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Rapid breakdown of hepatic glycogen stores into glucose plays an important role during
intense physical exercise to maintain systemic euglycemia. Hepatic glycogenalysis is
governed by several different liver-intrinsic and systemic factors such as hepatic zonation,
circulating catecholamines, hepatocellular calcium signaling, hepatic neuroanatomy, and
the central nervous system (CNS). Of the factors regulating hepatic glycogenolysis, the
extent of lobular innervation varies significantly between humans and rodents. While
rodents display very few autonomic nerve terminals in the liver, nearly every hepatic
layer in the human liver receives neural input. In the present study, we developed a
multi-scale, multi-organ model of hepatic metabolism incorporating liver zonation, lobular
scale calcium signaling, hepatic innervation, and direct and peripheral organ-mediated
communication between the liver and the CNS. We evaluated the effect of each of these
governing factors on the total hepatic glucose output and zonal glycogenolytic patterns
within liver lobules during simulated physical exercise. Our simulations revealed that direct
neuronal stimulation of the liver and an increase in circulating catecholamines increases
hepatic glucose output mediated by mobilization of intracellular calcium stores and
lobular scale calcium waves. Comparing simulated glycogenolysis between human-like
and rodent-like hepatic innervation patterns (extensive vs. minimal) suggested that
propagation of calcium transients across liver lobules acts as a compensatory
mechanism to improve hepatic glucose output in sparsely innervated livers. Interestingly,
our simulations suggested that catecholamine-driven glycogenolysis is reduced under
portal hypertension. However, increased innervation coupled with strong intercellular
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FIGURE 3 | Model of human-like extensive innervation. (A) Schematic representation of the model with human-like extensive innervation to all 15 hepatic layers. (B)
Total hepatic glucose produced increases with strength of gap junction connectivity. (C) Hepatic glucose produced across each layer monotonically decreased from
(Continued)
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weak to strong gap junction connectivity.

FIGURE 3 | the periportal (PP) to pericentral (PC) region for weak and strong gap junction connectivity. (D) A small increase in PP glucose output contributes toward
the higher total glucose output as gap junction connectivity increases. (E) Calcium spiking along the lobule is unsynchronized when there is no gap junction coupling.
Weak and strong gap junction connectivity show synchronized calcium wave propagation from the PC to PP region. Calcium wave velocity increases from a system of

glycogenolysis is regulated primarily by glucagon. However,
the intracellular calcium signals elicited in the three scenarios
were significantly different. In the simulation with uncoupled
hepatocytes, intracellular Ca?t dynamics are unsynchronized,
with the Ca’" spikes for each hepatocyte showing its own
intrinsic frequency (Figure 3E, left). Gap junction coupling
leads to synchronized waves that start in the PC region and
propagate toward the PP region, consistent with Ca?* dynamics
reported in recent literature (Figure3E, middle and right;
Verma et al., 2018; Gaspers et al., 2019). While the period of
Ca?™ waves is very similar between the two coupled systems,
stronger gap junction connectivity resulted in a shorter lag
time (defined as the time between calcium spike maxima of
the extreme PC and PP hepatocytes) and a larger Ca’" wave
velocity compared with the system with strong gap junction
connectivity. However, the system with weak connectivity still
displays increased glucose production relative to the uncoupled
case, calcium dynamics, and wave velocities similar to those seen
experimentally (Robb-Gaspers and Thomas, 1995; Gaspers and
Thomas, 2005). Additionally, the amplitude of Ca*" spikes in
hepatocytes in the PP region was lower compared with that in
mid-lobular and PC regions for both weak and strongly coupled
gap junctions (Supplementary Figure 2).

Modeling Metabolic Response to Synaptic
and Hormonal Signals in a Liver With

Rodent-Like Minimal Hepatic Innervation
Next, we simulated the model innervating only the four
hepatocyte layers residing closest to the portal triad (Figure 4A).
This scheme of minimal neural inputs in the liver parenchyma
serves as a surrogate for the extent of hepatic innervation
generally observed in mice and rats (Reilly et al., 1978; Metz
and Forssmann, 1980; Akiyoshi et al., 1998). In this case, our
simulation results show lobular scale Ca?* dynamics different
from those observed following human-like innervation. Ca?*
waves in periportally innervated lobules start in the PP region
and propagate toward the PC region despite the simulated cell-
intrinsic gradients of intracellular Ca*" signaling parameters
favoring a PC to PP flow of Ca?t waves (Figure 4B). A
combination of direct neuronal stimulus, gradient of circulating
catecholamines along the porto-central axis, and spatial gradients
of cell-intrinsic Ca** signaling parameters were responsible for
the shift in wave start site between the two cases.

Similar to the case with human-like innervation, our
simulations indicate increased total hepatic glucose output with
increasing gap junction connectivity (Figure 4C). Despite the
PP to PC Ca’" wave across the lobule, the PP zonation of
glycogenolysis is preserved (Figure4D). There is consistently
higher hepatic glucose output in the human-like innervation
case vs. the rodent-like innervation case (Figure 4E) irrespective

of gap junction connectivity due to more innervation and
consequently higher catecholamine release at additional neural
synapses. Our simulations show that the hepatic glucose
output in the case of rodent-like innervation exhibiting strong
gap junction connectivity is similar to that of human-like
innervation, indicating the compensatory role played by strong
gap junction connectivity in poorly innervated livers (Figure 4E).

Next, we asked the question: can the PC to PP Ca?*
wave propagation in lobules exhibiting minimal innervation
be restored by modulating systemic catecholamine levels? To
simulate this scenario, we increased catecholamine synthesis
rates by adrenal glands by 20% (Figures 5A,B), as baseline
circulating catecholamine concentrations are higher in rodents,
as reported in de Champlain et al. (1976). Our simulations
revealed that with high gap junction connectivity, Ca?" waves
travel from PC to PP (Figure5C). In addition, a higher
circulating stimulus led to an increase in Ca?* wave propagation
speed and higher hepatic glucose output (Figures 5D,E). Thus,
our simulations revealed a compensatory mechanism for poorly
innervated livers, mediated by stimulation of extra-hepatic
processes, that can mimic Ca?* dynamics and increase total
glucose output to levels near those observed in highly innervated
livers (Figure 5E).

Modeling Metabolic Response to

Hormonal Signals in a Denervated Liver
Next, we explored the overall hepatic glucose response to
hormonal signals in the absence of hepatic innervation
(Figures 6A,B). We were interested in examining whether
gap junction coupling between adjacent hepatocyte layers
would provide a mechanism for local tissue scale coordination
of calcium signaling in the absence of top-down neural
inputs to each hepatocyte layer. We simulated the model
to explore the effect of change in gap junction coupling
on hepatic glucose output in the case of liver denervation.
The denervated state of the liver was represented in
our model by excluding the CNS activation dependent
additional stimulus received by hepatocytes (Kssim 0 in
Equation 16).

Our simulations reveal that total glucose output is diminished
in the completely denervated liver as compared with the
human-like and rodent-like innervated models (Figure 6C).
In denervated livers, Ca** waves start in the PP region and
propagate toward the PC region (Figure 6D). In this case, the
Ca’" waves follow the gradient of circulating catecholamines
across the liver lobule, which is the sole model species regulating
Ca?* response in the absence of innervation. An interesting case
arises for low gap junction conductivity where a superposition
of lobular scale and localized Ca?" responses result in complex
signaling patterns (Figure 6D, t = 2,950). We have previously
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FIGURE 4 | Model of rodent-like minimal innervation. (A) Schematic representation of the model with rodent-like minimal innervation to the first 4 periportal layers. (B)
Calcium waves begin in the PC region despite gap junction connectivity. (C) Total hepatic glucose production increases with strength of gap junction connectivity. (D)
Hepatic glucose production decreases from the PP to PC region with the exception of uncoupled gap junctions. (E) Despite gap junction connectivity, there is an
increase in total hepatic glucose production from the case of rodent-like minimal innervation to human-like extensive innervation.

reported “islands” of synchronized Ca?* response within lobular ~ complex Ca?* signaling patterns across liver lobules. The
scale Ca?t waves in murine livers (Verma et al, 2018). Our  simulated zonation of glycogenolysis in denervated livers is
simulations indicate that low gap junction connectivity in  consistent with that in innervated livers, with PP hepatocytes
combination with extracellular stimulus profiles could drive  exhibiting the highest levels of glycogenolysis (Figure 6E).
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FIGURE 5 | (C) Calcium waves now propagate from the PC to PP regions following a 1.2-fold increase in circulating catecholamine secretion. (D) Strong gap junction
connectivity in a system with increased catecholamine secretion results in PC to PP calcium waves with higher velocities compared with that of a system with normal
catecholamine secretion, in which waves propagate from the PC to PP region with lower velocities. (E) Despite gap junction connectivity, there is an increase in total
hepatic glucose output from a system of normal catecholamine secretion to one with a 20% increase in catecholamine secretion.

In denervated livers, strong gap junction connectivity can
increase hepatic glucose output (Figure 6G). The increase in
hepatic glucose output observed in the simulations can be
attributed to lobular scale Ca** signaling. In our model, PP
hepatocytes show the highest rate of glycogenolysis but the lowest
Ca?*t spiking amplitudes in response to a mobilizing stimulus.
Strong gap junction connectivity results in a more robust
Ca?" spiking in the PP hepatocytes which further increases
glycogenolysis rates.

In the absence of liver innervation, our model simulations
show a PP to PC flow of Ca?* signal in the lobule. However,
ex vivo experiments have revealed that Ca?* waves propagate
from the PC to PP region (Verma et al, 2018). Increasing
the base catecholamine synthesis rate by 1.4-fold from the
adrenal glands as represented schematically in Figures 7A,B,
and restored the experimentally observed directionality of
Ca?*t signal propagation in our simulations (Figure7C). In
addition, there is an increase in hepatic glucose output
compared with simulations of the denervated liver under normal
circulating catecholamine levels (Figure 7E). Total glucose
output is consistent across simulations of liver denervation
with a 1.4-fold increase in rate of catecholamine secretion,
rodent-like innervation with a 20% increase in catecholamine
secretion, and human-like innervation with baseline rates
of catecholamine secretion, all despite varying gap junction
connectivity (Figure 7F). Comparing the results in Figures 6, 7
with that of Figures 4, 5, it appears that strong gap junctional
connectivity is needed as the hepatic innervation diminishes
in order to maintain the calcium spatial patterns elicited by
the integrated effect of circulating and synaptically released
catecholamines in the liver.

Modeling the Impact of Portal
Hypertension Mediated Increase in

Sinusoidal Blood Flow
Next, we investigated the effect of elevated blood flow rates on
hepatic glucose output driven by catecholamines during periods
of increased systemic glucose demand (Figure 8A). We used
Poiseuille’s law to calculate the blood flow rate through liver
lobules corresponding to a 3-fold increase in portal pressure
(see Methods). An increase in blood flow serves as a proxy for
simulating hepatic Ca?* and glycogenolytic dynamics in cases
with increase in portal hypertension. Consistent with clinical
findings (Joly et al., 1967; Gaudin et al., 1991), we simulated
equal rates of catecholamine secretion from the adrenal glands
for normotensive and portal hypertensive cases and focused
our analysis on the interplay of innervation and blood flow to
modulate hepatic glycogenolysis in the two cases.

Simulation results indicate lower hepatic glucose output
with increased rate of blood flow, irrespective of the extent

of innervation (rodent-like minimal or human-like extensive)
and the gap junction connectivity, suggesting that the capacity
of the liver to break down intracellular glycogen reserves
into glucose is reduced in the case of higher sinusoidal
blood flow (Figures 8B,C). The reduction in hepatic glucose
output is consistent with reduced catecholamine concentration
profiles in the portal compartment (Figures 8D,E). Systemic
catecholamines also experience a decrease in concentration
during portal hypertensive cases as the glucose synthesized
by hepatocytes enter the systemic compartment faster during
periods of increased blood flow. This is reflected by a
lower drop in systemic glucose during portal hypertension,
as displayed in Supplementary Figure 3A. In addition, the
simulated hemodynamic changes lead to a redistribution of
circulating catecholamines across the lobule resulting in altered
glycolysis rates throughout the lobule. Increase in blood flow
rates results in a shallower gradient of circulating catecholamines
(Supplementary Figures 3B,C). The effect of catecholamine
redistribution through the lobule is reflected in the simulated
zonal contribution of hepatocytes toward total hepatic glucose
output. In rodent-like and human-like innervation schemes,
hepatocytes closer to the PC (PP) region showed higher
(lower) glucose output in the hypertensive case compared with
the normotensive case, as indicated by the PP hepatocytes
lying below and PC hepatocytes lying above the diagonal line
(Figures 8E,G).

Interestingly, our simulations show that intercellular
communication and extent of innervation played an important
role in hepatic glucose response to hormonal/neural signals
in the case of elevated sinusoidal blood flow. For rodent-
like innervation, hepatic glucose output was highest
for strong gap junction connectivity in normotensive
as well as hypertensive cases (Figure8H). However, for
human-like innervation with portal hypertension, hepatic
glucose output is highest when gap junction connectivity
is weak (Figure8I). Our simulations thus show that in
addition to zonation and Ca’?* signaling, blood flow could
add as an additional factor regulating lobular patterns

of glycogenolysis.

Due to redistribution of circulating catecholamines
discussed previously, Ca** response is dampened in
the portal hypertensive case. Increased intercellular

communication (i.e., stronger gap junction connectivity)
led to an improved intracellular Ca** response in the PP
hepatocytes (Supplementary Figures 4A,B) and consequently,
to a net increase in hepatic glucose output compared with the
weakly coupled system given rodent-like minimal innervation
(Figure 8H). In a system with human-like extensive innervation,
however, weak gap junction connectivity resulted in the highest
total glucose output due to a higher overall Ca** signal resulting
in minimal increases in midlobular and PC glucose production
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FIGURE 8 | Model of an innervated liver with hypertensive-like blood flow. (A) Schematic representation of a liver with hypertensive-like blood flow and innervation
tuned to species. (B) Total hepatic glucose production is higher in a system of rodent-like innervation with normotensive conditions compared with hypertensive
conditions, despite gap junction connectivity. (C) Total hepatic glucose production is higher in a system of human-like innervation with normotensive conditions
compared with hypertensive conditions, despite gap junction connectivity. (D) The hepatic norepinephrine concentration decreases in the PP region and increases in
the PC region during hypertension relative to normotensive conditions. (E) The hepatic epinephrine concentration also decreases in the PP region and increases in the
PC region during hypertension relative to normotensive conditions. (F) Given minimal rodent-like innervation, PC (PP) hepatic layers show higher (lower) glucose
output in the hypertensive case as compared with the normotensive case. (G) In agreement with rodent-like innervation, extensive human-like innervation simulations
also show PC (PP) hepatic layers with higher (lower) glucose output in the hypertensive case as compared with the normotensive case. (H) Total glucose output was
highest when gap junction connectivity was strong in the case of minimal rodent-like innervation. (I) Total glucose output was highest when gap junction connectivity
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relative to the system with strong gap junction connectivity increased stimulation of the adrenal glands to release systemic

(Figure 8I; Supplementary Figures 4C,D). hormones. We expanded the model further to include 15
hepatic layers, and incorporated calcium signaling to capture
DISCUSSION the effect of gap-junction mediated Ca>* responses on hepatic

glycogenolysis. Our simulations show that hepatic glycogenolysis
In this work, we presented a systematic analysis of the regulation ~ is regulated primarily by glucagon and that catecholamine
of Ca®" signal propagation and hepatic glucose production by  induced Ca®t dynamics result in only small increases. In all
zonation, multi-organ interactions, and cell-cell communication ~ simulated cases, there is a PP to PC zonation of glycogenolysis
in different modes of hepatic innervation. Starting with a  within liver lobules. However, lobular scale Ca** dynamics
previously developed model of hepatic glucose metabolism  are different despite the initialization of the cell-intrinsic Ca**
(Ashworth et al., 2016), we added the effects of CNS activation  signaling parameters being the same across all simulated cases.
on the liver directly through innervation and indirectly through ~ Variability in spatio-temporal Ca?" dynamics in liver lobules
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can cause small perturbations in glycogenolysis rates in different
hepatocyte layers.

Our simulations demonstrate that the complex interplay
of intracellular and multi-organ interactions can override the
default modes of Ca?t dynamics and spatial distribution of
glycogenolysis in liver lobules. It has been experimentally shown
that cell intrinsic Ca** signaling components are overexpressed
in the PC region compared with the PP region. This leads
to propagation of Ca’* waves from the PC region to the
PP region in gap junction coupled hepatocytes. However, our
simulations indicate that depending on the extent of innervation
and circulating catecholamines, Ca>* waves can start at different
points in lobules showing canonical zonation patterns. Although
glycogenolysis is consistently higher in the PP region in all
the simulated cases, innervation, gap junction connectivity and
circulating catecholamines can influence total hepatic glucose
production across liver lobules differentially. Additionally, our
simulations show that increased gap junction connectivity
resulted in increased hepatic glucose synthesis.

We note that across many simulated cases, the difference
in magnitude of total hepatic glucose output is small. One
of the key factors likely responsible for the small differences
is initialization of cell-intrinsic metabolic and Ca®* signaling
parameters. Cell-intrinsic parameters are held constant across all
simulations, with the same values used in Ashworth et al. (2016)
and Verma et al. (2016), for ease of interpretation of simulation
results. However, we expect there to be substantial inter-subject
variability, and possibly distinct zonation profiles across liver
lobules in these parameters. Nevertheless, our analysis provides
qualitative insights into the trends of shifts in intra-hepatic
processes that can be expected when modulating key processes.
High-resolution proteomic data acquired for model calibration
using novel high throughput techniques such as matrix assisted
laser desorption ionization (MALDI) will enable more precise
quantification of these differences.

Gap junction-mediated synchronization of Ca?* signal
propagation has been investigated experimentally in the context
of cholestasis, chronic ethanol adaptation, and, more recently,
hepatic metabolism (Kruglov et al., 2011; Bartlett et al,
2017; Gaspers et al,, 2019, 2021). Our simulations provide
novel predictions regarding catecholamine-induced hepatic
glycogenolysis in portal hypertension and the role of gap
junctions in hypertensive human subjects. Our simulations
indicate lower glycogenolysis in highly innervated livers
during periods of increased systemic glucose demand under
hypertension. Under normal blood flow rates, increase in gap
junction coupling leads to increased hepatic glucose output in
highly innervated livers. In contrast, hepatic glucose output from
highly innervated livers with portal hypertensive blood flow is the
highest under weak gap junction coupling. These results suggest
that hepatic blood flow is an additional regulatory component
that can modulate hepatic glycogenolysis.

Our simulations show that stimulation of adrenal glands by
the CNS and the resulting increase of systemic catecholamines
can reverse the suppression of hepatic glycogenolysis caused by
loss of liver innervation. This is an interesting case in which
the site of catecholamine release (adrenal glands) is distinct

from the organ of interest (the liver) and is mediated by a
third remote entity (CNS), capable of reversing glycogenolytic
effects. Novel targeted therapies, rooted in peripheral organ
stimulation of the heart (Hanna et al,, 2021), gut (Ma et al,,
2019), and stomach (Tan et al., 2021) have gained increasing
attention recently. The present results using multi-scale modeling
of complex interactions between multiple organs across different
spatial and temporal scales can support future studies to develop
and test neurostimulation therapies. This work and similar efforts
could provide a computational proof-of-concept platform for
assessing feasibility of such therapies, in addition to providing
useful mechanistic insight into the underlying phenomena.

In this research, we combined a model of hepatic energy
metabolism (Ashworth et al., 2016) with a model of lobular
scale Ca’* signaling (Verma et al, 2016) and added multi-
organ interactions to explore the zonal patterns of hepatic
glycogenolysis across liver lobules. Similar strategies could
be used to explore interesting extensions of our study. For
example, the integrated model considers a one-dimensional
liver lobule wherein each hepatocyte has either one or two
adjacent hepatocytes. Extension of the model to 2-D, 2.5-D,
or 3-D cases would be capable of describing a more realistic
case with multiple cell-cell interactions between hepatocytes
and their effect on overall hepatic glycogenolysis. Availability of
specialized applications such as CompuCell3D (Swat et al., 2012)
could facilitate building and simulations of spatially accurate
computational models. The scope of the model can be further
increased by integrating larger models of hepatic physiology
such as HepatoNet (Gille et al., 2010). The model can also be
extended for computational investigation of disease pathologies
such as the interaction of endoplasmic reticulum (ER) stress
and hepatic insulin resistance. The mechanisms of obesity
associated ER stress and its role in hepatic insulin resistance
are well-documented (Kim et al., 2015; Villalobos-Labra et al.,
2019). Additionally, ER stress could impact intracellular Ca?*
signaling adversely (Krebs et al., 2015). Inclusion of these relevant
mechanisms into the current model could provide further insight
into the lobular scale Ca** dynamics and energy metabolism
in liver lobules. The extent to which insulin resistance can be
reversed by therapeutic strategies targeting intra-hepatic and
systemic signals and processes can then be elucidated.
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