDR) statistics to minimize false positive findings.

Statistical analysis. All statistical analyses were conducted using the R software
(version 3.6). The Wilcoxon rank-sum test, a nonparametric statistical hypothesis
test, was used to compare any two related samples, unless otherwise stated.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the
manuscript and its Supplementary Information. Source data for the figures are
provided with this paper. The RNA-sequencing datasets generated during the study
are available in the US National Center for Biotechnology Information Search
(NCBI) Gene Expression Omnibus (GEO) repository (series record: GSE197097).
Source data are provided with this paper.
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The source codes used for the data analyses of the study are available on request.
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Extended Data Fig. 1| Hepatic pFUS attenuates hyperglycemia in mice. a. Hepatic pFUS attenuates hyperglycemia in western diet-fed mice. Blood
glucose levels were measured at week 9 (white plots), prior to the stimulation period and week 16 (grey plots), post-stimulation period. Daily stimulated
western diet-fed mice had significantly reduced blood glucose levels across the stimulation period (WD-pFUS, week 9 vs week 16; p-values shown are
derived using nonparametric Wilcoxon rank-sum test and corrected using the Bonferroni method (n=14 per group; Box plot presents the data median,
first and third quartiles and the whiskers are the 1.5 x range (IQR). If no points exceed 1.5 x IQR distance, then the whiskers are simply the minimum and
maximum values). b. Hepatic pFUS attenuates hyperinsulinemia in western diet-fed mice. Insulin levels were measured at week 9 (white plots), prior to
the stimulation period, and at week 16 (grey plots), post-stimulation period. WD-pFUS mice had significantly reduced insulin levels across the stimulation
period (WD-pFUS, week 9 vs week 16, p-values shown are derived using nonparametric Wilcoxon rank-sum test (two-sided) and corrected using the
Bonferroni method (n=10 per group; Box plot presents the data quartiles and whiskers are the minimum and maximum values unless value exceeds the
1.5 x IQR distance).
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Extended Data Fig. 2 | Effect of pulsed focused ultrasound (pFUS) of the porta hepatis on insulin sensitivity in STZ-induced diabetic diet-induced
obesity (DIO) rats, as quantified through hyperinsulinemic-euglycemic clamp'”' (HEC). a) Timeline of experimental interventions. Glucose infusion rate
(GIR) during standardized hyperinsulinemic clamp (glucose values shown in b; n=7)) revealing higher steady state glucose infusion requirement after
pFUS treatment and c) glucose infusion rate area under the curve (AUC) for steady state (n=7; Box plot presents the data median, first and third quartiles
and the whiskers are the 1.5 x range (IQR). If no points exceed 1.5 x IQR distance, then the whiskers are simply the minimum and maximum values).
Plasma hormone change during the clamp including d) glucagon e) epinephrine, f) norepinephrine and g) corticosterone. Values are mean + SEM; p-values
from 2-way ANOVA (GIR); multiple t-tests (hormones); or Wilcoxon rank sum (AUC); n=6 per measurement for D-G.
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Extended Data Fig. 3 | Effect of pulsed focused ultrasound (pFUS) of the porta hepatis on insulin sensitivity in STZ-induced T1D rats, as quantified
through hyperinsulinemic-euglycemic clamp™' (HEC). a) Timeline of experimental interventions (see material and methods for experimental description).
Glucose infusion rate (GIR) during standardized hyperinsulinemic clamp (glucose values shown in b; n=6)) revealing higher steady state glucose infusion
requirement after pFUS treatment and c) glucose infusion rate area under the curve (AUC) for steady state (n=6; Box plot presents the data median,

first and third quartiles and the whiskers are the 1.5 x range (IQR). If no points exceed 1.5 x IQR distance, then the whiskers are simply the minimum and
maximum values). Plasma hormone change during the clamp including d) glucagon, e) epinephrine, f) norepinephrine and g) corticosterone. Values are
mean + SEM.; p-values from 2-way ANOVA (GIR); multiple t-tests (hormones); or Wilcoxon rank sum (AUC); n=5 per measurement for D-G.
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Extended Data Fig. 4 | Short-term effect of focused ultrasound (pFUS) of the porta hepatis on insulin sensitivity in healthy swine, as quantified through
hyperinsulinemic-euglycmic clamp (HEC). a. Representative data from an HEC experiment. Under continuous, constant infusion of insulin at a rate of
0.5 mU/kg/min, glucose infusion rate (GIR) was adjusted every 5 minutes according to a formula’®' to achieve euglycemia (defined as baseline glucose
concentration £10%) and maintained for > 30 min (grey shaded area). In this example, GIR at euglycemic equilibrium was 3.5 mg/kg/min. The quality
of the HEC was assessed by calculating the normalized coefficient of variation (CV) of the glucose concentration and GIR for the duration of euglycemic
equilibrium. In this experiment, CV for glucose was 6.92% and for GIR was 6.51%. b. In step-clamp experiments, euglycemic equilibrium GIR values were
calculated for different insulin infusion rates (lIR) in 2 animals. Based on this data, we decided to conduct pFUS experiments at IIR of 0.5 mU/kg/min,

as the slope of the GIR curves, and therefore the sensitivity of the method to resolve changes in insulin sensitivity, decreased at higher lIRs. €. Example

of a pFUS experiment, after establishing HEC (CV for glucose 2.85%, for GIR 0%). pFUS of the porta hepatis was applied for 4 minutes (blue shaded
area), after which GIR was adjusted, just like before, to maintain euglycemia. Increase in GIR after pFUS reflects increased insulin sensitivity. d. Imaging
of the porta hepatis in swine. Left: Noninvasive imaging (probe placed on skin). Right: Invasive imaging (probe placed on top of PH after it was surgically
accessed). e. Example of a sham-stimulation experiment in an animal that previously underwent pFUS stimulation. In the sham-stimulation experiment,
once HEC was established, the US probe was operated in imaging mode (with ultrasound power off). In the pFUS experiment (results previously shown
in Fig. 3) performed in the same animal 3 days later, HEC was established like before and noninvasive pFUS stimulation was delivered. See Methods for
experimental descriptions.
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Extended Data Fig. 5 | Histochemical analysis of hypothalamic neural pathways associated with response to pFUS after 20 days of daily stimulation
in the ZDF model. a. cFOS immunohistochemistry images show the number of activated neurons in unstimulated (left) versus pFUS stimulated (right)
animals. Images were segmented on the paraventricular nucleus (PVN; green), dorsal medial nucleus (DMN; yellow), ventromedial nucleus (VMN; red),
arcuate nucleus (ARC; blue), and lateral hypothalamus (LH; purple) Scale bar = 200 microns. b. Data showing the percent change in the number of cFos
expressing cells with pFUS compared to sham controls in each segmented hypothalamic region (PVN, DMN, VMN, ARC, LH), images shown represent
one set of sham versus stimulated paired (n=3; data shown as mean +s.e.). ¢. Histochemical analysis of paraffin-embedded rat brain tissue labeling
BDNF antibody showing the unstimulated control (left) and pFUS stimulated animals (right). As observed an increase in BDNF staining was visible in the
hypothalamus (with prominence in the arcuate and ventromedial hypothalamus), thalamic and hippocampal brain regions. Images are included as partial
coronal sections to demonstrate total BDNF activation by pFUS across a number of brain regions. d. Histochemical analysis of paraffin embedded rat
brain tissue labeling GLUT-4 receptor antibody showing hypothalamic (left) and hippocampal (right) staining patterns. As observed an increase in both
hypothalamic and hippocampal GLUT-4 translocation occurred following hepatic pFUS (right) as compared to unstimulated sham controls (left).
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Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection.

Data analysis Metabolomics: All samples were prepared at Metabolon using their automated MicroLab STAR system from Hamilton Company (see
Methods). Transcriptomics: The RNA-seq data was processed at GE Global Research using established bioinformatics software tools. Base
quality control was checked and found to be excellent using Fast QC v0.10.1 from Babraham Bioinformatics [Ref. 130]. Sequencing reads were
mapped (median 71%) to the annotated rat genome version, Rattus norvegicus Rnor 6.0.91, using STAR_2.5.3a aligner [Ref. 131] Transcript-
abundance estimates were then generated using RSEM, which outputs the expected count for each transcript. Transcript-count normalization
and differential expression analysis were performed on all samples using the DESeq2 tool. Gene set enrichment analysis (GSEA) was
performed using GSEA (version 3.0) tool [Ref. 97] to identify functional pathways with the gene set collection Gene Ontology (GO) biological
processes (C5), Reactome and KEGG curated genes sets (C2) and the hallmark gene sets (H) available at the Molecular Signatures Database
(MSigDB) (see Methods). All statistical analyses were conducted via the R software (version 3.6). The Wilcoxon rank-sum test, a non-
parametric statistical hypothesis test, was used to compare any two related samples, unless otherwise stated.
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The main data supporting the results in this study are available within the manuscript and its Supplementary Information. Source data for the figures are provided
with this paper. The RNA-sequencing datasets generated during the study are available (details provided in the Data availability section).
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Sample size The studies involved the use of vertebrate animals, and original preliminary tests were completed at GE Global Research (GRC) in Niskayuna,
New York. GRC has its own Institutional Animal Care and Use Committee (IACUC), and all studies using animals were conducted under IACUC-
approved protocols. The center has all state required certifications for animal use, and maintains appropriate assurances on file with the
Office of Laboratory Animal Welfare (OLAW), and is fully accredited by AAALAC International.

Submitted protocols included the following sample-size analyses: A statistical power of 0.8 was achieved using a minimum of 6 rats per
condition, and was required to have sufficient power to reject the null hypothesis (on the basis of our preliminary data; plus additional rats to
allow for drop-out and/or other variabilities).

This analysis was based on preliminary data outlined in: Cotero, V., Fan, Y., Tsaava, T. et al. Noninvasive sub-organ ultrasound stimulation for
targeted neuromodulation. Nat Commun 10, 952 (2019), https://doi.org/10.1038/s41467-019-08750-9; and Puleo and Cotero; Noninvasive
Neuromodulation of Peripheral Nerve Pathways Using Ultrasound and Its Current Therapeutic Implications Cold Spring Harb Perspect Med
February 2020; 10:a034215.

Data exclusions  No data were excluded.

Replication Replication was performed across institutions. The original whole blood glucose/HOMA-IR results (from GE Research) were first reproduced
by third-party Feinstein Institutes for Medical Research (FIMR). OGTT measures were also performed at both institutions in multiple animal
models. Hyperinsulinemic/euglycemic clamps were first performed at Yale University, and then replicated at FIMR in a different model or
species. In vitro ion-channel blocker studies were first performed at UCLA, and then replicated in vivo at the GE facility. Additional nerve-
recording confirmation was performed at AMC, supporting ELISA/IHC data at the GE site.

Randomization  All animals were randomly assigned into treatment vs. sham groups as described in Methods. The exceptions involve the swine non-terminal
studies, in which each animal was tested with pFUS and sham (that is, serving as their own internal control).

Blinding The investigators stimulating the animals knew if the pFUS system was on or off during the procedures (this was necessary, to enable
stimulation with the active pfUS instrument or sham).
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Antibodies

Antibodies used ELISA kits were purchased and used as specified by the vendors.
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Insulin (Cat# 90060), leptin (Cat: 90040) and GLP-1 (Cat: 81507) ELISA kits were purchased from Crystal Chem (Elk Grove Village, IL).

IRS-1 (F34735), ghrelin (LS-F39413), GLUT4 (LS-F5891), NPY (LS-F5408), POMC (LS-F8723), KATP channel (LS-F8492-1), AMPK (LS-
F36060) ELISA kits were purchased from LS-Bio (Seattle, WA).

Glutamate (ab83389), Glycogen (ab65620) and BDNF ELISA kits were purchased from Abcam (Cambridge, MA).
The GABA (E4457) ELISA kit was purchased from Biovision (Milpitas, CA).
IHC and cFOS: Primary antibody c-Fos (Santa Cruz-SC52; sc-166940)
Validation Validation procedures of antibodies at GE have been published:
Michael J. Gerdes et al. Proc. Natl. Acad. Sci. USA, 110 (29) 11982-11987 (2013); DOI: 10.1073/pnas.1300136110, and

Cotero, V. et al. Noninvasive sub-organ ultrasound stimulation for targeted neuromodulation. Nat Commun. 10, 952 (2019); https://
doi.org/10.1038/s41467-019-08750-9

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Adult male ZDF rats (Charles River, Kingston, NY USA) were ordered for arrival prior to 8 weeks of age. Adult male Sprague-Dawley
rats (Charles River, Kingston, NY USA) were ordered to arrive at 8 weeks of age. Upon arrival, the animals were placed on a high-fat
diet (45% kcal as fat; Research Diet, D12451; New Brunswick, NJ) and maintained consistently for 8 weeks. Following 8 weeks of a
high-fat diet, rats were treated with streptozotocin (STZ; 30mg/kg in 0.1M citric acid buffer, pH=4.5 i.p.); 6-8 week old C57BL/6J mice
(Jackson Laboratories, Bar Harbor, ME) were fed regular chow for 10 d in a reverse light cycle room, and then switched to a Western
Diet (WD, D12492, 60% kcal from fat + sugar supplemented water 55% fructose, 45% sucrose), or its corresponding isocaloric low-fat
control diet (10% kcal from fat) for 16 weeks. Mice in the high-fat WD group received sugar-supplemented water (55% fructose, 45%
sucrose).; Adult male Yucatan miniature pigs (Exemplar Genetics, Sioux Center, IA) weighing 50-55 kg were examined by an
attending veterinarian on arrival to the facility.

Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight GE: All procedures performed were done in accordance with the National Institutes of Health (NIH) Guidelines, under protocols
approved by the Institutional Animal Care and Use Committee (IACUC) of GE Global Research.

FIMR: All procedures were performed in accordance with the National Institutes of Health (NIH) Guidelines, under protocols
approved by the Institutional Animal Care and Use Committee (IACUC) of the Feinstein Institutes for Medical Research, Northwell
Health.

Yale: All the animal procedures were approved by the Yale University Institutional Animal Care and Use Committee.; AMC: All animal
use in the study complied with the National Institutes of Health and Albany Medical College (AMC) Institutional Animal Care and Use
Committee (IACUC) guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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