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Effect of Increasing Age on Brain

Dystfunction in Cirrhosis
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Patients with cirrhosis are growing older, which could have an impact on brain dysfunction beyond hepatic encepha-
lopathy. Our aim was to study the effect of concomitant aging and cirrhosis on brain inflammation and degenera-
tion using human and animal experiments. For the human study, age-matched patients with cirrhosis and controls
between 65 and 85 years underwent cognitive testing, quality of life (QOL) assessment, and brain magnetic reso-
nance (MR) spectroscopy and resting state functional MR imaging (rs-fMRI) analysis. Data were compared be-
tween groups. For the animal study, young (10-12 weeks) and old (1.5 years) C57BL/6 mice were given either CCl,
gavage to develop cirrhosis or a vehicle control and were followed for 12 weeks. Cortical messenger RNA (mRNA)
expression of inflammatory mediators (interleukin [IL]-6, IL-1p, transforming growth factor § [TGF-f], and mono-
cyte chemoattractant protein 1), sirtuin-1, and gamma-aminobutyric acid (GABA)-ergic synaptic plasticity (neuroli-
gin-2 [NLG2], discs large homolog 4 [DLG4], GABA receptor, subunit gamma 1/subunit B1 [GABRG1/B1]) were
analyzed and compared between younger/older control and cirrhotic mice. The human study included 46 subjects
(23/group). Patients with cirrhosis had worse QOL and cognition. On MR spectroscopy, patients with cirrhosis had
worse changes related to ammonia and lower N-acetyl aspartate, whereas rs-fMRI analysis revealed that these pa-
tients demonstrated functional connectivity changes in the frontoparietal cortical region compared to controls.
Results of the animal study showed that older mice required lower CCl, to reach cirrhosis. Older mice, especially
with cirrhosis, demonstrated higher cortical inflammatory mRNA expression of IL-6, IL-18, and TGF-f; higher
glial and microglial activation; and lower sirtuin-1 expression compared to younger mice. Older mice also had lower
expression of DLG4, an excitatory synaptic organizer, and higher NLG2 and GABRG1/B1 receptor expression,
indicating a predominantly inhibitory synaptic organization. Conclusion: Aging modulates brain changes in cirrhosis;
this can affect QOL, cognition, and brain connectivity. Cortical inflammation, microglial activation, and altered
GABA-ergic synaptic plasticity could be contributory. (Hepatology Communications 2019;3:63-73).

atients with cirrhosis are growing older, and
this demographic
includes patients with greater comorbid con-
ditions."? Most changes of altered cognition in

changing disease now

patients with cirrhosis are due to the sequelac of

hepatic encephalopathy (HE). However, with increas-
ing age, factors independent of liver disease that can
affect cognition need to be evaluated.”) A prior study
has evaluated the role of an altered gut-liver—brain
axis in patients with early stages of the disease, which
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could be related to inflamm-aging.**) There are sev-
eral processes in the brain related to neuroinflam-
mation, aging, gamma-aminobutyric acid (GABA)
physiology, and synaptic plasticity and neuronal dif-
ferentiation that could synergize in the pathogenesis
of the consequences of cirrhosis in the aging brain.®"
8 Specifically, the role of sirtuins, especially sirtuin-1,
which are nicotinamide adenine dinucleotide-depen-
dent enzymes linked with protection against demen-
tia, are being increasingly recognized as modulators
of brain dysfunction with aging.”’ However, their
role in cirrhosis-associated aging is unclear. These
multiple concomitant processes need a translational
approach with human experiences studied in the con-
text of specific brain-related changes in animal mod-
els of cirrhosis to improve insight. Our aim was to
study the effect of concomitant aging and cirrhosis on
brain inflammation and degeneration using human
and animal experiments.

Materials and Methods

HUMAN STUDY
Subjects

We enrolled outpatients with cirrhosis between
65 and 85 years of age and age-matched patients
without cirrhosis or chronic diseases to serve as their
controls after obtaining written informed consent.
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Cirrhosis was diagnosed using liver biopsy, radio-
logic evidence of a nodular liver or portal hyperten-
sion, or endoscopic evidence of varices in the setting
of chronic liver disease. We excluded patients who
were not able to consent; those on psychoactive
drugs or with recent alcohol/illicit drug use (within
3 months); those with prior or current history of or
treatment for overt HE, dementia, or other neuro-
logic diseases; those with end-stage organ failure or
recent hospitalization (<1 month); and those who
had contraindications for magnetic resonance imag-
ing (MRI). Controls were age-matched subjects
without chronic diseases, not on any psychoactive
medications, without organ failures, without chronic
liver disease or alcohol/illicit drug abuse, and able to
give consent and tolerate the MRI. Controls were
recruited by word of mouth or through community
advertisements.

Cognitive and Quality of Life Testing

Both groups underwent cognitive testing using
psychometric hepatic encephalopathy score (PHES)
and EncephalApp Stroop, along with quality of life
(QOL) assessment using the Sickness Impact Profile
(SIP)."1%12 PHES consists of five tests; the SDs
are compared against healthy controls, and the total
sum is added. A low total score indicates poor per-
formance. EncephalApp Stroop has two sections, an
easier Off state, where the subject has to recognize
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the color of the pound or hashtag (#) signs appropri-
ately and touch the screen at the corresponding color,
and a more difficult On state, where the words mean-
ing specific colors are presented in discordant colors.
The time to complete five correct runs in each state
is added with the total time, OffI'ime, OnTime, and
the number of runs required to complete five states.
A higher time required indicates poor performance.
SIP is a 136-question survey that inquires about
health-related changes over the last 24 hours. It has
12 dimensions and two overall domains (physical and
psychosocial) along with a total score. A higher score
indicates a poor QOL.

Brain MRI

Subsequently, all subjects underwent brain MRI for
analysis of MR spectroscopy and resting state func-
tional MRI (rs-fMRI)."> MR spectroscopy focused
on three voxels of interest in the brain: the right pari-
etal white matter, posterior gray matter, and anterior
cingulate cortex. Ammonia-associated consequences
in astrocytes manifest as higher creatine ratios of
glutamate + glutamine and lower myoinositol and
choline.™® On the other hand, N-acetyl aspartate
(NAA) is associated with neuronal integrity without
the involvement of ammonia.'®

Resting state networks (RSNs) were computed
trom rs-fMRI data to determine which specific areas
of the brain are functionally connected during rest
when no activity is being performed.m’lg) Details of
the MRI testing and analysis are in the Supporting
Methods. The protocol was approved by the institu-
tional review board at the Virginia Commonwealth

University (VCU).

ANIMAL STUDY
We performed a further analysis of specific

brain-related processes in animal studies that are
not possible using human experiments in the MRI
scanner or cognitive testing. Given the predominant
changes in the frontal cortex in humans with cirrhosis
and HE, we focused our analysis on this part of the
mouse brain.!®

In the animal study, we used two groups of
C57BL/6 mice. The first group was between 10 and
12 weeks (young), and the second group was 1.5
years of age (old). Both groups were sourced from
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the Jackson Laboratory and underwent similar chow
teeding, monitoring, and acclimatization at the VCU
animal laboratories. Half of the young and old mice
then underwent the development of cirrhosis using
CCl, gavage (1.0 mL/kg) twice a week for 12 weeks
under careful monitoring per our prior protocols.(lg)
The CCl, model was used as a potential model for
our human population with cirrhosis that was pre-
dominantly due to toxic-inflammatory etiologies
and did not use the bile duct ligation model, which
reflects cholestatic cirrhosis etiologies. At week 12,
the mice were killed and liver histology performed.
The frontal cortices were extracted and evaluated for
messenger RNA (mRNA) using real-time quantita-
tive polymerase chain reaction (Supporting Table S1)
for (1) neuroinflammation (interleukin [IL.]-6, IL-1p,
monocyte chemoattractant protein 1 [MCP1], and
transforming growth factor f [TGF-p]); (2) glial/
microglial activation (ionized calcium binding adaptor
molecule 1 [IBA1] and glial fibrillary acidic protein
[GFAP]); (3) synaptic plasticity (discs large homo-
log 4 [DLG4] and neuroligin-2 [Nlgn2]); (4) aging
(sirtuin-1); and (5) GABA physiology (GABA recep-
tor, subunit gamma 1 and subunit B1 [GABRG]I,
GABRB1]). Results were compared between older
and younger mice with and without cirrhosis by
using Kruskal-Wallis and Mann-Whitney tests with
correction for multiple comparisons. Enzyme-linked
immunosorbent assay (ELISA) for cortical IL-6 and
MCP1 and western blot for IBA1 and sirtuin-1 was
also performed (details in supporting data). The pro-
tocol was approved by the Institutional Animal Care
and Use Committee at VCU. All authors had access
to the study data and reviewed and approved the final
manuscript.

Results

HUMAN STUDY
We included 46 subjects, 23 with cirrhosis and

23 without cirrhosis. There were no significant dif-
ferences in demographics of the patients (Table 1).
Patients with cirrhosis had a worse performance on
the cognitive tests and QOL measures compared to
their age-matched controls. The mean Model for
End-Stage Liver Disease score in patients with cir-
rhosis was 9.3 + 4.6, and none of the patients had a
history of prior decompensation.
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TABLE 1. CHARACTERISTICS OF HUMAN
SUBJECTS
No Cirrhosis  Cirrhosis
(n=23) (n=23)
Age (years) 73.6+5 7015
Sex (% men) 65% 70%
Education (years) 161+29 14.8 +£3.1

Diabetes 10 13

Mini-mental status (maximum 30) 288+1.2 284+19
EncephalApp Stroop (high time is worse)
Off time (seconds) 85.4+291 101.2+26.7*
On time (seconds) 105.6 £24.7 142.8 +29.5*
Median runs on 5.0 6.0
Median runs off 6.0 6.0
OffTime + OnTime (seconds) 171.3+£32  228.6 + 69*
PHES (low score is worse)
Number connection-A (seconds) 453+250 54.8+289
Number connection-B (seconds) 102.7 +76.8 152.3 + 69.0*
Digit symbol (raw score) 54.7+18.4 423 +14.5*
Line fracing test (seconds) 1074 +573 104.5+454
Line tracing errors 324+327  423+299
Serial dotting (seconds) 56.5+204 83.7+28.3*
Median PHES -1 -5*
QOL SIP assessment (high is worse)
Total score 14+18 10.4 + 16*
Psychosocial domain 12+35 93+ 11.5%
Physical domain 26+55 104 £ 12.0*

Data presented as mean * SD unless mentioned otherwise.
*P < 0.05 between groups on unpaired # tests or Mann-Whitney
tests as appropriate.

MRI Analysis
MR SPECTROSCOPY

Patients with cirrhosis had a higher average glutamate
+ glutamine creatine ratio and a lower creatine ratio of
choline and myoinositol compared to controls in most
voxels of interest (Fig. 1A-C). There was also a reduction
in NAA concentrations in patients with cirrhosis com-
pared to patients without cirrhosis (P = 0.01, all voxels).

RSN ANALYSIS

We found lower functional connectivity in patients
with cirrhosis compared to controls in two important
networks detected by group-independent component
analysis (Fig. 2): visual RSN (right lingual gyrus, P
= 0.016) and dorsal attention network (DAN)/ventral
attention network (VAN) (left ventrolateral prefrontal
cortex, P = 0.004; right ventrolateral prefrontal cortex,
P = 0.04; and left frontoparietal operculum, P = 0.03).
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ANIMAL STUDY

We included at least six mice in each group. All
younger mice assigned to the CCl, group tolerated
the gavage without any issues and were killed with
the development of cirrhosis at week 12 (Supporting
Fig. S1). On the other hand, the older mice showed
symptoms of sickness with the dose of CCl, used in
the younger mice, and instead of gavaging them twice
per week, we gavaged them once per week for 12
weeks. The exploratory movements of older mice on
CCl, were 60% less than those of the younger mice
on CCl,. In addition, the older mice had a 50% reduc-
tion in grooming behavior and a 40% reduction in
tactile feedback. After the spacing out of the gavages,
the symptoms above resolved, and the mice were then
killed at week 12 with the development of cirrho-
sis (Supporting Fig. S1). As expected, no behavioral
changes were seen as is typical of the CCl, model. The
control mice in both younger and older mice were fed
the same chow as their counterparts and administered
CCl, and were killed at week 12 without evidence of
cirrhosis or steatosis in the studied livers (Supporting
Fig. S1).

Neuroinflammation

Neuroinflammation was significantly higher in the
older mice regardless of cirrhosis but was higher in
older cirrhotic mice with respect to IL-1p, TGF-4,
and IL-6 mRNA expression. MCP1 expression was
equally higher in both cirrhosis groups and was higher
than controls (Fig. 3).

Glial and Microglial Activation

There was significantly higher GFAP and IBA
expression in both cirrhotic groups compared to their
noncirrhotic counterparts. In addition, IBA expression
was higher in the older cirrhotic mice compared to the
younger cirrhotic mice (Fig. 3). These changes were also
reflected in ELISA for IL-1p and MCP1 as well as the
western blot for IBA1 (Fig. 4).

Aging, Plasticity, and GABA

Sirtuin-1 expression was lowest in older mice, simi-
lar to DLG4 expression. On the other hand, NLGN2

was higher in cirrhotic mice with higher expression of

GABRG1 and GABRB1 (Fig. 5).
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FIG. 1. MR spectroscopic results. Creatine ratios of the three metabolites in patients with cirrhosis (red bars) and patients without
cirrhosis (blue bars) are shown as mean + SDs. P values of comparisons are displayed, with * indicating significant difference. (A)
Glutamate + glutamine, (B) myo-inositol, and (C) choline. There was a significantly higher glutamate + glutamine and lower myo-
inositol and choline in patients with cirrhosis compared to patients without cirrhosis (controls) at all sites except PGM glutamate +
glutamine. Abbreviations: ACC, anterior cingulate cortex; Cirr, cirrhosis; NoCirr, without cirrhosis; PGM, posterior gray matter;

RPWM, right parietal white matter.

Discussion

The results of the current study demonstrate that
older patients with cirrhosis have greater cognitive and
QOL impairment compared to age-matched patients
without cirrhosis. This is linked with changes in brain
MR focused on both connectivity and expression of
astrocytic and neuronal changes. These changes were
reflected in the animal data showing that advancing
age is associated with higher neuroinflammation and
modulation of synaptic plasticity and GABA physiol-
ogy with the development of cirrhosis.

With the increasing population of older patients
with cirrhosis, factors other than HE could con-
tribute to the overall neurocognitive burden.®
These lead to an increased burden of older patients
with cirrhosis on the caregivers and the health care
system.??’ With the potential comorbid condi-
tions, including mild cognitive impairment (MCI)
and dementia, potential listing for liver transplant
also becomes difficult.?"?? Therefore, the extent

and potential pathogenesis of these changes are
important to delineate.

We found that the patients with cirrhosis had a
higher cognitive burden than those without cirrhosis,
despite being age matched and free of most comorbid
and decompensating conditions and medications. This
was expressed by worse performance on two validated
testing strategies, the EncephalApp Stroop and PHES,
which test psychomotor speed, cognitive flexibility, and
visuospatial coordination. (312) These tests have prog-
nostic value and, as was found in this case, are also
associated with important patient-reported outcomes,
such as QOL.®*'? The concurrence of aging, poten-
tial covert HE, as well as other comorbid illnesses
would make this an important population for further
study. Although these changes have been described in
younger patients with cirrhosis, the impact of these
changes could be higher in this aging population given
the other potential comorbid conditions.

To study the potential pathophysiology of these

impairments, we performed multimodal brain MRI.
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B DAN/VAN RSN

Control > Cirrhosis

FIG. 2. Resting state network analysis. Significant differences in visual and attentional RSNs in control compared to patients with
cirrhosis are shown. On the left, we show group-level RSNs corresponding to visual and attentional networks. Blue areas on the right
correspond to areas of the brain that have greater functional connectivity to visual RSN (top) and attentional RSN (bottom) in controls
compared to elderly patients with cirrhosis. None of the RSNs were higher in patients with cirrhosis compared to controls. Scale is

Z-transformed independent component coefficients.

MR spectroscopy showed consequences of hyperam-
monemia and neuronal impairment. The consequence of
ammonia-related injury was found with expected higher
creatine ratios of glutamate and glutamine and lower
myoinositol and choline in most voxels of interest.1¥
The reduction in NAA in all three sites points toward
a concomitant reduction in neuronal integrity that is not
typical of ammonia-associated impairment or HE but
rather a neurodegenerating process. These findings were
further bolstered by the rs-fIMRI analysis that studied
the DAN, which is involved in goal-driven attention
processing (top-down), and the VAN, which is involved
in stimuli-driven attention processing (bottom-up).
These two networks have been reported to be preferen-
tially affected in MCI and Alzheimer’s disease.” The
largest cluster of voxels showing differences between
patients with cirrhosis and the control group was found
in the ventrolateral prefrontal cortex, which is part of the
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VAN and may indicate deficits in the ability to reorient
to novel or unexpected stimulus-relevant information
(bottom-up processing). In addition, there were altered
connections with the frontoparietal opercular cortex,
which is associated with verbal and spatial working
memory.(24) The visual cortex RSN that was impaired
in cirrhosis is also important for visual processing,
including visual memory, word processing, and selective
attention. RSN changes have been described in younger
patients with cirrhosis. In hepatitis B cirrhosis, there is
widespread alteration in connectivity in the cortical and
subcortical areas.?” Chen et al.?®) also showed functional
connectivity changes between patients with minimal HE
and other patients with cirrhosis within the DAN (left
superior/inferior parietal lobule and right inferior pari-
etal lobule) and VAN (right superior parietal lobule). In
this study, we did not include younger patients with cir-
rhosis, but prior studies in that group have already shown
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FIG. 3. Cortical inflammation and glial/microglial activation. Comparisons among the four mouse groups. All data are presented
as median and 95% confidence interval (CI). * indicates significant differences by the Mann-Whitney test between cirrhotic and
noncirrhotic mice in the same age group; # indicates significant differences by the Mann-Whitney test between cirrhotic mice in
different age groups. Abbreviations: OCirr, old cirrhosis; OCtrl, old control; YCirr, young cirrhosis; YCtrl, young control.
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FIG. 4. ELISA and western blot changes. Comparisons among the four mouse groups. Data presented in the graphs are median and
95% CI. *P < 0.05, **P < 0.01, ***P < 0.001 indicate significant differences by the Mann-Whitney or Kruskal-Wallis test. Abbreviations:

Cirr, cirrhosis; Ctrl, control; SIRTT, sirtuin-1.

abnormalities in cerebral connectivity compared to
younger controls."® Although similar results were seen
between older individuals with and without cirrhosis, we
additionally found a reduction in NAA on MR spec-
troscopy, which is not found in younger patients with
cirrhosis and HE compared to controls.™ This distinct
change in brain MRI in older individuals is further sup-
ported by the changes seen in the same RSN typically
implicated in aging, MCI, or Alzheimer’s disease in older
patients with cirrhosis. Our findings extend these to the
elderly patients with cirrhosis within the same networks,
albeit in different areas, especially those associated with
verbal and spatial memory and learning.
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The potential mechanisms of these changes in
humans could be related to a combination of inflam-
mation along with changes in synaptic plasticity,
with an overlay of aging and altered neurotransmit-
ter findings. Therefore, our animal model focused on
changes in the cortex of these specific processes. In
the CCl, gavage model, we found that older mice
were more sensitive to the same dose of CCl, com-
pared to the younger models and ultimately required
lesser amounts of the toxin to develop cirrhosis. The
main readout in mice with CCl,-induced cirrhosis
is neuroinflammation. We found evidence of higher

cortical mRNA expression related to IL-6, IL-1,
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FIG.5. Cortical synaptic plasticity and GABA receptor expression. Comparisons among the four mouse groups. All data are presented
as median and 95% CI. * indicates significant differences by the Mann-Whitney test between cirrhotic and noncirrhotic mice in
the same age group; # indicates significant differences by the Mann-Whitney test between cirrhotic mice in different age groups.
Abbreviations: OCirr, old cirrhosis; OCtrl, old control; YCirr, young cirrhosis; YCtrl, young control.
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TGF-B,and MCP1 in the older mice compared to the
younger mice. In addition, IL-6, IL-1f, and TGF-p
were significantly higher in the older cirrhotic mice
compared to the older controls. This indicates that
older mice may have a predisposition toward neu-
roinflaimmation even without cirrhosis, and addition
of the CCl, synergized to worsen this phenomenon.
Neuroinflammation seems to be aided by microglial
and glial activation through GFAP and IBA1 mRNA
and IBA1 protein increase in older mice and follows
the trend seen in younger mice, except with a higher
relative magnitude.>?"

In addition to neuroinflammation, changes related
to aging and synaptic plasticity could play a role in
the synergism between old age and cirrhosis-associ-
ated brain dysfunction. The neuroprotective sirtuin-1,
which is altered in human and animal cerebral cortex
samples in Alzheimer’s disease, was significantly lower
in mRNA and protein expression in older mice, espe-
cially those with cirrhosis.**? This was associated
with a lower expression of DLG4 and higher expres-
sion of NLG2. These findings are important because
DLG4 expression is critical for the formation of
synapses that interact with the excitatory N-methyl-
D-aspartic acid, whereas NLG2 is important to

the GABA-associated inhibitory syn-
apses.%3% DLG4 receptor knockout animals suffer
from defective synaptic plasticity and impaired spatial
learning, whereas NLG2 overexpression is associated
with attention deficit.*¥ Both these cognitive domain
alterations are found in patients with cirrhosis, espe-
cially those with advancing age. In addition to the
increase in NLG2 expression, there was also a higher
expression of GABRG1 and GABRB1 mRNA in
older cirrhotic mice, which could be potentiated by
the NLG2-associated stabilization and maturation
of GABA synapses.***® Ultimately, these changes
paint a more complex picture of the multiple pro-
cesses that can modulate the end product of brain
dysfunction in elderly individuals with cirrhosis that
goes beyond inflammation and could be associated
with increased expression of inhibitory GABA-ergic
synapses.

The current data are limited by the CCl, model,
which does not develop obvious changes in cognition
and sickness behaviors and in which the readout is lim-
ited to brain-associated changes.(37) However, we did
not perform in-depth cognitive assessments, including
the Y-maze and rotorod assessment, in this group and

stabilize
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restricted ourselves to daily evaluation of grooming,
exploratory behavior, lethargy, and tactile feedback.
Therefore, we could not link the mRNA expression
profiles with overt cognitive changes. We specifically
studied the animal models to perform analysis related
to differential gene expressions and proteins that can-
not be achieved in the human context. Although there
is no ideal animal model for HE type C, we selected
the one that would represent our human cirrhosis pop-
ulation as much as possible.®”) We also were not able to
perform immunohistochemistry; however, western blot
analyses of IBA1 and sirtuin-1 showed results that were
reflective of the mRNA analyses. We also did not study
newer pathways linked with bile acids and lactate given
the specific results of the CCl, model compared to bile
duct-ligated and azoxymethane models.***” We also
excluded patients with prior overt HE who were on
medications for it to exclude the overwhelming effect
of that condition on brain function and MR analy-
sis. ! We also did not include younger patients with
cirrhosis as mentioned above, but distinct MR differ-
ences between older individuals with and without cir-
rhosis were observed that drove these overall changes.

We conclude that older patients with cirrhosis have
impaired cognition and QOL related to changes in
brain connectivity and integrity of astrocytic and neu-
ronal structures compared to age-matched patients
without cirrhosis. In animal models of cirrhosis, these
changes are linked with increases in neuroinflamma-
tion and GABA-ergic synaptic plasticity in the cere-
bral cortex with increasing age in cirrhosis. Further
studies are needed in more advanced stages of cirrho-
sis to determine the synergism between advancing age
and cirrhosis.
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