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Abstract Frailty is classically associated with 
advanced age but is also an important predictor of 
clinical outcomes in comparatively young adults with 
cirrhosis. We examined the association of biological 
aging with frailty and post-transplant outcomes in a 
pilot of adults with cirrhosis undergoing liver trans-
plantation (LT). Frailty was measured via the Liver 
Frailty Index (LFI). The primary epigenetic clock 
DNA methylation (DNAm) PhenoAge was calculated 
from banked peripheral blood mononuclear cells; 

we secondarily explored two first-generation clocks 
(Hannum; Horvath) and two additional second-
generation clocks (GrimAge; GrimAge2). Twelve 
adults were included: seven frail (LFI ≥ 4.4, mean 
age 55  years) and five robust (LFI < 3.2, mean age 
55 years). Mean PhenoAge age acceleration (AgeAc-
cel) was + 2.5 years (P = 0.23) for frail versus robust 
subjects. Mean PhenoAge AgeAccel was + 2.7  years 
(P = 0.19) for subjects who were readmitted or died 
within 30  days of discharge post-LT versus those 
without this outcome. When compared with first-
generation clocks, the second-generation clocks dem-
onstrated greater average AgeAccel for subjects with 
frailty or poor post-LT outcomes. Measuring bio-
logical age using DNAm-derived epigenetic clocks 
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is feasible in adults undergoing LT. While frail and 
robust subjects had the same average chronological 
age, average biological age as measured by second-
generation epigenetic clocks tended to be accelerated 
among those who were frail or experienced a poor 
post-LT outcome. These results suggest that frailty 
in these relatively young subjects with cirrhosis may 
involve similar aging mechanisms as frailty classi-
cally observed in chronologically older adults and 
warrant validation in a larger cohort.

Keywords Biological age · Epigenetic clock · 
Cirrhosis · Frailty

Introduction

Frailty is an important predictor of mortality and 
clinical outcomes in adults with cirrhosis even 
though these patients are relatively young while 
frailty is classically associated with advanced age 
[1–5]. Advanced age typically refers to chronological 
age, yet age-related vulnerabilities are likely driven 
by biological mechanisms that may be more or less 
advanced in individuals relative to their chronological 
age. Biological mechanisms of aging may similarly 
underlie frailty [6–8].

One emerging method for estimating biological 
age is by quantifying changes in DNA methylation 
(DNAm) using epigenetic clocks [9]. Multiple epige-
netic clocks currently exist that are distinct in their deri-
vations, tissue specificity, and associations with clinical 
outcomes [9–11]. These DNAm-based clocks can be 
divided into “first-generation” (e.g., Horvath [12]; Han-
num [13]) and “second-generation” (e.g., PhenoAge 
[14]; GrimAge [15], and GrimAge2 [16]) clocks. The 
primary goal of the first-generation epigenetic clocks is 
to predict chronological age, whereas the primary goal 
of the second-generation epigenetic clocks is to predict 
aging-related phenotypes and outcomes, such as mor-
bidity and mortality [16]. For example, DNAm Pheno-
Age (hereafter, PhenoAge) is trained on clinical predic-
tors of age-associated mortality from National Health 
and Nutrition Examination Survey (NHANES) data 
and is associated with several medical conditions com-
mon in older populations [14], while GrimAge is based 
on DNAm surrogates of 12 plasma proteins and smok-
ing pack-years [15]. The difference between an individ-
ual’s predicted age (via epigenetics) and chronological 

age adjusted by chronological age, called age accelera-
tion (AgeAccel), predicts many diseases [17–19]. Thus, 
age is considered to be undesirably “accelerated” when 
biological age is greater than chronological age.

Cirrhosis is a unique context in which to study 
frailty because frailty strongly predicts clinical out-
comes, even though this patient population is rela-
tively chronologically young, and frailty may be 
reversible after transplant [20–22]. Prior studies 
have shown strong associations between a cirrhosis-
specific Liver Frailty Index (LFI) score and worse 
clinical outcomes for frail patients [20, 23, 24]. LFI 
incorporates classical aging-related frailty measures 
including grip strength, chair stands, and balance. 
Frailty in this population is likely driven by both 
disease-related and aging-related mechanisms, with 
the former hypothesized to be more reversible than 
the latter after transplantation. It is unknown if bio-
logical mechanisms of aging play a role in mediat-
ing all frailty in these patients. In other words, it is 
unknown whether cirrhosis is driving accelerated, but 
potentially reversible, biological aging. Better under-
standing the mechanisms of frailty in this population 
could lead to new translational approaches to mitigate 
it and improve outcomes. There is already emerging 
utility for measuring biological age via epigenetic 
clocks in both transplant donors and recipients, which 
may improve the estimation of risk for post-transplant 
complications [25–28]. Less is known about the 
potential applications of measuring biological aging, 
such as via epigenetic clocks, in adults with cirrhosis 
undergoing liver transplant.

Here, we aim to investigate whether accelerated 
biological age, specifically PhenoAge AgeAccel, is 
associated with frailty and other clinical outcomes in 
a feasibility pilot of adults with cirrhosis undergoing 
liver transplantation. We then explored the consist-
ency of our findings across four commonly used epi-
genetic clocks spanning both first- and second-gener-
ation methodologies.

Methods

Participants and study design

This pilot study was conducted as part of the Func-
tional Assessment in Liver Transplantation (FrAILT) 
Study, a prospective study that enrolls ambulatory 
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adults with cirrhosis awaiting liver transplantation. 
FrAILT Study participants who underwent liver 
transplantation at the University of California, San 
Francisco, from 2016 to 2019 and completed biospec-
imen collection at the time of liver transplantation 
(e.g., banked blood and liver tissue) were considered 
for this pilot. As part of the FrAILT Study protocol, 
all participants undergo in-person testing of physi-
cal frailty in the pre-transplant ambulatory setting 
using the Liver Frailty Index, calculated from grip 
strength, timed chair stands, and balance [23]. Partici-
pants who were classified as either frail (Liver Frailty 
Index ≥ 4.4) or robust (Liver Frailty Index < 3.2) were 
then selected in rank order to maximize differences 
between groups; subjects classified as pre-frail were 
excluded.

This study was performed in accordance with the 
ethical standards of the responsible committee on 
human experimentation, specifically approved by the 
University of California, San Francisco Institutional 
Review Board (#11–07513), and with the Declaration 
of Helsinki.

Additional data collection

Participant characteristics were abstracted from the 
electronic medical record, which included age, sex, 
race, ethnicity, body mass index (BMI), indication 
for liver transplant (e.g., cirrhosis due to alcohol use, 
hepatitis C virus, nonalcoholic steatohepatitis, chole-
static disease, or other), laboratory values to calcu-
late the Model for End-stage Liver Disease Sodium 
(MELDNa) score, and medical co-morbidities (diabe-
tes, hypertension).

DNA methylation analysis and epigenetic clock 
generation

Blood was collected at the start of liver transplanta-
tion, prior to administration of intravenous corticos-
teroids. DNA was extracted from peripheral blood 
mononuclear cells (PBMCs) through the centralized 
UCSF Institute for Human Genetics (IHG) Genomic 
Core Facility. Extracted DNA was then analyzed 
by the University of Minnesota Genomics Center, 
where the genome-wide DNA methylation (DNAm) 
status of 850,000 CpG dinucleotide sites was meas-
ured in triplicate using Illumina MethylationEPIC 
arrays [29]. The Illumina EPIC methylation array 

data were read and processed using the R package 
minfi (version 1.440) [30]. Detection P-values com-
paring the total signal for each probe to the back-
ground signal level were calculated to evaluate the 
quality of the samples. No samples with poor qual-
ity (mean detection P > 0.01) were identified. Quan-
tile normalization (preprocessQuantile function in 
minfi) was used to normalize the data [31]. Our pre-
planned DNAm clock, PhenoAge, was calculated 
using the MethylClock R package (version 1.4.0), 
which was also used to calculate the Horvath and 
Hannum clocks. GrimAge and GrimAge2 were cal-
culated using R scripts generated by the authors of 
the original studies.

The first-generation clocks Horvath [12] and Han-
num [13] were optimized to reflect age-related DNAm 
changes and thus predict chronological age. Better pre-
diction of chronological age may worsen the predic-
tion of age-related health outcomes that are mediated 
by biological aging [32]. The second-generation clocks 
PhenoAge [14] and GrimAge [15, 16] were optimized 
to predict clinical outcomes related to aging and mor-
tality, rather than chronological age per se. The devel-
opment of DNAm PhenoAge occurred in two steps 
using data from the National Health and Nutrition 
Examination Survey (NHANES) [14]. First, a compos-
ite biomarker index (PhenoAge) was trained to predict 
aging-related mortality. Second, the epigenetic clock 
(DNAm PhenoAge) was trained to predict the Pheno-
Age composite index. DNAm PhenoAge was validated 
for predicting mortality and various aging conditions 
in four large longitudinal studies [14]. An alternative 
second-generation epigenetic clock, GrimAge, incor-
porated DNAm markers of key plasma proteins that 
increase with age, and a methylation marker of smok-
ing pack-years [15]. The seven included DNAm-based 
surrogates for plasma proteins were adrenomedullin 
levels (DNAm ADM), beta-2 microglobulin (DNAm 
B2M), cystatin C (DNAm cystatin C), growth differen-
tiation factor 15 (DNAm GDF-15), leptin (DNAm lep-
tin), plasminogen activation inhibitor 1 (DNAm PAI-
1), and tissue inhibitor metalloproteinase 1 (DNAm 
TIMP-1) [15]. An update to GrimAge (“GrimAge2”) 
included two additional DNAm-based estimators of 
(log transformed) plasma proteins: high-sensitivity 
C-reactive protein (DNAm logCRP) and hemoglobin 
A1C (DNAm logA1C) [16]. The DNAm estimation of 
each plasma protein included in GrimAge2 was ana-
lyzed for each study subject.
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Age acceleration (AgeAccel) was calculated 
for each sample as the residual of the regression of 
chronological age and predicted age from the epi-
genetic clock. This provides a normalized measure 
indicating whether an individual appears to be bio-
logically older (age acceleration > 0) or younger (age 
acceleration < 0) compared to their age peers. This 
age acceleration metric has been shown to minimize 
spurious associations [19].

Statistical analysis

The percentage of variation in each epigenetic clock 
that was accounted for by chronological age was 
calculated using a coefficient of determination (R2) 
derived from a simple linear regression.

Group differences between frail and robust par-
ticipants were calculated using parametric statistics. 
All analyses were two-tailed, and a P-value was set at 
0.05. Adjustments for potential confounders were not 
made due to the small sample of participants. Statis-
tical analyses and figure generation were performed 
using Prism v9.4.1.

Results

A total of 12 patients with cirrhosis who underwent 
liver transplantation were included in this pilot study: 
seven frail and five robust (Table 1). For both groups, 
the average age was 55 years and approximately 40% 
of the subjects were women. Compared with robust 
participants, the frail participants were more likely to 
have a history of diabetes, hypertension, or non-alco-
holic steatohepatitis, and higher average MELD-Na 
scores at the time of liver transplantation.

First, we investigated the correlation between the 
biological age estimated by PhenoAge and the cor-
responding chronological age (Fig.  1A). Sixty-six 
percent of the variation in biological age estimated 
by PhenoAge was explained by chronological age 
(R2 = 0.66, Fig.  1A). We explored the correlation 
between biological age, estimated by the other four 
clocks, and corresponding chronological age, which 
demonstrated a greater correlation for the first-gen-
eration clocks compared with the second-generation 
clocks (Fig. 2A).

We next explored the average differences in 
AgeAccel by either pre-transplant frailty status or 

post-transplant clinical outcome. Our pre-planned 
analysis focused on the second-generation clock Phe-
noAge, which we hypothesized was more likely to 
show an association with frailty due to its design. The 
mean PhenoAge AgeAccel was + 2.5 years (P = 0.23) 
for frail versus robust subjects (Fig.  1B). When 
comparing subjects by frailty status, differences in 
AgeAccel for frail versus robust subjects were clus-
tered by clock type (Fig.  2B). The mean AgeAc-
cel for the first-generation clocks was − 0.7  years 
(P > 0.5) when comparing frail versus robust sub-
jects (Fig. 2B). However, the other second-generation 
clocks showed mean AgeAccel of + 2.9 years (Grim-
Age; P = 0.18) and + 4.5 years (GrimAge2; P = 0.056) 
(Fig.  2B). We next explored post-transplant clinical 
outcomes by creating a composite outcome encom-
passing death and/or readmission within 30 days of 
hospital discharge following a liver transplant. There 
were five subjects (three frail) who were readmitted 
to the hospital or died within 30 days of hospital dis-
charge, and seven subjects without this outcome. The 
mean PhenoAge AgeAccel was + 2.7 years (P = 0.19) 

Table 1  Baseline characteristics of FrAILT pilot study partici-
pants by frailty status

* Average ± standard deviation

Characteristic Frail (N = 7) Robust (N = 5)

  Age (years)* 55 ± 8 55 ± 8
  Female sex, n (%) 3 (43%) 2 (40%)

Race, n (%)
  White 7 (100%) 4 (80%)
  Asian 0 (0%) 1 (20%)
  Hispanic or Latino ethnicity, 

n (%)
1 (14%) 1 (20%)

Medical history, n (%)
  Diabetes 3 (43%) 0 (0%)
  Hepatocellular carcinoma 1 (14%) 2 (40%)
  Hypertension 5 (71%) 0 (0%)

Etiology of liver disease, n (%)
  Alcohol-associated cirrhosis 2 (29%) 1 (20%)
  Non-alcoholic steatohepatitis 4 (57%) 1 (20%)
  Chronic hepatitis C 1 (14%) 1 (20%)
  Cholestatic disease 0 (0%) 1 (20%)
  Other 0 (0%) 1 (20%)
  Body mass index (kg/m2)* 32.4 ± 8.3 26.5 ± 7.6
  MELD-Na at liver trans-

plant*
24 ± 11 16 ± 9

  Liver Frailty Index* 4.9 ± 0.4 2.7 ± 0.2
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for those with the composite outcome versus those 
without (Fig. 1C). As with frailty status, differences 
in AgeAccel by clinical outcome were clustered by 
clock type. When comparing subjects by clinical out-
come, the first-generation clocks demonstrated mean 
AgeAccel differences of less than 1 year (P > 0.5) for 
those who experienced this poor clinical outcome 
versus those without this outcome (Fig. 2C). In con-
trast, the second-generation clocks tended, on aver-
age, to demonstrate accelerated aging for the subjects 
with poor clinical outcomes (Fig. 2C).

The subcomponents of GrimAge2, the DNAm 
predictors of individual plasma proteins, show var-
ied associations with specific clinical conditions such 
as steatohepatitis and adiposity [16]. Therefore, we 
explored which subcomponents of GrimAge2 were 
most associated with frailty in this cohort (Supple-
mentary Fig.  1). We found that frail subjects dem-
onstrated increased mean DNAm logCRP compared 
with robust subjects (P = 0.032) (Supplementary 
Fig. 1A).

Discussion

In this pilot of 12 adults with cirrhosis undergoing 
liver transplantation, we established that measuring 
biological age using epigenetic clocks derived from 
DNA methylation data is feasible. As expected, we 
found greater correlations between chronological 
age and the biological ages estimated by the first-
generation epigenetic clocks than the biological 
ages estimated by the second-generation epigenetic 
clocks, as the latter were developed to predict bio-
logical aging-related mortality rather than chrono-
logical age per se. The relatively lower variation in 
chronological age explained by the second-genera-
tion clocks in this cohort was expected, given that 
the cohort is relatively young with a narrow range 
of ages—yet a wide variation in frailty status. In 
aggregate, both frail and robust subjects had the 
same average chronological age, but we observed 
that second-generation estimates of biological age 
tended, on average, to be accelerated among those 
who were physically frail and decelerated among 
those who were physically robust. As hypothesized, 
we also observed a trend for AgeAccel, when esti-
mated using second-generation clocks, to be greater 
in subjects who experienced a poor clinical outcome 
(death or hospital readmission). While neither of 
these comparisons met the threshold for statistical 
significance (P < 0.05), the consistent direction of 
these differences across the three second-generation 
clocks provides provocative evidence to justify fur-
ther investigation in an adequately powered cohort. 
Lastly, we found that among the subcomponents 
of GrimAge2, DNAm estimations of CRP showed 
the strongest difference between frail and non-frail 
subjects.

To our knowledge, this is the first study of the 
relationship between biological age and frailty in 
a cirrhosis/liver transplant cohort. Cirrhosis and 
liver transplant is a uniquely powerful model for 
studying the relationship between disease, aging, 
and frailty. Most patients are relatively young, 
but recent research has revealed that they become 
frail in ways highly reminiscent of classical aging-
related frailty, a frailty index is strongly predic-
tive of outcomes, and, most interestingly, frailty is 
to some extent reversible after transplant. It is not 
yet clear if frailty driven primarily by a single dis-
ease process (cirrhosis) is the same process as the 

Fig. 1  DNA methylation 
(DNAm) PhenoAge data 
for pilot study of FrAILT 
participants. A Linear 
regression of DNAm Phe-
noAge versus chronological 
age. B DNAm PhenoAge 
age acceleration in years 
by LFI frailty status (frail, 
LFI ≥ 4.4; robust LFI < 3.2). 
P-value by unpaired T test. 
C DNAm age acceleration 
in years by clinical outcome 
(death or readmission 
within 30 days of discharge 
versus neither). P-value by 
unpaired T test
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classical multisystem aging/multimorbidity-driven 
frailty in old age. A cirrhosis/liver transplant cohort 
provides an opportunity to separate frailty from 
advanced chronological age, and indeed, we found 
a pilot signal that biological aging is accelerated 
in these young but frail patients. Importantly, this 
signal was only present for second-generation clock 
estimates, which likely reflects how these clocks are 
optimized to predict aging phenotypes, as opposed 
to the first-generation clocks that are optimized to 
predict chronological age. These pilot data sug-
gest that the pathophysiology of frailty in cirrhosis 

may indeed involve similar mechanisms of aging 
as frailty in older adults, either in addition to or 
downstream of cirrhosis-specific pathophysiology. 
A prior study found similar biological age accel-
eration in chronic kidney disease which was ame-
liorated by renal transplantation [33], supporting 
the hypothesis that biological aging may be down-
stream of multiple disease-specific pathophysiolo-
gies and therefore a plausible target for both risk 
prediction and therapeutics across multiple condi-
tions. It is possible that optimal prediction of clini-
cal outcomes in such multifactorial conditions can 

Fig. 2  DNA methylation (DNAm) data for first-generation 
(Hannum; Horvath) and additional second-generation (Grim-
Age; GrimAge2) epigenetic clocks for the pilot study of 
FrAILT participants. A Linear regression of DNAm age ver-
sus chronological age for each epigenetic clock. B DNAm 
age acceleration in years by LFI frailty status (frail, LFI ≥ 4.4; 

robust LFI < 3.2) for each epigenetic clock. P-value by 
unpaired T test. C DNAm age acceleration in years by clini-
cal outcome (death or readmission within 30 days of discharge 
versus neither) for each epigenetic clock. P-value by unpaired 
T test
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be made with the same epigenetic clock designed to 
predict crosscutting aging phenotypes.

We also found a statistically significant associa-
tion between frailty and the GrimAge2 DNAm esti-
mation of CRP, but not its other nine DNAm-based 
components. The relationship between elevated 
CRP and frailty is established in other cohorts 
using circulating blood-based measures [34], and 
some studies [35] suggest DNAm-based CRP meas-
ures may outperform circulating CRP as a marker 
of chronic inflammation. The association between 
frailty and elevated DNAm-based CRP identified in 
this cohort supports the hypothesis that the frailty 
experienced by these relatively young patients with 
cirrhosis may be similar to prototypical age-related 
frailty.

A larger study might be able to distinguish to 
what degree (or in which aspects) frailty and the bio-
logical aging that underlies it can be reversed after 
the resolution of the precipitating disease (i.e., after 
liver transplant). Reversing (accelerated) biological 
aging in the context of cirrhosis may provide a proof 
of concept for reversing biological aging in other 
contexts. This pathophysiological question could 
have important implications for the clinical manage-
ment of cirrhosis, by providing better prognostica-
tion of patients whose frailty will best recover after 
transplant, or who are at the highest risk for unfa-
vorable outcomes, as well as potentially suggesting 
pre- or peri-transplant therapies targeting biological 
mechanisms of aging.

Several limitations are noted. This pilot cohort is 
small and incorporates a single blood specimen col-
lection timepoint due to our initial goal of establish-
ing feasibility and testing this concept in this popu-
lation. Thus, there may be residual confounding 
by factors that are different between groups that we 
are unable to control for due to the small number of 
participants. We selected participants from the non-
contiguous frail and robust categories to focus on 
between-group differences and so are unable to ana-
lyze the frailty score as a continuous variable. For the 
purposes of this study, we limited our investigation to 
five commonly used epigenetic clocks spanning two 
main methodologies, though future studies may bene-
fit from the incorporation of additional or customized 
epigenetic clocks to estimate age in different physi-
ological systems.

Conclusions

Measuring biological age via epigenetic clock analy-
sis is feasible in adults with cirrhosis undergoing 
liver transplant. Second-generation clock measures 
of AgeAccel may be associated with both frailty and 
clinical outcomes in these relatively young patients. 
DNA methylation-based measures of CRP are also 
associated with frailty in these subjects. A larger 
study is needed to determine if biological age pro-
vides predictive power for frailty-related outcomes 
independent of clinical frailty measures.
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