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Abstract The liver, as a crucial metabolic organ, 
undergoes significant pathological changes during the 
aging process, which can have a profound impact on 
overall health. To gain a comprehensive understand-
ing of these alterations, we employed data-driven 
approaches, along with biochemical methods, his-
tology, and immunohistochemistry techniques, to 
systematically investigate the effects of aging on the 
liver. Our study utilized a well-established rat aging 
model provided by the National Institute of Aging. 
Systems biology approaches were used to analyze 
genome-wide transcriptomics data from liver sam-
ples obtained from young (4–5 months old) and aging 

(20–21  months old) Fischer 344 rats. Our findings 
revealed pathological changes occurring in various 
essential biological processes in aging livers. These 
included mitochondrial dysfunction, increased oxi-
dative/nitrative stress, decreased NAD + content, 
impaired amino acid and protein synthesis, height-
ened inflammation, disrupted lipid metabolism, 
enhanced apoptosis, senescence, and fibrosis. These 
results were validated using independent datasets 
from both human and rat aging studies. Further-
more, by employing co-expression network analy-
sis, we identified novel driver genes responsible for 
liver aging, confirmed our findings in human aging 
subjects, and pointed out the cellular localization of 
the driver genes using single-cell RNA-sequencing 
human data. Our study led to the discovery and vali-
dation of a liver-specific gene, proprotein convertase 
subtilisin/kexin type 9 (PCSK9), as a potential thera-
peutic target for mitigating the pathological processes 
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associated with aging in the liver. This finding envi-
sions new possibilities for developing interven-
tions aimed to improve liver health during the aging 
process.

Keywords Systems biology · Network biology · 
Transcriptomics · PCSK9 · Liver · Metabolism · 
Aging · Rat model

Introduction

The global aging population is on the rise, with the 
United Nations estimating that there were 727 million 
individuals aged over 65  years old in 2020, a num-
ber projected to double by 2030 [1]. This increase in 
life expectancy can be attributed to improved living 
conditions and advancements in medical technolo-
gies. However, aging remains a significant risk factor 
for numerous diseases, placing a strain on healthcare 
systems [2]. Aging is characterized by declining func-
tions of organs, metabolism, and other bodily func-
tions [3], including the liver [4]. Liver is a key meta-
bolic organ and its pathological alterations during 
aging may profoundly affect overall health and other 
organ systems [5]. Furthermore, the aging population 
is more susceptible to acute liver injuries and chronic 
diseases [6] such as fatty liver diseases and fibrosis. 
Consequently, identifying therapeutic targets to atten-
uate or reverse the aging process remains a challeng-
ing task.

Data-driven and systems biology approaches have 
emerged as powerful tools for unraveling complex 
biological phenomena. These approaches have been 
successfully employed to elucidate the molecular 
profiles of aging using various omics data, includ-
ing transcriptomics [7, 8], metabolomics [9, 10], and 
proteomics [11], from various tissues and blood sam-
ples. They have also facilitated the discovery of new 
therapeutic targets for complex diseases such as non-
alcoholic fatty liver diseases [12] and various types of 
cancer [13, 14]. Specifically, co-expression network 
analysis [15] has been proven to be a robust method 
for identifying driver key analytes in systemic dis-
eases [16, 17].

In this study, we capitalized on the versatility of 
data-driven approaches to systematically identify 
novel biomarkers and treatment targets for liver aging. 
We performed a comprehensive transcriptomics 

analysis combined with histology and biochemi-
cal approaches to uncover the underlying processes 
associated with liver aging, utilizing an established 
rat aging model provided by the National Institute 
of Aging (NIA). We validated our model using two 
independent, rat and human, public datasets. Further-
more, we employed co-expression network analysis to 
identify key processes and genes that hold potential as 
candidate therapeutic targets for liver aging. Finally, 
we assessed the proposed target using population-
based transcriptomics data from the aging group. By 
leveraging these sophisticated approaches, we aim to 
enhance our understanding of liver aging and contrib-
ute to the development of targeted interventions that 
can alleviate the detrimental effects of aging on liver 
health.

Results

Differential expression analysis shows significant 
gene expression changes associated with aging in the 
liver

We generated transcriptomics data from liver tissue 
from a total of 12 Fischer F344 rats, with 6 rats from 
each young (4–5  months) and aged (20–21  months) 
group (Fig. 1A). Principal component analysis (PCA) 
showed a close clustering within each group and sig-
nificant separation between both groups along the 
X-axis, which explained the highest variation of the 
data (Fig.  1B). This confirmed our hypothesis that 
there were significant changes in the transcriptomics 
landscape in the liver during the aging process. Sub-
sequently, we identified differentially expressed genes 
(DEGs) in the aging rats compared to the young 
group. We found 1514 up-regulated and 1390 down-
regulated DEGs in the aging group (Fig. 1C, Supple-
mentary Table 1).

Functional analysis reveals down-regulation of 
mitochondrial-related functions and up-regulation of 
cell death, senescence, and oxidative stress

Subsequently, we performed a functional analysis 
with gene-set enrichment analysis (GSEA) to reveal 
the related altered functions based on changes in the 
transcriptome (Supplementary Table  1) with gene 
ontology biological processes (GO-BP) [18, 19] and 
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KEGG Pathways [20–22]. We identified mitochon-
drial-related functions, including mitochondrial ATP 
synthesis electron transport, respiratory chain com-
plex assembly, mitochondrial gene expression, and 
oxidative phosphorylation significantly decreased 
in the aged group compared to the young (Fig.  2A, 
Supplementary Table  1). Several down-regulated 
genes (Sdha, Igf1, and Bco2) related to mitochondria 
based on GO-BP were among the top 5% of most sig-
nificant DEGs (Supplementary Table 1). To confirm 

these findings, we measured mitochondrial activity 
for complex I, II, and IV in the liver from the valida-
tion cohort (12 rats) and found significant decreases 
in all measured mitochondrial complex activities 
(Fig. 2B–D).

Furthermore, we found down-regulation of oxidative 
phosphorylation and up-regulation of processes asso-
ciated with programmed cell death and senescence in 
the aged group (Fig. 3A). Similarly, functions related to 
oxidative stress, such as positive regulation of reactive 
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oxygen species (ROS) and nitric oxide (NO) biosyn-
thesis and metabolic process, were also up-regulated in 
aging (Supplementary Table 1). Among others, the top 
5% of DEGs related to those were up-regulated, includ-
ing Bmp7, Cd36, Hmox1, and Sirpa (Supplementary 
Table 1). We measured the liver  NAD+ content and found 
that it was significantly decreased in aging rats compared 
to young (Fig. 3B). Consistently with the increased oxi-
dative stress in the aging livers, we observed an increase 
of 4-hydroxynonenal (4-HNE, a stable byproduct of lipid 
peroxidation and a well-established marker of oxidative 
stress) and 3-Nitrotyrosine (3-NT, an oxidative/nitrative 
stress marker) staining in the liver of aging rats compared 
to young ones (Fig. 3C, D).

Aging increases inflammation, immune responses, 
and fibrosis, and alters metabolic functions in the 
liver

We found significantly enhanced inflammatory 
responses in the aging livers, including TNF and 
NF-Kappaβ signaling pathways and response and 
regulation of neutrophils and cytokines (Fig.  4A, 

Supplementary Table  1). We also observed up-reg-
ulation of immune system-related pathways, such as 
B- and T-cell receptor signaling, Th1 and Th2 cell 
differentiation, chemokine signaling, and leukocyte 
transendothelial migration (Fig.  4B, Supplementary 
Table  1). IL-17 signaling pathway was also up-regu-
lated in the aged group. In line with this, we observed 
the increase of CD45 and F4/80 positive inflammatory 
cell infiltration in the livers of aged rats compared to 
young ones (Fig.  4C, D). Furthermore, we observed 
that molecular functions that were known to contrib-
ute to the fibrosis process [23], including cell adhe-
sion and extracellular matrix receptor and disassem-
bly, increased during the aging process in the liver 
(Fig. 5A). This was confirmed by increased Sirius red 
and Masson’s trichrome staining (markers of collagen 
deposition) in livers from aging compared to young 
rats (Fig. 5B, C).

Alteration of metabolic activities in aging livers

Functional analysis also identified that pathways and pro-
cesses related to several important metabolic functions 
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Fig. 2  A Enrichment analysis of known aging-related processes 
showing down-regulation of mitochondrial-related processes in 
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in the liver were significantly down-regulated (Supple-
mentary Table 1). The activity of amino acid metabolism 
pathways, such as branched-chain amino acid (valine, 
leucine, and isoleucine degradation), aromatic amino 
acid (tryptophan, phenylalanine, and tyrosine), and other 
essential amino acid (histidine, methionine, and argi-
nine) metabolic pathways, decreased in the aged group 
compared to young. Other amino acid pathways, such 
as cysteine and serine, glycine, and threonine metabolic 
pathways, were also shown to be down-regulated. We 
also observed significant down-regulation in the gene 
level for other important metabolic pathways, such as 
glyoxylate and dicarboxylate metabolism, ascorbate and 
aldarate metabolism, and the TCA cycle (Supplementary 
Table 1).

To deeper study the metabolic changes in the aging 
process, we performed reporter metabolite analysis to 
understand the effect of the transcriptome landscape 
changes on the metabolite level. To do this, we extracted 
the metabolite-gene relationship from the rat genome-
scale metabolic model, specifically Rat-GEM 1.2.0 from 

the Metabolic Atlas website (https:// metab olica tlas. org/) 
[24], by parsing it using CobraPy [25], and we found 
204 altered metabolites (down-regulated) (Supplemen-
tary Table  1). Among the top down-regulated reporter 
metabolites (Supplementary Table 1), we observed sev-
eral metabolites related to mitochondria (such as ubiqui-
nol, ubiquinone, ferricytochrome C, and ferrocytochrome 
C) and  NAD+. Moreover, on top of metabolites related to 
amino acid metabolism, we also discovered many altered 
metabolites related to glutathione metabolism, includ-
ing GSH and several 5-S-glutathionyl metabolite forms. 
This supports our finding functional analysis results with 
KEGG, where we found the amino acid and glutathione 
metabolism pathways, important players in the aging 
process [26], to be down-regulated.

Aging increases lipid and cholesterol accumulation in 
the liver

Interestingly, the functional analysis showed up-
regulation in fructose and mannose metabolic 
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pathways and also processes related to retinol 
metabolism (Supplementary Table 1). The increased 
level of fructose has been linked to the increase 
in lipogenesis in the liver [27, 28]. Furthermore, 
we observed that biological processes related to 
fatty acid beta-oxidation (including peroxisome) 
and catabolic process and lipoprotein (HDL, LDL, 
TRL) particle remodeling were found to be down-
regulated (Fig.  6A, Supplementary Table  1). In 

our reporter metabolite analysis, we also found 
several alterations of metabolites related to lipid 
and fatty acid metabolism and oxidation, such as 
NAD, NADH, NADP, NADPH, FAD, FADH2, 
and metabolites from the fatty-acyls family (Sup-
plementary Table  1). The hepatic hematoxylin-
eosin (H&E), NAS Score, and Oil Red O staining 
indicated increased inflammation and accumulation 
of lipid deposits in the aging livers compared to 
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young (Fig. 6B, C), which is in line with impaired 
lipid and cholesterol metabolism in the aging liver. 
Finally, to confirm the increase of cholesterol in 
aging populations, we measured the serum choles-
terol level of the young and aging rats from the vali-
dation cohort and found a significant increase in the 
aging rats (Fig. 6D).

Validation with public datasets

To confirm our findings, we collected RNA-seq data 
from two cohorts of independent publicly available data. 
The first cohort was from a multi-tissue aging study in 
6–27-month Sprague-Dawley rats [7]. We selected 
their liver data and calculated the DEGs (FDR < 0.05, 
Supplementary Table 2) between the aged rat (24 and 
27  months, independently) with the youngest group 

(6 months). We found that 1474 (~ 50%) of our DEGs 
were validated in at least 24 or 27  months, with 983 
DEGs of them being in both (Fig. 7A). Moreover, we 
checked the trend of expression of those 1474 DEGs in 
all samples in the study and found that the genes fol-
lowed up- or down-regulation patterns throughout their 
lifetime (Fig. 7B). Furthermore, to check the relevance 
of our model in humans, we used the second valida-
tion cohort from human subjects [29]. We selected 
the samples with no hepatosteatosis and aged below 
30  years old (young) and above 70  years old (aging) 
and calculated their DEGs (P-value < 0.05, Supplemen-
tary Table 2). We found an intersection of 292 DEGs 
between this and our data (Fig. 7C). Like the rat cohort, 
we checked the validated DEGs in their expression 
level and found that they consistently follow the up- or 
down-regulation pattern across subjects (Fig. 7D). We 
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also checked the functions of the up- and down-regula-
tion genes in humans and found that they are associated 
with important functions that we highlighted in the pre-
vious section, including the up-regulation of pathways 

related to inflammatory response and down-regulated 
of amino acid metabolism and oxidative phosphoryla-
tion (Fig. 7E, F). This proved that our aging model was 
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able to capture the important aging genes and translat-
able to humans.

Co-expression network analysis reveals important 
clusters and mechanisms in the aging process

Co-expression network (CN) analysis has been used 
widely to study the functional relationship between 
genes in both healthy and disease states [30]. Here, 
we generate a liver aging CN to reveal the gene-gene 
functional relationships during the aging process in 
the liver. We filtered genes with the lowest 25% vary-
ing genes based on the FPKM (fragments per kilo-
base of exon per million mapped fragments) values 
and generated the network using the same method as 
described in previously published articles [15]. The 

full network can be found in Supplementary Table 3. 
For the downstream analysis, we selected the top 1% 
positively correlated gene pairs with FDR < 0.05 [17]. 
Furthermore, to better understand the network struc-
ture, we split the network into 16 clusters (with > 30 
genes in each cluster, Fig.  8A, Supplementary 
Table 3) by maximizing their modularity scores using 
the Leiden clustering algorithm [31]. Moreover, we 
identified the GO-BP and KEGG pathways associated 
with each cluster to understand their role at the func-
tional level (Supplementary Table 3).

Among 16 clusters, we identified cluster 14 as the 
most central cluster because it has the highest average 
clustering coefficient [32] (Supplementary Table  3). 
Cluster 14 consisted of 43 genes including 29 signifi-
cantly up-regulated genes in the aged group (Fig. 8B). 

Fig. 7  Validation with 
independent cohorts (rat 
and human). A Venn 
diagram showed significant 
intersections of our DEGs 
with independent rat liver 
aging data (PRJNA516151). 
B Expression of the 
1474 intersected genes in 
PRJNA516151 revealed 
their trends in the aging 
process. C Venn diagram 
showed a significant inter-
section of our DEGs with 
independent human liver 
aging data (GSE183915). D 
Expression of the 235 inter-
sected genes in GSE183915 
revealed their trends in the 
aging process. E, F Top 10 
enriched functions of the 
up-regulated and down-reg-
ulated genes in GSE183915
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The majority of the genes in this cluster were associ-
ated with cholesterol and lipid metabolism (Fig.  8C), 
and the biosynthesis of acyl, acetyl, and fatty-acyl-CoA 
(Supplementary Table  3). Furthermore, based on the 
degree centrality analysis, we found Pcsk9, Ky, Fasn, 
and Ephb6 as the central genes in this cluster and the 
network. All those genes were significantly up-reg-
ulated in aging, except Ephb6 (up-regulated, but not 
significant). The CN analysis and serum measurement 
strengthened our findings from functional and reporter 
metabolite analysis, where we found that metabolites 

and metabolic pathways and processes related to lipid 
and cholesterol metabolism played important roles in 
the aging process in the liver.

Higher PCSK9 levels intensify the adverse effect of 
liver aging in human

To find novel biomarkers for liver aging, we decided 
to focus on the genes in the most central cluster in the 
network, cluster 14 (Supplementary Table 4). Out of 29 
DEGs in the cluster, we found 6 validated DEGs (Table 1) 

Fig. 8  Gene co-expression 
network analysis in the 
liver. A Sixteen clusters 
were detected with 10 
down-regulated clusters 
(blue) and 6 up-regulated 
clusters (red). The size 
of the clusters denoted 
their centrality (average 
clustering coefficient) in the 
network. B Genes in cluster 
14, the most central cluster 
in the network, with Pcsk9, 
Ky, Fasn, and Ephb6 as the 
central genes in the cluster 
(bold ring) (red: up-regu-
lated, white: unchanged). 
C Top 5 enriched functions 
of cluster 14 revealed their 
role in cholesterol and lipid 
metabolism
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in both human and rat validation cohorts: PCSK9, ACLY, 
DPP4, SC5D, TMEM30B, and TMEM64. We decided 
to explore PCSK9, up-regulated in aging (Fig. 9A) based 
on our data and the validation cohorts (Supplementary 
Fig. 1), as a potential biomarker and therapeutic target for 
liver aging, as it is classified as liver-enriched and FDA-
approved drug target in the Human Protein Atlas [33]. To 
test our hypothesis in humans, we selected aging subjects 
(> 65 years old) from healthy liver GTEx (Supplemen-
tary Fig. 2, Supplementary Table 4) data with high and 
low PCSK9 levels (Fig. 9B). The high group consisted 
of 4 male and 6 female subjects with the age of 68 ± 0.45 
(mean ± standard error) years old and PCSK9 TPM value 
of 37.22 ± 1.90. Meanwhile, the low group consisted of 
6 male and 3 female subjects with the age of 67.4 ± 0.44 
years old and PCSK9 TPM value of 14.15 ± 1.31.

We found that most of the affected pathways and 
biological processes by aging were worsened in the 
high PCSK9 group compared to the low group (Sup-
plementary Table  4). We observed that apoptosis, 
TNF signaling pathway, cholesterol biosynthesis, and 
negative regulation of LDL receptors were up-reg-
ulated in the high group (Fig.  9C, D). On the other 
hand, oxidative phosphorylation, mitochondrial pro-
cesses, fatty acid catabolism, and amino acid metab-
olism were found to be down-regulated in the high 
group compared to the low-aged group. The analysis 
result shows the role of PCSK9 as an important regu-
lator and key biomarker in liver aging process.

Single-cell RNA-seq analysis reveals PCSK9 
expression in cell levels

To further investigate PCSK9 as a candidate bio-
marker and therapeutic target, we explored its 

expression in different cell types in the liver by using 
published single-cell RNA-seq (scRNA) data [34]. 
Here, we downloaded the gene expression, cell clus-
ter type, and SEURAT processed data to retrieve 
the T-SNE coordinates to reproduce the cell cluster-
ing figure and the expression of PCSK9 (Fig. 10A). 
We observed that PCSK9 expressions were found in 
hepatocytes with the highest expression in hepatocyte 
3 (Fig. 10B). Hepatocyte 3 was identified as a subtype 
that was exclusive to the oldest subject (65 years old) 
and enriched by genes associated with lipid and cho-
lesterol metabolism and active immune pathways. We 
also observed that PCSK9 expressions were detected 
in hepatocytes 1, 2, 4, and 5 which belong to younger 
subjects (21–44  years old) with lower expression. 
This supported our hypothesis that PCSK9, localized 
in hepatocytes, is correlated with the aging process.

Discussion

Aging is an inevitable process that leads to the gradual 
decline of multiple organs and metabolic processes 
within the body. In this study, we employed the next-
generation RNA-sequencing technology and applied 
extensive systems biology approaches combined with 
histopathology and biochemical methods to thoroughly 
explore the molecular changes occurring in our meta-
bolic system as a result of aging. Given the liver’s piv-
otal role as a key metabolic organ involved in maintain-
ing immune and endocrine homeostasis, we focused 
our study on generating liver RNA-seq data collected 
from young (4–5  months) and aged (20–21  months) 
F344 rats. We performed differential expression, 
functional, and reporter metabolite analysis to reveal 

Table 1  Validated genes from the driver cluster 14

Gene Differential expression analysis

Own data GSE183915 
(human)

PRJNA516151 (rat) Human protein atlas (https:// prote inatl as. org/)

A vs Y A vs Y 24 vs 6 Tissue specificity FDA approved?

PCSK9 UP UP UP Tissue enriched (liver) Yes
DPP4 UP UP UP Tissue enhanced (not liver) Yes
ACLY UP UP UP Low tissue specificity Yes
SC5D UP UP UP Tissue enhanced (liver) No
TMEM30B UP UP UP Low tissue specificity No
TMEM64 UP UP UP Tissue enhanced (not liver) No

https://proteinatlas.org/
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the system-level and metabolic alteration due to the 
aging process in the liver. Crucially, we validated key 
signatures of our findings through various assays and 
confirmed our results using two independent publicly 
available aging cohorts, encompassing both rat and 
human data. To gain further insight into the functional 
relationships between genes and identify important 
gene clusters in the aging process, we constructed and 
analyzed a gene-gene co-expression network. Through 

this network analysis, we identified PCSK9 as a key 
gene in liver aging. To underscore the functional rel-
evance of PCSK9, we compared low and high PCSK9 
expression groups using aging human liver transcrip-
tomics data from the GTEx dataset. Additionally, we 
confirmed the cellular localization and age dependency 
of PCSK9 through the analysis of publicly available 
single-cell RNA-sequencing data.
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Fig. 9  A FPKM of Pcsk9 from our data showed a sig-
nificantly higher value in the aged group. B TPM of PCSK9 
from the selected GTEx samples. C, D Enrichment analysis 
with KEGG pathways and GO Biological processes showed 

that subjects with higher PCSK9 levels were more vulner-
able to adverse aging effects. Expression data is represented as 
mean ± SEM. *0.01 < P-value ≤ 0.05, **0.001 < P-value ≤ 0.01, 
***0.0001 < P-value ≤ 0.001, ****P-value ≤ 0.0001
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Consistent with the mitochondrial theory of 
aging [35–37], our study revealed significant down-
regulation of mitochondrial ATP synthesis, electron 
transport, and respiratory chain complex assem-
bly processes in the livers of aging animals. We 
also observed decreased activities of mitochondrial 
complexes and an increase in reactive oxygen spe-
cies (ROS) generation, corroborating previous find-
ings [3, 7, 38] and providing further validity to 
our model. These processes were accompanied by 
increased apoptosis, senescence, and reduced hepatic 

NAD + levels, all of which are important characteris-
tics of the aging process [3, 7, 38].

We also found significant up-regulation of immune 
and inflammatory signaling pathways and processes, 
including NF-κB, TNF, IL-17, chemokine, cytokine 
receptor, and interferon-gamma, in our aging model. 
This finding supports the established role of chronic 
inflammation in liver aging. Moreover, we observed 
a substantial impairment of metabolic functions in 
the aging liver, with the majority of metabolic path-
ways, including amino acid metabolism, exhibiting 

Fig. 10  A Single-cell 
RNA-seq (scRNA-seq) of 
the healthy human liver 
(GSE115469) showed that 
PCSK9 was expressed 
in hepatocytes and B 
the expression increased 
in hepatocytes of older 
subjects
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significant down-regulation. These findings have 
implications for protein synthesis and degradation 
processes within the aging liver [39]. Importantly, to 
ensure the robustness of our findings, we validated 
our results using publicly available liver aging data-
sets from independent studies, further strengthening 
the reliability of our analyses.

One key outcome of our unsupervised network 
analysis was the identification of crucial clusters and 
genes driving the liver aging process. Notably, we 
discovered a cluster of up-regulated genes associated 
with lipid and cholesterol metabolism as the main 
driver of the network. Within this cluster, PCSK9 
(Proprotein convertase subtilisin/kexin type 9) and 
SCD5 emerged as the only liver-enriched/enhanced 
genes that were validated in both rat and human 
cohorts. Given its prominence within the cluster and 
the availability of several FDA-approved PCSK9 
inhibitors [40], we selected PCSK9 as our focus. 
PCSK9 plays a pivotal role in maintaining cholesterol 
homeostasis by binding to low-density lipoprotein 
(LDL) receptors and stimulating the LDL receptor 
degradation in liver, hence elevating the level of LDL 
cholesterol circulating in the blood [41]. The role of 
PCSK9 has also been implicated in various liver dis-
eases, including alcoholic [42–44] and non-alcoholic 
liver diseases [32, 45].

The significance of PCSK9 in both liver func-
tion and cholesterol metabolism is extensively doc-
umented. Furthermore, the utilization of PCSK9 
inhibition as a therapeutic approach for cardiometa-
bolic-related conditions is widely recognized. Over 
the past decade, the FDA has granted approval for 
several monoclonal antibodies inhibiting PCSK9 
(e.g., Alirocumab) [46], and recently a small inter-
fering RNA (Inclisiran) [47] that inhibits PCSK9 
synthesis in the liver for the treatment of hypercho-
lesterolemia and reduction of related cardiovascular 
morbidity and mortality. Furthermore, oral macrocy-
clic peptide inhibitors of PCSK9 such as MK-0616 
are also in clinical development [48]. While the 
expression of PCSK9 in the heart is minuscule com-
pared to liver, PCSK9 may exert both direct and 
indirect effects on the cardiovascular system as sug-
gested by a recent study  [49]. This study described a 
positive correlation between serum PCSK9 levels and 
cardiac dysfunction in aging human subjects and rats 
[49]. It also showed that PCSK9 inhibition improved 
age-related cardiovascular dysfunction [49]. Despite 

these advances in cardiovascular research, the specific 
role of PCSK9 in the context of liver aging remains 
predominantly unexplored.

To shed light on this aspect, we conducted system-
atic analyses on aging populations (> 65  years old) 
using human population data from the GTEx dataset. 
Our observations revealed that mitochondrial-related 
functions, such as ATP synthesis, electron transport, 
and respiratory chain complex assembly, were fur-
ther down-regulated in subjects with high PCSK9 
expression in the liver. Conversely, apoptosis, the 
TNF-α signaling pathway, cholesterol biosynthe-
sis, and negative regulation of LDL receptors were 
up-regulated. Additionally, we observed significant 
down-regulation in amino acid metabolism pathways. 
Overall, our findings demonstrated that many critical 
processes and pathways affected by the aging process 
in the liver were exacerbated in aging subjects with 
high PCSK9 expression compared to those with low 
PCSK9 expression. This suggests that PCSK9 could 
serve as a new therapeutic target for mitigating the 
effects of aging.

To further support our observations, we utilized 
publicly available single-cell RNA-sequencing data, 
which revealed that PCSK9 expression was primarily 
localized in hepatocytes and exhibited a positive cor-
relation with aging. Specifically, the highest expres-
sion of PCSK9 was found in the hepatocyte cluster 
from the oldest subject, which exhibited enrichment 
of lipid and cholesterol-associated genes and active 
immune pathways [34]. This strengthened our obser-
vation of PCSK9’s association with aging in the liver. 
Moreover, our results suggest potential additional 
benefits of clinically approved PCSK9 inhibitors for 
the aging population, beyond their established benefi-
cial effects on serum cholesterol levels and cardiovas-
cular morbidity/mortality.

While our study provides valuable insights, there 
are several limitations to consider. First, our analy-
sis largely relied on transcriptomics data, which may 
limit the sensitivity of our findings. Second, our anal-
yses focused solely on protein-coding genes, while 
non-coding genes have also been shown to be sig-
nificantly affected by aging [7]. Future research holds 
great promise in expanding this study to include non-
coding genes.

In conclusion, our data-driven analysis systemati-
cally highlighted the changes occurring in important 
biological processes and metabolic pathways as a 
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result of liver aging, leveraging transcriptomics data 
analyses. Furthermore, through liver-specific co-
expression network analysis, we unveiled key clusters 
and genes. Notably, we identified PCSK9 as a prom-
ising candidate target gene for mitigating the effects 
of aging, emphasizing its critical role in liver aging. 
Further studies are warranted to evaluate PCSK9 as 
a potential therapeutic target for anti-aging interven-
tions and to elucidate its effects on aging individuals.

Materials and methods

Experimental model and subject details

All the animal protocols conformed to the National 
Institutes of Health (NIH) guidelines and were 
approved by the Institutional Animal Care and 
Use Committee of the National Institute on Alco-
hol Abuse and Alcoholism (Bethesda, MD). Eight-
een 3-month-old (young) and 16 19–20-month-old 
(aging) Fischer rats were obtained from the National 
Institute of Aging/NIH and used for the studies 
described. Six mice from each group were used from 
transcriptomics analysis and the rest for histology and 
immunohistochemistry.

RNA extraction, sequencing, and quantification

Liver tissues were homogenized in Trizol (Invitro-
gen, Carlsbad, CA, USA), and total RNA was isolated 
with Direct-zol RNA Miniprep kit (Zymo Research, 
Irvine, CA, USA) according to the manufacturer’s 
instructions. RNA concentrations were measured 
with a NanoPhotometer® (Implen, Westlake Village, 
CA, USA). Equal amounts of RNA were reverse-
transcribed (High-Capacity cDNA Reverse Tran-
scription Kit, Applied Biosystems, Foster City, CA, 
USA). Sample preparation, RNA library prepara-
tion, sequencing, data quality control, and quantifica-
tion were performed by Novogene (Sacramento, CA) 
using Illumina NovaSeq 6000.

Transcriptomics data analysis

We filtered the raw counts and FPKM data by select-
ing only protein-coding genes and transcript type. 
The FPKM data was used to perform data explora-
tion, by using the PCA function from the sklearn [50] 

package in Python. After confirming the data distri-
bution, we performed differential expression analysis 
using the DESeq2 [51] package in R. To define the 
differentially expressed genes, we filter the results 
by selecting genes with FDR < 5%. Subsequently, we 
used the output of the differential expression analy-
sis to perform functional analysis using the PIANO 
[52] package in R. The fold change and p-value infor-
mation were used as the input. For the gene-set col-
lections, we retrieved the Gene Ontology Biological 
Process from the Enrichr [53, 54] website, KEGG 
Pathways from Novogene, and metabolites from the 
rat genome-scale metabolic model from the Meta-
bolic Atlas [24] website. We used FDR < 5% as the 
significance cut-off and gene-level statistics for the 
visualization.

Liver histology and immunohistochemistry

Rat liver samples were fixed in 10% neutral buffered 
formalin before embedding. After sectioning of tis-
sue blocks into 4 μm slices, all sections were depar-
affinized and stained with the conventional Hema-
toxylin/eosin, Sirius Red, and Masson Trichrome 
(Richard-Allan Scientific, Kalamazoo, MI) staining. 
The severity of liver injury (steatosis, lobular injury, 
and ballooning) in rats was evaluated histologically on 
H&E-stained sections using the NAFLD activity score 
(NAS) in a blinded fashion, in which the pathologists 
were unaware of the age or gender of the rat groups. 
For F4/80, CD45, 4-HNE, and 3-NT immunostain-
ing, liver tissue sections were deparaffinized and rehy-
drated in descending grades of ethanol, followed by a 
heat-mediated antigen retrieval procedure (pH = 6 cit-
rate buffer or pH = 9 Tris/EDTA at 95 °C for 15 min). 
Sections were incubated in BlOXALL solution (Vec-
tor Laboratories, Burlingame, CA, USA) to block 
endogenous peroxidase activity according to the man-
ufacturer’s instructions. Sections were then incubated 
with anti-F4/80 antibody (1:5000 dilution; ab 300421, 
Abcam, Cambridge, MA, USA); or anti-CD45 anti-
body (1:1000 dilution; #ab10558, Abcam, Cambridge, 
MA, USA); or anti-CD45 antibody (1:1000 dilution; 
#ab10558, Abcam, Cambridge, MA, USA); or anti-
3-nitrotyrosine (1:100 dilution; #10189540 Cayman, 
Ann Arbor, MI, USA); or anti-4-HNE antibody (1/200 
dilution; #MHN-100P Institute for the Control of 
Aging, Nikken SEIL Co, Fukuroi, Shizuoka, Japan) 
overnight at 4 °C in a humidified chambers. Day after, 
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sections were incubated with an anti-rabbit or anti-
mouse IgG conjugated with a horseradish-peroxidase 
polymer (ImmPress reagents, Vector Laboratories) 
according to the kit’s instructions. Color develop-
ment was induced by incubation with a DAB reagent 
(Vector Laboratories) for 30–180  s, and the sections 
were counter-stained with hematoxylin. Finally, 
the sections were dehydrated in ethanol, cleared in 
xylene, and mounted. For Sirius Red staining, rat 
liver sections were stained with Sirius Red to visual-
ize hepatic fibrosis. Briefly, the sections were stained 
in picrosirius red solution for 2 h. After washing with 
15% glacial acetic acid, the sections were dehydrated 
through 3 changes of 100% ethanol and xylene, then 
mounted in a resinous medium. All images were 
captured using an Olympus BX-43 microscope set 
(Olympus, Center Valley, PA), and 7–10 random HPF 
(High-Power-Field, 20 × , per HPF:0.23  mm2) areas 
were taken. CD45-positive cell count and both areas 
of F4/80 and Sirius red coverage were quantified by 
ImageJ software (NIH, Bethesda, MD, USA). Liver 
Mitochondrial Activity Assay Mitochondrial activi-
ties were assayed by using a colorimetric kit (Abcam, 
Waltham, MA, USA), and measurements were per-
formed according to the manufacturer’s instructions. 
Kit with catalog numbers #ab109721, #ab109908, and 
#ab109911 were used to measure the mitochondrial 
complex I and NAD content, mitochondrial complex 
II, and mitochondrial complex IV, respectively as pre-
viously described [55].

Serum total cholesterol measurement

Serum levels of total cholesterol were assayed by 
using a colorimetric kit (Abcam, Waltham, MA, 
USA), and measurements were performed according 
to the manufacturer’s instructions. Kit with catalog 
number #ab65390 was used to measure the total cho-
lesterol level in the serum.

Validations of the results

We downloaded the raw fastq files from 
PRJNA516151 [7] and GSE183915 [29] using the 
SRA toolkit and generate the estimated count and 
TPM data using Kallisto [56]. Differential expression 
analyses for each cohort were performed as described 

in the previous section. Functional analysis of the 
intersecting DEGs with GSE183915 was performed 
using the Enrichr [53, 54] method using the GSEAPY 
package in Python 3.7.

GTEx data analysis

Human RNA-seq data (raw counts and TPM) were 
obtained from The Genotype-Tissue Expression 
(GTEx) Project Portal on 02/08/2022 and dbGaP 
accession number phs000424.v8.p2 on 02/08/2022. 
We filtered the data by selecting > 65-year-old sub-
jects, with the cause of death unrelated to liver 
problems, and no identified liver-related diseases, 
including diabetes, liver failure, fatty liver, liver 
abscess, inherited liver insufficiency, acute/chronic 
hepatic insufficiency, necrobacillosis, and rupture. 
Differential expression and functional analysis were 
performed with similar methods as described in the 
“Transcriptomics Data Analysis” section.

Data availability

All RNA-sequencing data generated from this study 
are available under the accession number GSE210371 
on Gene Expression Omnibus (GEO) website. Data-
sets used for validations and single-cell data analy-
sis are available under the accession PRJNA516151, 
GSE183915, and GSE115469. The GTEx data can 
be accessed via dbGAP with accession number 
phs000424. Codes used to analyze the data and gener-
ate the figures are available at https:// doi. org/ 10. 5281/ 
zenodo. 81936 94. Raw images from the histology are 
available at https:// doi. org/ 10. 5281/ zenodo. 81931 35. 
Source data for the histology and assay analysis fig-
ures can be found in Supplementary Table 5.
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